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A B S T R A C T   

Divergent evolution for more than 310 million years has resulted in an avian immune system that is complex and 
more compact than that of primates, sharing much of its structure and functions. Not surprisingly, well conserved 
ancient host defense molecules, such as defensins and cathelicidins, have diversified over time. In this review, we 
describe how evolution influenced the host defense peptides repertoire, its distribution, and the relationship 
between structure and biological functions. Marked features of primate and avian HDPs are linked to species- 
specific characteristics, biological requirements, and environmental challenge.   

1. Introduction 

As a first line of defense, host defense peptides (HDPs) are intimately 
linked to maintenance of homeostasis. Yet, the number of functional 
defensins and cathelicidin genes vary considerably among the genomes 
of different animal species. Although this may be explained in part by 
differences in genome size, it also suggests that adaptation of organisms 
to different environments may have favored evolution of HDP members 
towards biological functions that help maintain this homeostasis. Here 
we compare the evolutionary distant clades of birds and primates. Birds 
possess a more condensed defensin repertoire then primates and despite 
of their smaller genome possess multiple members of the cathelicidin 
family in contrast to a single member in primates. These differences may 
contribute to host specificity of zoonotic bacteria such as Salmonella and 
Campylobacter spp. that are essentially intestinal commensals in birds 
but act as intestinal pathogens in primates. 

The divergence between birds and mammals occurred at the 
Carboniferous period, around 310 million years ago (mya) (Hedges and 
Kumar, 2004). After the Cretaceous–Paleogene (K–Pg) mass extinction 
event approx. 66 mya, avian lineages evolved rapidly (Prum et al., 
2015), while the evolution of primates occurred more gradually (Fig. 1). 
Despite their rapid evolutionary radiation, avian genomes are surpris
ingly well conserved when considering chromosomal organization, gene 
synteny and nucleotide sequences. Unique among vertebrates is the 
distinctly conserved large number of microchromosomes in the avian 

karyotype in addition to a haploid number of around 40 macro
chromosomes (Griffin et al., 2007). In fact, about 7.5% of avian genomes 
are comprised of evolutionary constrained gene elements. Convergent 
evolution of protein-coding genes and their regulatory elements not only 
appears to have shaped similar behavioral and morphological traits in 
distantly related birds, but also the variation in specific gene families 
associated with avian traits and ecological adaptation (Zhang et al., 
2014). The relatively higher recombination rate in birds has led to 
shorter introns and intergenic spaces and increased gene density (Nam 
and Ellegren, 2012). Due to genomic contraction, birds have the smallest 
genomes among amniotes, an adaptation shared with bats and probably 
associated with the rapid gene regulation necessary for flight (Zhang 
et al., 2014). Genome nuclear mass correlates with cell size in verte
brates, and the relatively small avian cells do have a larger surface to 
volume ratio which is advantageous for gas exchange at the high 
metabolic rate associated with flight (Hughes and Friedman, 2008). This 
raises questions about the consequences of this evolutionary path for the 
innate immune system of birds. Comparison of gene family sizes in 
chicken and five mammalian genomes revealed a massive loss of im
mune gene paralogs in the chicken genome, such as MHC and immu
noglobulins, that had already begun in ancestral archosaurs (Hughes 
and Friedman, 2008). It stands to reason that during development into a 
more compact immune system over time a loss of immune-related genes 
must be compensated by diversification of the remaining immune genes 
and is driven by biological function. Here we examine how evolution 
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impacted on the repertoire and biological functions of avian and primate 
host defense peptides. 

As a first line of molecular defense against pathogens, the innate 
immune system encompasses a repertoire of peptides with antimicrobial 
and immunomodulatory activities including cathelicidins, histatins and 
defensins. Defensins and cathelicidins constitute the largest families of 
host defense peptides and are present at mucosal barriers between host 
and environment. The amphipathic and cationic properties of these 
2–6 kDa peptides may confer broad-spectrum antimicrobial activity 
against Gram+ and Gram- bacteria, and against some fungi and envel
oped viruses. The α-, β- and θ-defensin subfamilies are defined by the 
connectivity of the 3 intramolecular disulfide bridges (Ganz, 2003). 
Whereas β-defensins are ubiquitous in the animal kingdom, α- and 
θ-defensins are absent in birds and restricted, respectively, to mammals 
and primates. Characteristic for cathelicidins is the highly conserved 
propiece that contains a cathelin-like domain and is linked to a variable 
C-terminal bioactive peptide, usually less than 40 amino acid residues 
(Zanetti, 2005). Cathelicidins are present in mammals (Gudmundsson 
et al., 1996), reptiles (Wang et al., 2008), amphibians (Wei et al., 2013), 
birds (Lynn et al., 2004) and fish (Uzzell et al., 2003). 

The aim of this review is thus to discuss the repertoire, tissue dis
tribution, structures and biological functions of defensins and cath
elicidins in these distantly related clades of birds and primates with an 
emphasis on common features and clade specificities. 

2. Discovery of HDP genes and proteins 

The repertoire of avian β-defensins (Hellgren and Ekblom, 2010; 
Ishige et al., 2016), including egg-specific defensin-like proteins (ovo
defensins) (Zhang et al., 2019), comprises more than 30 members. 
Around 30 members of β-defensins have been identified in primates (Tu 
et al., 2015), with the first human β-defensin (HBD1) discovered in 
plasma more than twenty years ago (Bensch et al., 1995). Avian 
β-defensins (AvBDs) are composed of 36 to more than 70 amino acids, 
whereas primate β-defensins are composed of 35 to more than 100 
amino acids both with the characteristic β-defensin cysteines connec
tivity (1–5, 2–4 and 3–6) providing stabilization of the peptide structure. 
Primate β-defensins such as human HBD1 to HBD4 were found to be 
present in many cell types including epithelial cells and leukocytes 
(Fang et al., 2003; Harder et al., 2004), with a marked conservation of 
sequence homology and chromosome localization in primates ranging 

from humans to New World Monkeys (Ventura et al., 2004). Avian 
defensins were first identified in heterophils, the equivalents of 
mammalian neutrophils in birds (Evans et al., 1994; Harwig et al., 
1994), i.e. AvBD1 and AvBD2 in chicken (“gallinacins”) and Turkey 
Heterophil Peptides (THP) in turkey. Twelve additional avian defensins 
were discovered (Lynn et al., 2004; Xiao et al., 2004) upon the release of 
the chicken genome sequence in 2004 (Consortium, 2004) and resulted 
in an updated “avian β-defensin” (AvBD) based nomenclature that 
replaced the erroneous “gallinacin/GAL” system (Lynn et al., 2007). 
Defensin-like peptides identified in the hen egg white and not part of the 
defensin gene cluster were designated as ovodefensins (Gong et al., 
2010). 

Much more variable is the repertoire of cathelicidins (CATH) with 11 
genes in pigs (Baumann et al., 2014) and a single gene in humans 
(Gudmundsson et al., 1996), non-human primates and rodents (Gallo 
et al., 1997; Nagaoka et al., 1997; Termen et al., 2003). Up to four 
different cathelicidin genes have been found in birds, with data-mining 
for cathelicidin-related structures in 55 avian genomes resulting in 52 
identified cathelicidin genes divided over 21 species (Cheng et al., 2015; 
Yu et al., 2015). Mature avian cathelicidin peptides range from 23 to 42 
amino acids. LL-37, the single human cathelicidin and its orthologs in 
non-human primates consist of 37 amino acid residues (Cheng et al., 
2015; Gudmundsson et al., 1996). 

3. Gene level 

β-defensins are thought to originate at least 520 mya from an 
ancestral big defensin gene similar to the big defensin genes found in 
cephalochordates, molluscs and arthropods (Zhu and Gao, 2013). 
Fourteen avian β-defensin genes are located in a unique cluster on 
chicken chromosome 3 (Xiao et al., 2004). The genomic comparison of 
the β-defensin genes cluster of the chicken and of the zebra finch has 
shed light on gene duplication events that took place after the 
Galliformes-Passeriformes split 66 mya, increasing the repertoire from 
14 in Galliformes to 22 in Passeriformes (Hellgren and Ekblom, 2010). 
Sixteen β-defensin genes were discovered in the duck genome (Huang 
et al., 2013). Nine avian β-defensin genes are well conserved, while 
others (AvBD1, AvBD3, AvBD7 and AvBD14) are probably the result of 
gene duplication or pseudogenisation events in specific avian lineages 
(Cheng et al., 2015). Genome analysis of the Japanese quail revealed 
that these birds lack the AvBD3 and − 7 loci, whereas the AvBD101α, 

Fig. 1. Evolutionary tree of avian and primate evolution. 
Adapted from Prum RO et al. (Prum et al., 2015) and Springer MS et al. (Springer et al., 2012). 
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− 101β, and − 101θ loci arose from gene duplication of the AvBD6 
ortholog locus in the AvBD cluster after Coturnix – Gallus speciation 
(Ishige et al., 2016). A peculiar gene in birds is AvBD11, which consists 
of a long sequence encoding two successive β-defensin motifs (Herve-
Grepinet et al., 2010). Recent genetic analysis of five defensin genes 
within waterfowl revealed a surprisingly low diversity at the individual-, 
population- and species-level with maintained alleles under purifying 
selection, which likely represents the optimal available evolutionary 
solution to maintain functional antimicrobial efficacy (Chapman et al., 
2016). This study also revealed a balancing selection acting in AvBD3b, 
the most recently duplicated β-defensin gene, and shows critical amino 
acid changes that may enlarge the AvBD3b functional repertoire. This is 
in line with the functional allelic variation observed in the AvBD7 gene 
which occurs at high frequency in natural populations of the great tit 
(Passeriformes) (Hellgren et al., 2010). 

