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“Isn’t it splendid to think of all the things there are to find out about? 

It just makes me feel glad to be alive--it’s such an interesting world. 

It wouldn’t be half so interesting if we know all about everything, would it?”

Anne of Green Gables – L.M. Montgomery
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Antibiotics are the mainstay in treatment of bacterial infections in both human and 

veterinary medicine. However, resistance to antibacterial treatments has been rising 

since the 1970s, causing serious problems in treatment and control of infectious diseases. 

Antibiotic resistance is now considered as one of the major global health threats of the 

21st century1, 2. Resistant pathogens causing large-scale problems are for example ESBL 

producing Enterobacteriaceae, vancomycin resistant Enterococcus (VRE) and methicillin 

resistant Staphylococcus aureus (MRSA)3, 4. 

The main cause for the rise in antibiotic resistance is believed to be the massive over- 

and misuse of antibacterial drugs in both human and veterinary healthcare. Antibacterial 

drugs used for animals represent all major classes of antibiotics with clinical importance 

for human health5. Antibiotics in veterinary medicine are used for disease treatment and 

prevention, but also for growth promotion. Use of antibiotic growth promoters (AGPs) 

in food producing animals was first advocated in the 1950s when it was discovered that 

feeding animals low levels of antibiotics such as penicillin or tetracycline could increase 

growth and feed efficiency in poultry, swine and cattle6. The practice was quickly adopted 

by the livestock sector, but infectious disease experts questioned the potential dangers 

from the beginning. In 1969, the UKs Swann Report acknowledged the possibility that 

AGPs were contributing to the rise in multidrug-resistant Salmonella in humans7. Since 

then, a growing body of evidence has shown that antimicrobial use in animals, including 

the use as AGPs, causes emergence of resistant bacteria. These bacteria can cross 

species barriers and thus contribute to the antibiotic resistance problems in human 

healthcare8. For example, in The Netherlands, E. coli isolates of human and poultry origin 

were shown to have indistinguishable ESBL genes and plasmids9. Since 1997 the World 

Health Organization (WHO) has consistently recommended restrictions on the use of 

antimicrobials in food-producing animals, in particular the phasing out of the use of AGPs 

and the requirement of veterinary prescription for antibiotics10. The first countries to 

adopt legislation were Sweden and Denmark who respectively banned the use of AGPs in 

1986 and 200011. Subsequently, a ban on AGP use was instituted in all EU member states 

in 2006. Concerns were voiced that banning these substances might lead to an increase in 

animal disease incidence and consequently to higher therapeutic antibiotic use. Indeed, 

in some countries an increase in veterinary therapeutic use of antibiotics was reported 

directly after discontinuing AGP use, however this increase was temporary and overall 

antibiotic use in animals has shown a strong decrease in EU countries in the last decade12, 13. 

A small number of other countries such as Mexico and Hong-Kong also have rules in place 

restricting the use of several antibiotics in animals, but the great majority of countries has 

no legislation at all11. In the USA, 80% of all the antibiotics sold are used for livestock14. 

Recently, the USA Food and Drug Administration has issued voluntary guidelines for the 
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‘judicious use of antimicrobial drugs in food-producing animals’, but despite repeated 

calls from human healthcare professionals, there are no plans to phase out the use of 

AGPs in the USA15-17. Also, the worldwide use of antibiotics in food animals is predicted to 

increase by more than 65% in the coming decades due to the increasing demand for meat 

and shift in agriculture practices in developing countries18.

New antibacterial drugs are urgently needed, but antibiotic discovery faces several 

scientific and economical challenges19. Developing antimicrobials is not attractive for 

pharmaceutical companies as new drugs will likely only be used as a last resort in human 

healthcare and might not be approved for use in animals at all to prevent resistance 

development. Only three antibacterial drugs have been brought to the market since 1999 

and very few new antibiotics are currently in development. This has prompted the search 

for alternatives to conventional antibiotics20. Multiple alternative anti-infective strategies 

are being investigated, including vaccines, pre- and probiotics and phage therapy21, 22. 

Other promising alternatives to antibiotics are host defense peptides (HDPs). HDPs 

are important components of the first line of defense against infection and are found 

in all multicellular organisms23. In vertebrate animals, the two main classes of HDPs are 

cathelicidins and defensins24, 25. These peptides were at first mainly studied for their broad-

spectrum antimicrobial activity against bacteria, fungi and viruses. Since 2000, many 

immunomodulatory functions of these peptides have been described. HDPs are now 

seen as true multifunctional peptides with activities as diverse as chemotaxis, inhibition 

of LPS-induced inflammation, modulation of leukocyte differentiation and promotion of 

wound-healing, while novel functions of these peptides are still being described to date26-

29. In addition, the role of HDPs in the complex endogenous environment is becoming 

increasingly clear through research on disease pathogenesis and transgenic animals30. 