Phylogenetic analysis of primate and avian β-defensin genes reveals a 
clear separation of primate and avian clades with clustering of orthologs 
within the primate and avian clades (Fig. 2). Despite the few number of 

species used in the analysis, avian defensins orthologs of AVBD1, 
AvBD2, AvBD3, AvBD4, AVBD5, AvBD6/7, AvBD8, AVBD9, AVBD10, 
AVBD11, AVBD13 in Galloansera and Neonaves were seen to cluster 
together, with exception of emperor penguin AVBD3. In addition, none 
of the (chicken, mallard and quail) AvBD14 orthologs clustered 
together, which is in accordance with AvBD3 and AVBD14 orthologs 
being less conserved in birds. As expected Galloansera ovodefensins 
clustered separately of other avian defensins. 

Compared to β-defensin genes in primates and mammals in general 
that consist of two exons, avian β-defensin genes are composed of four 
exons and three short introns. Thus, in mammals, two exon fusions 
probably occurred. Human genome analysis has revealed the existence 
of four β-defensin clusters on three different chromosomes (6p21, 8p23, 
20q11, 20p13) encoding more than 30 different β-defensins genes 
(Schutte et al., 2002). Homologous regions to the primate β-defensin 
genes on chromosome 8p23 were mapped in non-human primates 
(Ventura et al., 2004). Both primate and avian β-defensins are under the 
influence of positive selection. The human 8p22-p23 locus evolved 

Fig. 2. Phylogenetic analyses of primate and avian β-defensin amino acid sequences using MEGA11 software version 11.03.13. Sequences were obtained from 
UNIPROT (https://www.uniprot.org/) and NCBI genome databases (https://www.ncbi.nlm.nih.gov/) and aligned using MUSCLE. Phylogenetic trees were con
structed using Maximum Likelihood with the Jones-Taylor-Thornton (JTT) model of amino acid substitution (JTT + G + I). Nodal support of the unrooted trees was 
assessed by bootstrapping with 500 replicates. AVBD: avian β-defensin, OvoBD/OvoDA: ovodefensins, BD: primate β-defensin. 
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before the human-baboon divergence 23 mya, from a cluster of 
β-defensin paralogues by positive selection of the second exon, driving 
mature peptide charge alterations and divergence (Semple et al., 2003). 
Evidence suggests that after the human-macaque divergence 25mya, 
positive selection occurred in the macaque DEFB2L gene 3–9.5 mya and 
mostly in the exon encoding the mature peptide (Ottolini et al., 2014). In 
birds, weak positive selection sites were found in the mature peptide 
domains of AvBD9, AvBD11 and AvBD13. In contrast, for AvBD5, 
AvBD13 and AvBD14 more positive selection sites were found in the 
signal and propiece region. The apparent absence of strong positive 
selection among AvBDs suggests that positive selection probably 
occurred before the rapid radiation of the avian lineage (Cheng et al., 
2015). It is probable that the environmental infectious pressure has 
contributed to the diversification of this family of genes in primates. If 
some coding sequences contain premature stop codons thus representing 
likely pseudogenes, the high frequency of gene duplication within the 
β-defensin gene cluster has however contributed to increase the reper
toire of these antimicrobial molecules in Homo sapiens. It is noteworthy 
that primate genomes contain two loci on the same chromosome 20 
encoding defensins related to the reproductive tract function (Radhak
rishnan et al., 2005; Rodriguez-Jimenez et al., 2003). Similarly, chicken 
chromosome 3 contains, in addition to the locus of AvBD genes, another 
locus encoding ovodefensins (OvoDs) with OvoDA1, OvoDA2, OvoDA3, 
OvoDBα (Gong et al., 2010; Whenham et al., 2015) and an additional 
member recently identified named OvoDBβ (Yu et al., 2018). The 
repertoire of ovodefensin genes appears to vary between bird species 
(Zhang et al., 2019). 

The polymorphism in human β-defensin genes has been related to the 
susceptibility to inflammatory and/or infectious diseases. This poly
morphism can rely either on single nucleotide variation (SNPs), with 
emphasis in HBD1 gene (Jurevic et al., 2003; Kocsis et al., 2009; Tesse 
et al., 2008), or on gene copy number variation (CNV) (Hollox et al., 
2008; Jones et al., 2014). Similarly, SNPs in chicken defensin genes have 
been associated to the susceptibility of birds to intestinal colonization by 
Salmonella Enteritidis (Hasenstein and Lamont, 2007), or to the host 
response to this bacteria (Hasenstein et al., 2006). CNV has also been 
recently identified for AvBD7 (Lee et al., 2016a), without effect on the 
gene transcription level in birds. 

Cathelicidin-like genes have been found in bony fish and jawless fish 
suggesting that avian and primate cathelicidins may originate from a 
common ancestral gene existing before the split between cyclostomes 
and gnathostomes around 500 mya (Chang et al., 2006; Miyashita et al., 
2019; Uzzell et al., 2003). The strong similarity of the cathelin-like 
domain to cystatins, a family of cysteine proteinases inhibitors, sug
gests a common ancestor for cathelicidins and cystatins (Zhu, 2008). 

The evolutionary dynamics of avian cathelicidin genes have recently 
been reviewed by Cheng et al. (Cheng et al., 2015). A survey of 53 avian 
genomes revealed 44 cathelicidin genes in only 21 of the species. 
However, due to the low assembly quality of the avian genomes more 
cathelicidin genes may be expected. Initially, four cathelicidins were 
identified in chicken and designated CATH-1, − 2, − 3 and -B1 (Goit
suka et al., 2007; Lynn et al., 2004; van Dijk et al., 2005; Xiao et al., 
2006a), which can be clustered in three clades: CATH-1/3, CATH-2 and 
CATH-B1 (Cheng et al., 2015). Homologues of the CATH-2 and CATH-B1 
clades are most conserved across the examined avian orders. CATH-3 
orthologs are present in fowl (Galliformes), gulls (Charadriformes), 
mesites (Mesitornithiformes), doves (Columbiformes), parrots (Psitta
ciformes), cuckoos (Cucculiformes), kingfishers (Coraciiformes) and as 
pseudogene in hawks (Falconiformes) orders, and due to CATH-3 gene 
duplication an additional CATH-1 gene is present in Galliformes (Cheng 
et al., 2015; Yu et al., 2015). CATH genes are ordered as CATH2, CATH3, 
CATH-B1 in most avian species and flanked by kelch-like family member 
18 (KLHL18) and transforming growth β regulator 4 (TBRG4) (Cheng 
et al., 2015; Halper et al., 2004) and are mapped to chromosome 2p 
(Xiao et al., 2006a). The four avian cathelicidins share a similar genomic 
organization, consisting of four exons of which exons 1–3 encode the 

signal peptide and cathelin-like domain and exon 4 the mature peptide. 
Phylogenetic analysis of avian cathelicidin genes suggests that CATH-B1 
predates CATH-2 and CATH-1/3 (Yu et al., 2015). Based on sequence 
similarity and close proximity to the KLHL18 gene, avian cathelicidins 
are most related to the mammalian neutrophilic granule proteins (NGPs) 
implying that ‘classical’ mammalian cathelicidins such as 
hCAP18/LL-37 came into existence after the split of mammalian and 
avian lineages (Xiao et al., 2006a). 