Currently, HDP-derived peptides are being explored for the development of antimicrobial 

as well as immunomodulatory therapeutics. HDP-derived peptides have been shown to 

confer protection by immunomodulatory mechanisms in murine models of infection31, 32. 

Several HDP-based compounds are in advanced stages of development as anti-infective 

drugs including Locilex for the treatment of diabetic foot ulcers and OP-145 against 

chronic bacterial middle-ear infections33, 34.

In chickens, 4 cathelicidins and 14 defensins have been described to date. Similar to 

mammalian HDPs, chicken host defense peptides were shown to have both antimicrobial 

and immunomodulatory activities35 (Chapter 2). The main aim of this thesis was to evaluate 

the potential of chicken HDPs, specifically cathelicidin-2 (CATH-2), as a template for the 
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development of new anti-infectives to be used in chickens. In addition, the endogenous 

expression of two chicken HDPs was investigated and a first start was made to decipher 

the in vivo mechanisms of CATH-2 analogs. In Chapter 2 an overview is given of the current 

knowledge on avian HDPs and their properties are compared with mammalian homologs. 

In Chapter 3 the localization and developmental expression pattern is described for 

two chicken HDPs, CATH-2 and avian β-defensin 9 (AvBD9) in embryos and chicks up 

to 4 weeks of age. In Chapter 4 the efficacy of in ovo and intramuscular administration 

of a CATH-2 analog to protect young broilers against a respiratory E. coli infection is 

described. In Chapter 5 the efficacy of this analog against a systemic Salmonella infection 

is presented and the distribution of in ovo administered CATH-2 is investigated using 

PET/CT imaging. In Chapter 6 the effects of in ovo administration of CATH-2 analogs on 

immune parameters and microbiota are reported. In Chapter 7 the results described in the 

thesis are discussed and future perspectives are given.
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Abstract

Host defense peptides (HDPs) are important effector molecules of the innate immune 

system of vertebrates. These antimicrobial peptides are also present in invertebrates, 

plants and fungi. HDPs display broad-spectrum antimicrobial activities and fulfill 

an important role in the first line of defense of many organisms. It is becoming 

increasingly clear that in the animal kingdom the functions of HDPs are not confined 

to direct antimicrobial actions. Research in mammals has indicated that HDPs have 

many immunomodulatory functions and are also involved in other physiological 

processes ranging from development to wound healing. During the past five years our 

knowledge about avian HDPs has increased considerably. This review addresses our 

current knowledge on the evolution, regulation and biological functions of HDPs of 

birds.

Introduction

Host defense peptides (HDPs) are a diverse group of small and cationic peptides present 

in a wide variety of organisms. Originally called antimicrobial peptides (AMPs) after 

their ability to kill bacteria in vitro, further research showed these peptides to possess 

many additional functions, mainly immunomodulatory. Therefore, the new name host 

defense peptides was proposed. It is now well established that HDPs cause differentiation, 

activation and chemotaxis of multiple types of leukocytes, inhibit LPS-induced effects and 

enhance phagocytosis, DNA uptake and wound healing1, 2. It is clear these peptides form a 

vital, but often overlooked component of the innate immune system.

The first HDPs were discovered in the 1970’s by means of extraction from tissue. The 

recent rise of bioinformatics and available sequence data has caused a steep increase in 

the number of HDPs described. Though highly diverse in secondary structure, a consensus 

motif is present in each of the HDP classes, by means of which they can be unearthed from 

sequence databases. The first avian HDPs were described in the mid 1990’s, five defensins 

isolated from chicken and turkey leukocytes3. At the moment, the complete defensin and 

cathelicidin clusters have been described for multiple avian species including chicken, 

duck and zebra finch4-7. 

In recent years, interest in HDPs has increased. More and more, these peptides are being 

investigated as templates for novel anti-infectives. With the rising antibiotic resistance 

of the last decade, an intense search is ongoing to look for alternatives to fight infectious 
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diseases. HDPs or derivatives thereof are believed to be one of these alternatives.

In the following sections we review the current knowledge on avian HDPs with the 

emphasis on regulation and biological functions. We also compare the avian peptides to 

their mammalian counterparts and give suggestions for further research.

Avian innate host defense

The avian innate immune system comprises a wide spectrum of defense mechanisms 

against invading pathogens and consists of a variety of immune effector cells, enzymes, 

proteins and peptides, including the HDPs discussed in this review, that function as a first 

line of defense.

Lysozyme, which is mainly present in eggwhite, is also expressed by mature macrophages. 

This enzyme can kill bacteria by cleaving the glycosidic bond of β(-1,4)-linked residues 

of N-acetylneuramic acid (NAM) and N-acetylglucosamine (NAG) in the peptidoglycan 

structure of Gram-positive and to a lesser extend Gram-negative bacteria8. Iron-

scavenging proteins like transferrin function as another type of defense. By scavenging 

the iron needed by bacteria to grow, they can inhibit bacterial growth indirectly9, 10. 