By contrast, a single cathelicidin (CAMP) gene is present in all pri
mates and encodes a remarkably conserved mature peptide (Zhu and 
Gao, 2017). Primate CAMP genes consist of four exons. Exons 1–3 
encode the signal peptide and cathelin domain while exon 4 encodes the 
mature peptide and the locus has been mapped to human chromosome 
3p21.3 (Gudmundsson et al., 1996, 1995) closely adjacent to KHLH18, 
as seen for avian cathelicidins (Xiao et al., 2006a). The human CAMP 
gene is present as a single copy per haploid genome and, in contrast to 
human β-defensin genes, does not exhibit copy number polymorphisms 
(Tecle et al., 2010). Single nucleotide polymorphisms (SNPs) in the 
CAMP gene have been reported, which was not associated with tuber
culosis prevalence (Lopez Campos et al., 2014). Primate CAMP genes are 
subject to positive selection in the domains encoding the pro-piece and 
the mature peptide (Zelezetsky et al., 2006; Zhu and Gao, 2017). In 
contrast, avian cathelicidin genes have some positive selection sites in 
the signal peptide and cathelin domains, but completely lack these in the 
mature peptide domain (Cheng et al., 2015). It has been postulated that 
positive selection during evolution may also have served to maintain a 
balanced charge between the cationic mature peptide and anionic pro
piece (Cheng et al., 2015). For primate CAMP genes, positive selection 
seems not related to the microbicidal activities but associated with the 
modulatory functions towards immune cells, suggesting co-evolution of 
HDPs and endogenous receptors (Zhu and Gao, 2017). Phylogenetic 
analysis of primate and avian cathelicidin genes (Fig. 3) shows a sepa
ration between and within primate and avian clades that corresponds to 
their evolutionary diversification (Fig. 1). Within the rapidly diversified 
avian species, CATH-B1, CATH-1/3 and CATH-2 orthologs cluster for 
Galloansera separately from Neonaves. Primate CAP18 orthologs clus
tered in 6 distinct clades: Strepsirrhini (wet-nosed), Tarsiformes, Pla
thyrhini (flat-nosed; New World monkeys) and Catharhini 
(down-nosed), which is subdivided in clades for Cercopithecidae (Old 
world monkeys), Hylobatidae (gibbons), and Hominidae (great apes). 

4. Protein sequence level 

Protein sequence alignment of representative primate and avian 
β-defensins (Supplementary Figure 1) reveals a high sequence vari
ability in the propiece and mature peptide with few conserved residues 
(highlighted in blue) preceded by a highly conserved signal peptide 
(residues 5–24 in the consensus sequence). All mature avian and primate 
peptides share six strictly conserved cysteine residues (positions 58, 68, 
74, 88, 95 and 96 of the consensus sequence), the hallmark of β-defen
sins, the pairing of which ensures compaction and structural stability 
(Fig. 2). A shared feature is the conserved glycine residue at position 66, 
in close proximity to the second cysteine residue that, due to its small 
side chain and minute steric hindrance, is involved in a β-bulge thought 
to be responsible for a twist in the β-sheet. This bulge may ensure proper 
folding as well as flexibility (Derache et al., 2012; Xie et al., 2005). The 
relatively well conserved glycine residue in proximity of the fourth 
cysteine residue may be involved in the appropriate folding of the 
peptide. A characteristic richness in cationic residues (mainly Lys and 
Arg), found in all β-defensins, is related to their antimicrobial activity by 
interacting with negatively charged surfaces in bacterial membranes. 
Some primate β-defensins have an extended C-terminal tail, which in the 
case of BD126 is highly glycosylated (Liu et al., 2013). Similarly, BD118 
is equipped with an extended C-terminal tail containing multiple puta
tive glycosylation sites and, like BD126, is epididymis-associated and 
involved in sperm motility (Tollner et al., 2011, 2008; Yenugu et al., 
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2004). Chicken AvBD3, that contains an extended C-terminal tail, is also 
epididymis-associated (Das et al., 2011; Shimizu et al., 2008). 

Alignment of primate CAP18 precursor sequences and avian cath
elicidin precursor sequences (Supplementary Figure 2) reveals a high 
variability in all domains with the exception of four well-conserved 
cysteine residues in the cathelin-like domain (positions 215, 226, 237 
and 254 of the consensus sequence). Signal peptide sequences are highly 
similar within the CATH-1/3 and − 2 clades but share little homology 
with those of the CATH-B1 clade. In Galliformes, CATH-B1 genes 
contain an additional region between the signal peptide and the 
cathelin-like domain consisting of six octamer repeats in chicken and 
turkey (ProGlyHAspGlySerXX; where ‘H’ corresponds to a hydrophobic 
residue), and twelve repeats in common quail, followed by three 
“ProXXXGlySerIleX” repeats in all three species. The first six common 
repeats are predicted to adopt β-turns (BetaTPred v3.0 software), which 
are known to be involved in protein folding. Within clades, there is a 
remarkable conservation of sequences of mature peptide segments. In 
the CATH-2 clade, the N-terminal part of the mature peptide including 
the proline residue is highly conserved and near identical for all 20 

discovered CATH-2 analogues. Within the CATH-2 clade, C-terminal 
segments are also well conserved for Galliformes, whereas CATH-2 an
alogues in other birds are two residues longer and often contain an Asp/ 
Asn residue at position 287. CATH-3 and CATH-1 orthologs are equally 
well conserved among Galliformes (93% and 96% identity, 
respectively). 

A feature of mature CATH-2 orthologs is the presence of conserved 
aromatic residues (predominantly Phe residues at positions 270, 273, 
280) encompassing cationic residues (Lys and Arg), and the central kink 
due to the presence of a single proline residue at position 282. By 
comparison, mature CATH-B1 orthologs in Galliformes contain multiple 
conserved tryptophan or tyrosine residues and charged residues. Over
all, hydrophobic and polar residues, that enable the formation of a 
central amphipathic helix, are well conserved among primate LL-37 
orthologs (Xhindoli et al., 2016; Zhu and Gao, 2017). Interestingly, 
the distribution of aromatic amino acids in mature primate LL-37 
orthologs is evolutionary diversified; these orthologs consist mainly of 
Phe residues. A doublet of aromatic residues is exclusively present at the 
N-terminus of LL-37 orthologs in old world apes and monkeys at position 

Fig. 3. Phylogenetic analyses of primate and avian cathelicidin amino acid sequences using MEGA11 software. version 11.03.13. Sequences were obtained from 
UNIPROT (https://www.uniprot.org/) and NCBI genome databases (https://www.ncbi.nlm.nih.gov/) and aligned using MUSCLE. Phylogenetic trees were con
structed using Maximum Likelihood with the Jones-Taylor-Thornton (JTT) model of amino acid substitution (JTT + G). Nodal support of the unrooted trees was 
assessed by bootstrapping with 500 replicates. 
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269 and 270, while the Phe residue at position 290 is found in almost all 
orthologs. Notably, most other LL-37 orthologs appear to compensate 
this with a C-terminal doublet of aromatic residues. 

5. Protein folding level 

Comparative analysis of human and avian β-defensin members based 
on 3D structures determined by NMR studies (Bailleul et al., 2016; 
Derache et al., 2012; Guyot et al., 2020; Herve et al., 2014; Hoover et al., 
2001; Landon et al., 2004; Sawai et al., 2001; Schibli et al., 2002) show a 
common trefoil structure of β-sheets with three antiparallel strands that 
is remarkably conserved between these two evolutionary distant clades 
(Fig. 4). The typical cysteine pairing motif (Cys1-Cys5, Cys2-Cys4 and 
Cys3-Cys6) in structurally diverse β-defensin paralogues (Fig. 2) sup
ports its role in structure stabilization. A notable feature in avian 
defensins is the absence of a small N-terminal alpha helix in all but one 
of the solved structures (Fig. 4). Hence, the cysteine stabilized αβ-motif, 
composed of an α-helix linked to an antiparallel β-sheet (Zhu and Gao, 
2013), does not appear as well conserved in avian β-defensins as in their 
primate counterparts. This cannot be attributed to a shorter N-terminal 
end since the recently solved AvBD7 structure revealed an unusually 
long N-terminal extremity stabilized by a salt bridge, which does not 
adopt a helical conformation (Bailleul et al., 2016). The AvBD7 N-ter
minal strand appears to cover its C-terminal tail, which may explain its 
resistance to amino- or carboxy-peptidase activity (Bailleul et al., 2016). 
In contrast, HBD2 and HBD3 are rather susceptible to degradation by 
these proteases (Taggart et al., 2003). The trefoil β-sheet structure 
conservation in β-defensins in both avian and primate evolution con
notes an importance in receptor interaction. The resemblance of the 
β-defensin trefoil structure to the antiparallel 3-stranded β-sheet of 
chemokine CCL20 and the fact that both can activate the CCR6 che
mokine receptor (Yang et al., 1999) further supports a vital role of the 
trefoil structure in the interaction β-defensins with immune receptors. 

The available 3D structures of avian and primate cathelicidins are 

depicted in Fig. 5. In aqueous environment chicken CATH-1, − 2 and 
− 3 lack a defined structure, while in a membrane-mimicking environ
ment they adopt an α-helical structure consisting of two short helical 
segments separated by a flexible Gly-induced slightly kinked central 
hinge region (CATH-1, and − 3) or by a Pro-induced extensively kinked 
central hinge region (CATH-2) (Bommineni et al., 2007; Xiao et al., 
2006b, 2009). This is in accordance with human cathelicidin LL-37 in 
aqueous environment and low pH showing a random coiled state, while 
it adopts a helical formation at physiological pH and when interacting 
with membranes (Johansson et al., 1998). Predicted 3D structures of 
killdeer and chicken CATH-B1 suggest that the mature peptides adopt a 
conformation consisting of one large helical segment equipped with a 
coiled C-terminal tail whereas primate LL-37 orthologs adopt a strict 
helical configuration (Fig. 5). 

In addition to basic residues, aromatic residues are commonly found 
in cathelicidins (Fig. 5) and other HDPs and play an important role in 
HDP-membrane interactions. Three-dimensional models of primate LL- 
37 analogs and avian cathelicidins all indicate an alignment of aro
matic side chains in the same plane under conditions mimicking peptide 
interaction with membranes (Fig. 5). NMR studies with chicken CATH-1 
analogs bound to lipopolysaccharides (LPS) show close proximity of Tyr 
and Trp residues with LPS (Bhunia et al., 2009). NMR studies of LL-37 
bound to lipid micelles indicate direct interactions of all four Phe resi
dues with D8PG micelles (Wang et al., 2008). In particular, Phe27 seems 
important for the membrane binding of LL-37 analogs, as it is highly 
conserved in primate LL-37 homologs. NMR studies of chicken CATH-1 
analogs in complex with LPS also revealed close proximity of terminal 
basic residues to both glucosamine phosphate groups, which appear to 
form multiple hydrogen bond/salt bridge interactions (Bhunia et al., 
2009). Similarly, profound interactions were observed for Arg residues 
in LL-37 with anionic phosphatidylglycerols (PGs) in bacterial mem
branes, with a prominent role for Arg23 positioned at the LL-37 
hydrophobic/hydrophilic interface (Wang et al., 2014). This has been 
proposed to cause anionic lipid re-distribution in bacterial membranes 

Fig. 4. Three-dimensional structure of human ß-defensins hBD1 (1IJU), hBD2 (1FQQ), hBD3 (1KJ6), emperor penguin AVBD103b (1UT3), chicken AVBD2 (2LG5), 
AVDB7 (5LCS), AVBD11 (6QEU) and chicken ovodefensin OvoDA1 (2MJK). Helical regions are indicated in red and strands in blue. Structures were obtained using 
the ChimeraX software. 
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and to impact on bacterial signal transduction (Wang et al., 2008). 

6. Expression of HDPs in the organisms 

6.1. Distribution of defensins in the host 

Despite many similarities in expression (Cuperus et al., 2013; Pazgier 
et al., 2006), avian and primate defensins exhibit certain distinguishable 
features linked to physiological and anatomical peculiarities. For 
instance, primate α-defensins (Ganz et al., 1985; Selsted et al., 1985) are 
found in the granules of neutrophil granulocytes and intestinal crypt 
Paneth cells (Porter et al., 1997). In contrast, birds lack α-defensins and 
store β-defensins in heterophilic granulocytes (Evans et al., 1994; Har
wig et al., 1994), whereas the existence of Paneth-like cells in chicken 
intestinal crypts is recently described (Wang et al., 2016; Yu et al., 
2021). Heterophils are functional analogs of primate neutrophils, and 
have a very different granule composition, among others an absence of 
myeloperoxidase (Daimon and Caxton-Martins, 1977), and therefore 
lack an effective oxidative burst response. Peptide mapping of intact 
cells by mass spectrometry analysis revealed that heterophils contain at 
least three different defensins (Derache et al., 2009b) in addition to their 
cathelicidin content (van Dijk et al., 2009), which could compensate for 
the lack of myeloperoxidase in their antimicrobial activity. 

Primate β-defensins are produced by epithelial cells lining mucosal 
surfaces and by skin cells. Particularly the human β-defensins HBD1- 
HBD4 have been extensively studied. HBD1 appears to be constitu
tively expressed (Zhao et al., 1996), while HBD2-HBD4 expression is 
induced by pathogen associated molecular patterns (PAMPs) and/or 
inflammatory cytokines (Garcia et al., 2001; Harder et al., 2001; Liu 
et al., 2002). Similarly, bird epithelial cells also express β-defensins 
(Derache et al., 2009a). Expression of AvBDs in the digestive tract of 
birds is constitutive but may also be regulated upon infection (Ram
asamy et al., 2012; Saidi et al., 2021; Su et al., 2017). AvBD9 protein 
appears to be stored in the granules of enteroendocrine cells throughout 
the chicken intestine (Cuperus et al., 2016a). 

A major discrepancy between primate and avian species relies on the 
relative abundance of defensins in the skin of primates (Schroder and 
Harder, 2006), while low β-defensin expression is detected in avian skin 
(Lynn et al., 2004; Xiao et al., 2004). In birds, the dense layers of feathers 
functions as a protective shield to protect a surprisingly thin skin. In 
addition, birds possess a single large sebaceous gland (uropygial gland of 
preen gland) at the base of their tail that secretes a waxy substance that 
is distributed onto skin and feathers at regular intervals during preening 
behavior and is rich in fatty acids and contains cathelicidins and bac
teriocins (Ruiz-Rodriguez et al., 2013, 2012; van Dijk et al., 2005). 
Considering the presence of HBD1 and HBD2 in human sebaceous glands 
(Chronnell et al., 2001) it will be interesting to examine if preen glands 
produce defensins. Altered expression of human defensins (HBD2 and 
HBD3) is associated with dermatological pathologies such as atopic 
dermatitis and psoriasis (Marcinkiewicz and Majewski, 2016). Note
worthy is that these chronic inflammatory skin diseases have never been 
described in birds. In domestic birds, an often-described pathological 
skin inflammation is pododermatitis; its association with altered HDPs 
expression is not known. 

β-defensins are abundantly expressed in the reproductive tract of 
birds and primates and with great repertoire diversity. In the hen 
oviduct, 11 different AvBDs are expressed in the region from infundib
ulum to cloaca, an area open to ascending bacterial pathogens (Mageed 
et al., 2008). The large variety of defensins and broad antimicrobial 
spectrum may be expected to contribute to the protection of gametes and 
embryos. For instance, during egg formation in the magnum, before 
deposition of egg white, the oocyte and yolk are encapsulated by a vi
telline membrane that contains antimicrobial proteins including lyso
zyme and AvBD11 (Mann, 2008). Likewise, three major HBDs are 
expressed at high levels in the human vagina and uterus (King et al., 
2007a; Valore et al., 1998; Zaga-Clavellina et al., 2012) and HBD1–3 are 
present in the placenta and in the feto-maternal interface composed of 
the placental and chorion trophoblast layers of fetal membranes (King 
et al., 2007b). 

β-defensin genes are abundantly expressed in the male reproductive 

Fig. 5. Three-dimensional structure of primate and avian cathelicidins. Human LL-37 (2K6O), common gibbon SL-37 (iTasser), rhesus macaque RL-37 (iTasser), 
killdeer CATH-B1 (iTasser), chicken CATH-1 (2AMN), CATH-2 (2GDL), CATH-3 (2HFR) and CATH-B1 (iTasser). Helical regions are indicated in red and aromatic 
residues in green. Structures were obtained using the ChimeraX software. 
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tract of birds and primates, e.g. in chickens 9 genes are expressed in the 
testis (Anastasiadou et al., 2014; Watanabe et al., 2011) and 10 genes in 
the epididymis (Watanabe et al., 2011), whereas even more β-defensin 
genes have been found expressed in human testis and epididymis (Com 
et al., 2003; Patil et al., 2005; Rodriguez-Jimenez et al., 2003; Yama
guchi et al., 2002; Yenugu et al., 2004; Yudin et al., 2005). A glycocalyx 
protects mammalian and avian spermatocytes to maintain their viability 
and function during passage of the female reproductive tract. In pri
mates, glycosylated β-defensin 126 covers the spermatocyte surface 
during its passage through the epididymal duct and strengthens the 
spermatocyte glycocalyx, necessary to prevent recognition by the female 
reproductive tract’s immune system and safeguard fertility (125). The 
considerable contribution of the glycosylated C-terminal tail of BD126 
to the spermatocyte glycocalyx is demonstrated by the impaired sper
matocyte motility when the defensin is mutated there (Tollner et al., 
2011). BD126 orthologs are found in the glycocalyx of primate (Tollner 
et al., 2011, 2008) and murine species (Jelinsky et al., 2007); therefore, 
one may speculate that avian orthologs may exist with similar functions. 
In chicken testis, AvBD11 peptide was found in Sertoli cells and AvBD11 
and − 12 peptides were also found in efferent ducts of epididymis 
(Watanabe et al., 2011). Up to date, only AvBD3 peptide was detected on 
the mid-section and upperpart of the tail of chicken spermatocytes, but 
not on the head (Shimizu et al., 2008). It remains to be clarified which 
AvBDs are part of the avian spermatocyte glycocalyx and to what extent 
AvBD C-terminal tail glycosylation governs avian spermatocyte protec
tion. Thus, β-defensins seem to play a dual role in the reproductive tracts 
of birds and primates, some having evolved to promote fertility while 
others are part of the protective barrier against pathogenic organisms. 

6.2. Distribution of cathelicidins in the host 

The tissue distribution of cathelicidins in birds is very different from 
that in primates. In humans, LL-37 is found produced by a variety of 
different cell types: widely expressed by epithelial cells, monocytes and 
neutrophils and to various extents by B and T cells, macrophages, den
dritic cells, NK cells, and mast cells (Zanetti, 2004). In birds, the cath
elicidin repertoire is more diverse and its distribution restricted. For 
instance, chicken cathelicidin-2 and -B1 are found in heterophils (van 
Dijk et al., 2009) and gut M cells (Goitsuka et al., 2007), respectively. 
Transcription profiles indicate that avian cathelicidins are widely 
dispersed throughout the gastrointestinal, respiratory and reproductive 
tracts (Achanta et al., 2012; Lynn et al., 2004; van Dijk et al., 2005; 
Yacoub et al., 2016) although in certain tissues this may be linked to 
residential or surveilling immune cells. For chicken CATH-1, − 2 and 
− 3 and pheasant CATH-1, mRNA levels are most abundant in bone 
marrow and bursa of Fabricius (Achanta et al., 2012; Lynn et al., 2004; 
van Dijk et al., 2005; Wang et al., 2011). Chicken CATH-B1 is primarily 
found in the bursa of Fabricius where B cells are produced (Goitsuka 
et al., 2007). This is not surprising, considering the importance of the 
bursa for B cell maturation and its proximity to the cloaca, a portal of 
entry for various pathogens. Immunohistochemical studies demon
strated that chicken CATH-2 protein synthesis is restricted to heterophils 
(Cuperus et al., 2016a; van Dijk et al., 2009), that are numerous in 
embryonic and neonatal bursal mesenchyme and remain there in small 
groups at the mesenchyme/follicle interphase of some follicles (Cuperus 
et al., 2016a). Chicken CATH-B1 protein is produced by bursal inter
follicular secretory enterocytes and taken up by M cells via pinocytosis 
(Goitsuka et al., 2007). 

Primate LL-37 is constitutively expressed in gastric (Hase et al., 
2003) and colonic (Hase et al., 2002) epithelial cells and regulated by 
cyclic AMP signaling pathways (Chakraborty et al., 2009). LL-37 pro
duction by colonic epithelial cells is upregulated by short-chain fatty 
acids, such as butyrate, that are produced by gut microbiota (Hase et al., 
2002). In monocytes and keratinocytes, TGF-β1 and TLR2 ligands induce 
LL-37 production through a vitamin D receptor dependent pathway 
(Gombart et al., 2005; Schauber et al., 2007). Independent of the 

vitamin D receptor, LL-37 expression may be upregulated via 
NF-κB-C/EBPα activation, as a result of ER stress in epithelial cells but 
not in myeloid cells (Park et al., 2011). LPS and lipoteichoic acid (LTA) 
stimulation of DT40 cells, a chicken bursal lymphoma cell line, induces 
CATH-B1 transcription (Takeda et al., 2014), and feed supplementation 
with vitamin D upregulates transcription of CATH-1 and -B1 in spleen 
(Rodriguez-Lecompte et al., 2016). The possibility that chCATH-1, − 2, 
− 3 and -B1 gene expression is also regulated via NF-κB-C/EBPα 
signaling (Lee et al., 2016b) still needs to be examined. 

In adult human skin, LL-37 is expressed at low basal levels by kera
tinocytes and upregulated in case of injury and inflammatory skin dis
eases such as psoriasis and rosaceae (Gallo and Nizet, 2008). LL-37 is 
also produced by sweat and sebaceous glands and continuously secreted 
onto the skin surface where it is cleaved into active forms by kallikreins 
(Afshar and Gallo, 2013; Gallo and Nizet, 2008). Avian skin lacks sweat 
glands and contain a single sebaceous (uropygial) gland. Chicken 
CATH-2 was shown to be present in the epidermis localized to hetero
phils and abundantly present in uropygial gland tissue (van Dijk et al., 
2005), the latter possibly to protect glandular epithelium. 

Avian and human cathelicidins have in common their high level of 
expression in the male and female reproductive tracts and likely fulfill 
similar roles. All four chicken cathelicidins are expressed at moderate or 
high levels in testis (Achanta et al., 2012; van Dijk et al., 2005; Yacoub 
et al., 2016), while low transcript levels were found for pheasant 
CATH-1 (Wang et al., 2011). All chicken cathelicidins are expressed in 
ovary (Achanta et al., 2012) and CATH-1 and − 2 are highly expressed 
in oviduct (Yacoub et al., 2016). LL-37 precursor protein hCAP18 is 
expressed in epididymis epithelium and has been found in seminal 
plasma at high concentrations (9–32 µM) at a ratio of ~6.6 million 
hCAP-18 molecules per spermatocyte but proved to be absent in testis 
(Malm et al., 2000). Although seminal fluid could reduce the antimi
crobial potency of HDPs, hCAP18 may aid to protect spermatocytes “en 
route” to the ovum during fertilization (Malm et al., 2000). hCAP18 is 
consistently expressed by squamous epithelia of cervix and vagina 
(Frohm Nilsson et al., 1999) and is found at low levels in vaginal fluid 
(0.4 – 220 nM) (Levinson et al., 2009; Valore et al., 2002). 

7. Biological functions of HDPs 

Many biological functions have been attributed to cathelicidins and 
β-defensins (Shelley et al., 2020; van Harten et al., 2018). Variation in 
length, composition and order of amino acids and (restricted) confor
mation of mature peptides have resulted in what appear tailor-made 
peptides. HDP interaction with bacterial and eukaryotic membranes is 
governed by charge, hydrophobicity, distribution thereof and flexibility 
(e.g. Gly, Pro residues, disulfide bonds). In the case of bacteria, mem
brane interaction is driven by peptide cationic charges binding to 
anionic outer membrane components e.g. LPS and LTA, which disrupts 
bacterial outer membrane organization, enabling binding to the bacte
rial inner membrane, membrane penetration and leakage and eventually 
cell death (Schmidt et al., 2011). The lower external electro-negativity 
and higher concentration of cholesterol in eukaryotic membranes, 
ensuring lipid leaflet rigidity, explain the weak lytic effect of defensins 
on host cells by comparison to bacterial cells (Matsuzaki, 1999). Anti
viral activities of HDPs in vitro may include direct mechanisms such as 
inhibition of host cell infectivity by viral envelope destabilization or 
virion aggregation, inhibition of viral replication, prevention of viral 
capsid uncoating as well as host-mediated effects i.e. viral receptor 
blocking and modulation of immune cells (Mookherjee et al., 2020). The 
versatile immunomodulatory functions described for HDPs are likely 
explained by their differential intracellular uptake and complex in
teractions with epithelial, immune and other cells via various cell sur
face receptors. 
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7.1. Antimicrobial activity and cytotoxicity of defensins 

The antibacterial activities of human and avian defensins have a 
similar range with minimum inhibitory concentration (MIC) values from 
0.1 µM to ≈ 20 µM against both Gram-positive and Gram-negative 
bacteria (Ageitos et al., 2017), and are equally susceptible to inhibi
tion by cations (Bals et al., 1998a; Goldman et al., 1997; Tomita et al., 
2000; Yacoub et al., 2015; Yang et al., 2016). An exception to this rule is 
avian defensin AvBD103b that maintains its antimicrobial activity in the 
high salt environment of the penguin stomach, due to its highly cationic 
nature (Landon et al., 2004). Despite the unfavorable physiological 
conditions, this activity is made up by local release in large quantities of 
defensins and cathelicidins by neutrophils and heterophils after 
recruitment to the site of infection (Ganz, 1987; Ganz et al., 1985; Rice 
et al., 1987). 

The N-terminal helix structure is not essential for the antibacterial 
activity of avian defensins. In human BD3 this region is associated with 
membrane selectivity (Dathe and Wieprecht, 1999), e.g. deletion of 
3 N-terminal amino acids of HBD3 improved antimicrobial activity at 
high salt concentration (Li et al., 2015) and the helix forming propensity 
is correlated to host cell cytotoxicity (Zelezetsky and Tossi, 2006). The 
number of disulfide bonds and proper connectivity are not essential for 
antimicrobial activity of primate defensins as shown for HBD3 and 
HBD4 (Hoover et al., 2003; Kluver et al., 2005; Sharma and Nagaraj, 
2015; Wu et al., 2003). Oxidized HBD1 displays only weak antimicrobial 
activity (Schroeder et al., 2011), but its naturally occurring five cysteine 
analog that contains only two intramolecular disulfide bonds has com
parable antimicrobial activity (Circo et al., 2002). Similarly, blocking 
cysteine pairing in synthetic avian defensin AvBD2 by acetomethylation 
did not abolish antimicrobial activity against Gram-negative bacteria 
(Derache et al., 2012) and a loss of connectivity by reduction did not 
substantially reduce the antibacterial activity of AvBD6 or AvBD12 
(Yang et al., 2016). Partial substitution of hydrophobic residues by 
cationic residues diminished antibacterial activity in duck AvBD2 
(Soman et al., 2010), but increased activity in AvBD8 (Higgs et al., 
2007). These findings suggest that, for primate and avian defensins, 
antimicrobial activity is more dependent on positive net charge and a 
higher overall hydrophobicity than on the disulfide bridges (Kluver 
et al., 2005; Yang et al., 2017). In vivo antimicrobial efficacy was 
demonstrated for human defensins: i. HBD2 gene therapy in a mouse 
model of infection by Escherichia coli (Huang et al., 2002), ii. HBD4 in
duction using a viral vector application in a burn wound mouse model 
and a secondary Pseudomonas aeruginosa infection (Park et al., 2014), 
and iii. intraperitoneally (i.p.) administered HBD1/HBD2 in a murine 
salmonellosis model (Maiti et al., 2014). Likewise, i.p. AvBD7 adminis
tration in a lethal systemic mouse salmonellosis model increased sur
vival and reduced the liver bacterial load (Bailleul et al., 2019). 

The antiviral activity of avian and primate defensins is well docu
mented. Herpes simplex virus (HSV) is most susceptible to HBDs among 
the viruses tested (Daher et al., 1986). HDPs may block multiple steps of 
HSV infection as in the case of HBD3 with prevention of binding and 
entry (Hazrati et al., 2006). In chickens, infection with the emblematic 
herpes virus causing Marek’s disease (MDV) increases expression levels 
of AvBD2, − 4 and − 7 (Niu et al., 2018). The antiviral effect of these 
avian defensins on MDV remains to be determined. HIV-1 infectivity is 
reduced via HBD-2 and − 3 binding to epithelial cell surface heparan 
sulfate proteoglycans (HSPGs) resulting in co-internalization with 
HSPG-bound HIV gp120 to endosomes and oligomer formation (Herrera 
et al., 2016). In peripheral blood mononuclear cells (PBMC) and T cells 
HBD2 and − 3 impair HIV infection by direct binding to the viral par
ticle and through downregulation of the HIV-1 co-receptor CXCR4 
(Quinones-Mateu et al., 2003) and HBD2 inhibits HIV replication in the 
intracellular environment (Sun et al., 2005). However, HIV-positive 
subjects also exhibit dramatically diminished levels of HBD2 expres
sion in the oral mucosa (Sun et al., 2005). 

HBDs have shown promising antiviral capacity against respiratory 

infection viruses such as influenza virus (IAV) and respiratory syncytial 
virus (RSV). The lectin-like properties of HBD3 enable it to block viral 
pore generation, by creating a protective barrier of immobilized surface 
glycoproteins (Leikina et al., 2005). A more direct interaction with vi
rions was shown for HBD2, that was able to block RSV entry, possibly 
through the destabilization/disintegration of the viral envelope (Kota 
et al., 2008). In birds, β-defensin expression is upregulated upon avian 
influenza virus (AIV) vaccination (Kalenik et al., 2018) and AIV infec
tion in vitro (Jang et al., 2015). AvBD11 was found to reduce AIV titer in 
infected chicken epithelial cells when pre-incubated with the virus 
(Guyot et al., 2020), while AvBD2, − 6 and − 12 peptides reduced the 
infectivity of infectious bronchitis virus in chicken embryos (Xu et al., 
2015) and AvBD2 pre-incubation with Newcastle disease virus, another 
respiratory virus, greatly reduced infectivity in chicken embryo fibro
blasts (Liu et al., 2018). Thus, the antiviral activities of primate and 
avian defensins appear to rely more on virus neutralizing effects than 
intracellular virus cycle interference. 

7.2. Antimicrobial activity and cytotoxicity of cathelicidins 

Primate and avian cathelicidins exhibit antibacterial activities at 
similar MIC (≈ 0.2–20 µM) (Ageitos et al., 2017). At sub MIC concen
trations, chicken CATH-2 rapidly binds and permeabilizes E. coli mem
branes, localizes intracellularly, and induces DNA condensation, 
enhanced vesicle release and formation of membrane wrinkles 
(Schneider et al., 2016), while MIC concentrations of CATH-2 induce 
membrane rupture and cell lysis (Schneider et al., 2016). Moderate to 
potent antifungal activity against Candida albicans is described for 
chicken, quail and pigeon CATH-2 orthologs (Ordonez et al., 2014; van 
Dijk et al., 2009; Wang et al., 2011; Yu et al., 2015). LL-37 however only 
displays weak activity against this fungus (Ordonez et al., 2014). Both 
CATH-2 and LL-37 rapidly bind to the C. albicans cell membrane and 
start to internalize at sublethal concentrations, affecting the fungal 
membrane and nuclear envelope, while only CATH-2 caused cell 
shrinkage possibly through loss of transmembrane potential (Ordonez 
et al., 2014). At physiological salt concentrations, several species 
including methicillin-resistant Staphylococcus aureus, Proteus mirabilis, 
E. coli and C. albicans were shown to become more or completely 
resistant to LL-37 (Bals et al., 1998b; Travis et al., 2000; Turner et al., 
1998). In contrast, the antibacterial activity of quail CATH-2 and − 3 
(Feng et al., 2011), chicken CATH-1, and − 2 (Xiao et al., 2006a), 
pheasant CATH-1 (Wang et al., 2011) was not affected in the presence of 
100 mM NaCl. 

A single helical domain connected to the hinge region is mandatory 
for the antimicrobial action of avian cathelicidin peptides. Either helical 
segment of chicken CATH-2 including the central hinge region retains 
considerable antibacterial activity, whereas cytotoxicity is reduced 
(Xiao et al., 2009). The N-terminal helical segment plus hinge region is 
sufficient for the antibacterial activity of chicken CATH-3 (Qu et al., 
2016), CATH-3 cytotoxicity is linked to the short hinge region. The short 
chicken CATH-1 C-terminal helical segment is critical for both anti
bacterial and cytotoxic activity (Xiao et al., 2006b). Chicken CATH-1 is 
much more cytotoxic than CATH-3, which may be due to participation of 
a 3 amino acid N-terminal stretch in cytotoxicity (Xiao et al., 2006b) and 
reduced hinge flexibility by steric hinderance of the central Gly residue 
by the flanking Tyr residue, which appears to be positively correlated 
with α-helical peptide toxicity in mammalian cells (Bommineni et al., 
2007). Studies with truncated peptides (Molhoek et al., 2009; Nell et al., 
2006; Wang et al., 2014) showed that the antibacterial activity, antiviral 
and antineoplastic activities of primate LL-37 are retained in a smaller 
segment, whereas the whole central helical section is required for 
immunomodulatory, LPS- and LTA-neutralizing activities. Additionally, 
it was shown that aromatic residues of importance for the microbicidal 
and immunomodulatory activities of avian and primate cathelicidins 
(Andrushchenko et al., 2008; Datta et al., 2016; Staubitz et al., 2001; van 
Dijk et al., 2016). 
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In vivo antimicrobial efficacy of primate cathelicidins was shown for 
the intratracheal therapeutic application of LL-37 (1 mg/kg) to mice 
infected with a multidrug-resistant strain of Mycobacterium tuberculosis 
that substantially reduced lung bacilli after 28–30 days of treatment 
(Rivas-Santiago et al., 2013). Using a similar route, LL-37 ameliorated 
methicillin-resistant Staphylococcus aureus-induced pneumonia in mice 
(Hou et al., 2013). Intravenous administration of LL-37 also improved 
the survival of septic mice possibly by inhibition of pyroptosis, modu
lation of inflammatory cytokine production and by reduction of bacte
rial burden (Hu et al., 2016). In birds, demonstration of activity of 
cathelicidins came from in ovo studies. Injection of embryonated chicken 
eggs with chicken CATH-2 analog DCATH-2 at day 18 (1 mg/kg body
weight) followed by challenge with avian pathogenic E. coli at 7 days of 
age significantly reduced morbidity and respiratory bacterial load one 
week post infection (Cuperus et al., 2016b). Furthermore, in the absence 
of an infectious stimulus, in ovo administration of DCATH-2 altered the 
microbiota composition without affecting the chicks’ immune system 
post-hatch (Cuperus et al., 2018). 

LL-37 is the most potent antiviral peptide among cathelicidins and 
displays potent antiviral activity against influenza A virus (IAV) in vitro 
and in vivo (Barlow et al., 2011) and plays a role in the defense against a 
variety of other viral pathogens including RSV, Dengue virus, HIV, HSV, 
Vaccinia virus and Adenovirus (Bergman et al., 2007; Currie et al., 2013, 
2016; Gordon et al., 2005; Howell et al., 2004; Yasin et al., 2000). The 
antiviral activity of chicken cathelicidins has been studied against avian 
influenza A virus, a major concern for poultry breeders. Compared to 
other cathelicidins (CATH-1, − 2, − 3, LL-37, PMAP-23, and K9CATH), 
chicken CATH-B1 has broad anti-IAV activity with inhibition of viral 
infection up to 80% against IAV strains of zoonotic interest (H1N1, 
H3N1, and H5N1) (Peng et al., 2020). Direct interaction of CATH-B1 
with viral particles is required for anti-IAV activity and involves ag
gregation of viral particles and presumably hampers haemagglutinin 
binding to cell surface receptors. Primate cathelicidin LL-37 seems to 
bind AIV in a different manner, not inhibiting hemagglutinin (HA)-re
ceptor binding and failing to inhibit the binding and cellular uptake of 
viral particles (Tripathi et al., 2013, 2015). In addition, antiviral activity 
of LL-37 is IAV strain dependent, being more efficient against H3N1 than 
against H1N1 and H5N1 strains (Peng et al., 2020), in contrast to avian 
CATH-B1 that exhibited similar antiviral activity against these IAVs 
subtypes. The antiviral activity against AIV, RSV and dengue viruses is 
sequence-specific as scrambled LL-37 peptide lacked antiviral activity 
(Alagarasu et al., 2017; Barlow et al., 2011; Currie et al., 2016), yet the 
exact molecular mechanisms involved need to be further elucidated. 

7.2.1. Immune modulation by defensins 

7.2.1.1. Immune cell recruitment. In the context of immune cell 
recruitment, HBD2 chemoattracts immature dendritic cells and memory 
T cells at low micromolar concentrations, thus linking innate to adaptive 
immunity (Yang et al., 1999). It can attract mast cells as well (Niyonsaba 
et al., 2002a). HBD3 may stimulate antigen-presenting cells through 
TLR1 and TLR2 to enhance expression of costimulatory molecules 
(Funderburg et al., 2007) that further link innate to adaptive immunity. 
Both HBD2 and HBD3 recruit monocytes, macrophages and neutrophils 
via chemokine receptor CCR2, which recognizes members of the MCP 
family of chemokines, e.g. CCL2/MCP-1 (Rohrl et al., 2010). Addition
ally, primate β-defensins can stimulate leukocytes to induce expression 
of cytokines and / or chemokines that in turn recruit various immune 
cells. HBD1–3 stimulate IL-8 and CCL2 production by PBMCs leading to 
recruitment of neutrophils and monocytes, while HBD2 more selectively 
induces IL-6 and IL-10 production (Boniotto et al., 2006). In birds, the 
organization of lymphoid tissue is somewhat different compared to that 
of primates. The absence of lymph nodes and presence of a more diffuse 
lymphoid tissue at mucosal sites positions avian lymphoid cells more 
closely to infectious foci thus less dependent on distant recruitment. 

However, recruitment of chicken B- and T-lymphocytes was shown for 
duck AvDB2 (Soman et al., 2009a, 2009b). Modest recruitment of 
chicken macrophages and potent recruitment of CCR2-positive CHO-K1 
cells was observed for AvBD6 and AvBD12, whereas AvBD6 moderately 
recruited CCR6-positive CHO-K1 cells (Yang et al., 2016). At high con
centrations AvBD12 attracted murine iDCs. Thus, avian orthologs of the 
mammalian CCR2 and CCR6 receptors appear involved in 
AvBD-mediated cell recruitment, implicating conserved co-evolution of 
ligands and CCR2/CCR6-like receptors in primates and birds. The ca
pacity of defensins to recruit and activate phagocytes can be considered 
as a means for the host to amplify the local innate defense by a feedback 
loop system. Their intervention in many immune regulatory and phys
iological processes has been increasingly demonstrated (Hancock et al., 
2016). The role of defensins in leucocyte recruitment and activation, as 
well as in angiogenesis and in wound repair are less known in birds, but 
suggest that these multifunctional effectors constitute key players in 
resistance to diseases. 

7.2.1.2. LPS neutralization. The anti-inflammatory efficacy of primate 
β-defensins was demonstrated in vivo using lethal endotoxic shock 
murine models (Motzkus et al., 2006; Semple et al., 2010). Cationic 
properties of β-defensins enable high affinity binding to anionic LPS 
(Sawyer et al., 1988) and limit LPS access to its receptor TLR4 (Toll-like 
receptor 4) on the cell surface. HBD3, the most cationic human defensin, 
HBD123 and HBD126, but not HBD2, inhibited the LPS-induced pro
duction of inflammatory mediators such as TNFα and IL-6 by mamma
lian macrophages (Liu et al., 2013; Motzkus et al., 2006; Semple et al., 
2010). The anti-inflammatory HBD3 activity was cAMP and IL-10 in
dependent and maintained if peptide was added to macrophages 1 h 
after LPS stimulation and uptake (Semple et al., 2010), suggesting that 
β-defensins also inhibit LPS effects downstream of TLR4 activation. 
Avian β-defensin 6 and − 12 both neutralize LPS, the more cationic 
AvBD6 (+7) being more efficient (Yang et al., 2016); while reduced 
AvBD12 (+1), having the same net positive charge as its related unre
duced peptide, is less able to neutralize LPS. Thus, in the interaction 
between AvBDs and LPS, electrostatic attraction is essential but not the 
only determining factor. Interestingly, the LPS-neutralizing capacity of 
AvBD6 and − 12 was fully functional at physiological salt conditions 
and not affected by increased NaCl concentrations. Thus, microbial 
clearance appears to be equally promoted by avian and primate 
β-defensins via direct and indirect recruitment of immune cells, while 
excess inflammation is dampened. 

7.2.2. Immune modulation by cathelicidins 

7.2.2.1. Immune cell recruitment. Local release of cathelicidins by neu
trophils or other cells can directly and indirectly lead to the recruitment 
of immune cells to the site of infection. Chemotactic activity of human 
LL-37 has been demonstrated for peripheral blood monocytes, T cells 
(De et al., 2000), mast cells (Niyonsaba et al., 2002b), neutrophils and 
eosinophils (Tjabringa et al., 2006). In vitro, LL-37 chemoattracts human 
neutrophils, monocytes, T cells and eosinophils via the FPR2 receptor 
(De et al., 2000; Tjabringa et al., 2006) and mast cells via a high-affinity 
pertussis-sensitive receptor (Niyonsaba et al., 2002b), while mast cell 
degranulation by LL-37 is mediated via the GPCR MgrX2 (Yu et al., 
2017). Indirect recruitment of immune cells by LL-37 can occur via 
activation of MAPK ERK1/2 and p38 signaling pathways in monocytes 
that initiate production of chemokines and cytokines such as IL-8, 
MCP-1 and − 3 (Bowdish et al., 2004) leading to recruitment of neu
trophils and monocytes, and upregulation of chemokine receptor 
expression (CCR2, CXCR4) on macrophages (Scott et al., 2002). Inter
estingly, the threshold of LL-37-induced activation of monocytes is 
lowered by GM-CSF to 5–10 µg/ml, levels that are present at the onset of 
infection (Bowdish et al., 2004). GM-CSF is locally produced by various 
cells (Hamilton, 2002) and released in serum after LPS-activation 
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(Sheridan and Metcalf, 1972), suggesting that the immunomodulatory 
actions of LL-37 may be locally amplified by the presence of cytokines. 
LL-37-enhanced immune cell recruitment was also demonstrated in 
vivo. hLL-37 enhanced a protective pro-inflammatory response to acute 
P. aeruginosa lung infection in a murine model, effectively promoting 
bacterial clearance from the lung in the absence of direct microbicidal 
activity but through upregulation of the early neutrophil response 
(Beaumont et al., 2014). Notably, Pseudomonas clearance and early 
neutrophil response were impaired in cathelicidin-deficient mice. Direct 
recruitment of immune cells by avian cathelicidins was demonstrated 
for chicken CATH-B1 and CATH-1 analogs (Bommineni et al., 2014) and 
indirect immune cell recruitment may occur through activation of 
monocytes. Chicken CATH-2 induces transcription of MCP-3, CCLi4/R
ANTES and CXCLi2/IL-8 in the chicken macrophage-like HD11 cell line 
(van Dijk et al., 2016) and chicken CATH-1–3 induced MCP-1 produc
tion in murine RAW264.7 cells (Coorens et al., 2017b). Intraperitoneal 
administration of cathelicidin-derived peptides fowl-1(6− 26) and 
fowl-1(8− 26) in mice resulted in chemoattraction of neutrophils, but 
not of monocytes or lymphocytes, while chCATH-B1 induced mast cell 
migration (Takeda et al., 2014). These findings suggest that, like their 
mammalian counterparts, avian cathelicidins play an active role in the 
recruitment of leukocytes to inflammatory sites. 

7.2.2.2. LPS neutralization. In particular highly cationic cathelicidins 
are potent inhibitors of endotoxin-induced activation of immune cells. 
LPS-induced TLR4 activation is strongly inhibited by chicken CATH-1, 
− 2, − 3 and –B1 (Coorens et al., 2017b; Takeda et al., 2014; van Dijk 
et al., 2016; Xiao et al., 2006a). LTA-induced TLR2 activation is 
inhibited by chicken CATH-2, -B1 and to a lesser extent CATH-1, but not 
by CATH-3 (Coorens et al., 2017b; Takeda et al., 2014). Correlation of 
isothermal titration calorimetry data with MIC values for chicken 
CATH-2 interaction with rough and smooth LPS type E. coli strains 
indicate that this peptide binds to the lipid A moiety as well as to the 
O-antigen (Schneider et al., 2016). Molecular docking of pigeon CATH-2 
to the TLR4-MD-2 complex implicated that LPS-neutralization may be 
established by binding of cathelicidin peptides to the hydrophobic MD-2 
pocket via ionic interactions (Yu et al., 2015). In LPS neutralization by 
primate cathelicidins, charge, (α-helical) conformation and mode of LPS 
interaction all contribute to the LPS neutralization capacity but appear 
to do this indirectly; most effective inhibition of LPS-induced NO pro
duction was found for leaf eater monkey RL-37 (+10) and to a lesser 
extent by human LL-37 (+6), whereas orang-utan LL-37 (+4) and rhesus 
macaque RL-37 (+8) neutralized poorly (Tomasinsig et al., 2009). 
However, LPS-neutralization by cathelicidins is more complex than just 
prevention of TLR4 activation by LPS blocking. LPS neutralization by 
LL-37 and chicken CATH-2 is in part independent of binding to LPS as 
both can partially or completely neutralize LPS in LPS-primed macro
phages (van Dijk et al., 2016). In fact, alternative mechanisms have been 
unraveled for LPS neutralization by LL-37, including peptide binding to 
cell surface receptor CD14, inhibition of NF-kB p50 and P65 subunit 
translocation to the nucleus, inhibition of NF-kB activation via activa
tion of ERK1/2-mediated CREB phosphorylation and differentially 
altered gene expression that excluded inhibition of negative regulators 
of NF-kB and certain chemokines (Mookherjee et al., 2006; Nagaoka 
et al., 2002; Wen et al., 2010). 

7.2.2.3. Microbial clearance. Another mechanism by which cath
elicidins can promote clearance of bacterial pathogens is by inducing 
apoptosis of infected host cells. LL-37 enhanced apoptosis of Pseudo
monas aeruginosa-infected pulmonary epithelial cells via caspase- and 
Bax-dependent mitochondrial membrane depolarization only with bac
terial invasion of the epithelial cells (Barlow et al., 2010). This has been 
recently characterized as a cell penetrating peptide mechanism in pul
monary epithelial cells infected by P. aeruginosa, with synergistic in
duction of caspase 1-dependent death of infected epithelial cells 

(McHugh et al., 2019). Intratracheal delivery of chicken CATH-2-killed 
P. aeruginosa in a murine lung infection model inhibited 
P. aeruginosa-induced neutrophil recruitment, cytokine and chemokine 
production and so dampened inflammation (Coorens et al., 2017a). 
Likewise, LL-37 can dampen inflammation by reduction of 
pro-inflammatory responses to stimuli (e.g. TNFα, NO), while main
taining the ability to phagocytose, to kill bacteria and to clear apoptotic 
cells (Brown et al., 2011). LL-37 has also shown to activate professional 
antigen-presenting cells as potent modifier of DC differentiation, 
increasing HLA-DR and co-stimulatory molecule expression (Bandholtz 
et al., 2006; Davidson et al., 2004). In a similar manner, chicken CATH-2 
enhanced expression levels of mannose receptor MRC1, MHCII, CD40 
and CD86 on mononuclear phagocytes (Kraaij et al., 2017). 

8. Conclusions and perspectives 

Rapid radiation of avian species after the C-Pg mass extinction event 
resulted in diversification of cathelicidin genes and fewer β-defensin 
genes due to genome size constraints. In primates the larger genome size 
limited the loss of β-defensin paralogs and the more gradual adaptive 
radiation resulted in a highly conserved, ubiquitously distributed and 
versatile single cathelicidin gene with multiple immunomodulatory 
functions. In birds, gene duplication generated multiple mature cath
elicidin peptides that are equally well preserved among different clades. 
A plausible explanation for this gene expansion in birds could be an 
adaptation to fulfill niche functions such as the antiviral activity of 
CATH-B1 protein that is abundantly present near M cells, an immune 
surveillance portal for viral and bacterial microparticles. Another 
example of avian adaptation are heterophils, crucial for the innate im
mune response in birds to bacterial infections that lack an effective 
oxidative burst response but are loaded with cathelicidins and defensins 
that have demonstrated potent immunomodulatory and antimicrobial 
properties. Evidence of positive selection is found in both primate and 
avian peptide superfamilies and may be more correlated to co-evolution 
with endogenous receptors. The well-conserved β-sheet structure with 
three antiparallel strands in primate and avian β-defensins, reminiscent 
of chemokines, also supports convergent evolution towards receptor- 
mediated functions. Taken together, the dynamics in avian and pri
mate cathelicidin and β-defensin evolution have led to HDP repertoires 
with the potential of broad range antimicrobial/antiviral activities as 
well as the ability to directly or indirectly recruit and activate immune 
cells, aid in dampening of inflammation, participate in antigen presen
tation and promote the clearance of pathogens (Table 1). In addition, 
simultaneously released endogenous defensins and cathelicidins may 
exhibit synergistic antibacterial, anti-inflammatory and immune 
modulatory effects that influence the outcome of infection. However, an 
expansion of avian-specific (antibody) tools is necessary to better un
derstand the correlation between HDP distribution, regulation and gene- 
specific biological functions in birds. Considering that the multifunc
tional properties of defensins and cathelicidins are strongly influenced 
by their microenvironment it is fundamental to examine these in situ at 
physiological conditions. For this purpose, rapidly developing tech
niques such as single-cell spatial analysis may aid at identifying HDP 
production sites at cell level in tissues, to study co-expression patterns, 
inter- and intracellular interactions of HDPs with receptors and to 
perform spatial phenotyping. 
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Table 1 
Features of bird and primate defensins and cathelicidins.  

Features Defensins Cathelicidins 

Repertoire 
diversity  

• Absence of α-defensins in 
birds.  

• Functional θ-defensins 
only in non-human 
primates.  

• Multiple members in birds.  
• Only one member in 

primates. 

Molecular 
structures  

• Beta-sheet stabilized by 
three disulfide bridges.  

• Conserved αβ-motif only in 
primates.  

• Alpha-helical structure. 
adopted only in 
hydrophobic environment.  

• Conserved aromatic and 
cationic residues. 

Biodistributions  • In granules of both bird 
heterophils and primate 
neutrophils.  

• Abundance in the skin of 
primates but not of birds.  

• Abundance in the 
uropygial gland of birds.  

• Abundance in the 
reproductive tract (male 
and female) of birds and 
primates.  

• Restricted distribution 
(heterophils and epithelial 
cells) in birds.  

• Variety of producing cell 
types in primates.  

• Abundance in the 
reproductive tract (male 
and female) of both birds 
and primates. 

Biological 
functions  

• Similar MIC against 
bacteria.  

• Cysteine pairing not 
required for antimicrobial 
activity.  

• Activity dependent on 
cationicity.  

• Virus neutralizing effects.  
• Anti-inflammatory 

capacity through LPS 
neutralization.  

• CCR2- and CCR6- 
dependent recruitment of 
immune cells.  

• Similar MIC against 
bacteria.  

• Salt-sensitivity only in 
primates.  

• More activity against fungi 
in birds.  

• Virus neutralizing effects 
with different mechanism 
against IAV between birds 
and primates.  

• Direct and indirect anti- 
LPS activity.  

• Direct and indirect 
(through chemokine 
induction) recruitment of 
leukocytes.  

• Activation of antigen- 
presenting cells.  

• Induction of apoptosis of 
infected host cells in 
humans.  
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