C-reactive protein (CRP) has multiple functions, including opsonization of bacteria, fungi 

and parasites resulting in activation of the complement system and phagocytosis11. For 

instance, CRP is induced following a protozoan parasite infection in chickens9.

Collectins are other important players in innate immunity. These multimeric proteins belong 

to the family of C-type lectins that contain Ca2+-dependent carbohydrate-recognition 

domains12. By binding to carbohydrate ligands on the surface of microorganisms, these 

proteins act as opsonins, enhancing phagocytosis. Mannan-binding lectin (MBL), one of the 

most studied collectins in mammals, is also present in chickens and is upregulated during 

infection. Like its mammalian counterpart, chicken MBL can activate the complement 

system13. The collectins SP-A and SP-D are important molecules of the mammalian 

mucosal defense system. However, chickens do not have SP-D and produce an aberrant 

form of SP-A14, 15. In addition to MBL and SP-A, chickens express three other collectins14. 

Another protein involved in mammalian lung immunity is PLUNC. This protein is involved 

in the inhibition of biofilm formation in the lung16. Recently, PLUNC-like proteins have 

also been characterized in chicken17.

While many cell types, like macrophages and dendritic cells, are represented in both 

avian and mammalian species, neutrophils are not found in birds. Avian heterophils, 

however, are thought to play a similar role in innate immunity as neutrophils do in 
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mammals. Heterophils are infiltrating the site of infection in the first 6–12 hours of 

inflammation, while macrophages and lymphocytes are detected after 48 h. They are 

also important in the defense of the avian respiratory tract, as no resident population 

of pulmonary macrophages is present. Heterophils can be activated by cytokines and 

possibly chemokines, leading to increased phagocytosis and antimicrobial activities. 

Importantly, heterophils lack myeloperoxidase and do not produce high amounts of 

hydrogen peroxide and superoxide anion upon activation, making them rely heavily on 

non-oxidative mechanisms for antimicrobial activity, which suggests an important role for 

HDPs in heterophil mediated immunity18.

For the detection of pathogens, avian immune cells also have a variety of pattern-

recognition receptors (PRRs), including the Toll-like receptors (TLRs)9. Compared to 

mammals, the chicken immune system contains a slightly different TLR repertoire, with 

two isoforms of TLR2 and one ortholog related to TLR1, 6 and 10 in mammalian species19. 

The TLR8 gene in chickens is disrupted and these birds lack a TLR9 ortholog. However, 

chickens express TLR15, which is absent in mammals and thought to be activated by 

proteinase K20 and TLR21, which binds CpG-DNA21. Interestingly, TLR9 in mammals also 

binds CpG-DNA, but appears to have evolved separately from TLR21. Chickens also lack 

the RIG-I receptor, but do have an Mda5 receptor, which are both cytoplasmic nucleic acid 

receptors22.

Conclusion: Innate host defense in avian and mammalian species is in general quite 

similar. However, divergence in receptor-specificity, cellular responses and types of 

antimicrobial compounds between species, leads to differences in susceptibility to certain 

microorganisms and subsequent infectious diseases.

Avian host defense peptides

HDPs are conserved throughout a wide variety of organisms, including mammals, 

birds, insects and plants2,23-25. For avian species, three main classes of HDPs have been 

described, i.e. β-defensins (including the ovodefensins), cathelicidins and liver-expressed 

antimicrobial peptide-2 (LEAP-2)26-29.

Classes and structures
Defensins
Defensins are cysteine-rich, cationic peptides characterized by three conserved disulfide 

bridges, a β-sheet structure30, 31 and both hydrophobic and cationic amino acids32. The 

defensin family can be subdivided into three main groups: the α, β and θ-defensins31, 
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33. α-defensins are only present in some mammalian species and form disulfide bridges 

between Cys1–Cys6, Cys2–Cys4 and Cys3–Cys5 23, 33. Beta-defensins can be found in all 

vertebrate species and form disulfide bridges between Cys1–Cys5, Cys2–Cys4 and Cys3–

Cys6 23, 34. The α- and θ-defensins are thought to have evolved from an ancient β-defensin4. 

The θ-defensins are cyclic defensins, with cystine bridges between Cys1-Cys6, Cys2-Cys5 and 

Cys3-Cys4 and are found in rhesus monkeys and baboons, whereas only pseudogenes for 

θ-defensins are present in the human genome35.

The first β-defensin described was found in bovine epithelial cells36. β-defensins are 

the only defensins found in avian species so far, despite an extensive search for other 

defensins performed in the chicken genome37. Beta-defensins contain a signal peptide for 

secretion, but have no, or only a short, propiece. This is in contrast to α-defensins, which 

have anionic propieces that neutralize the positive charge of the peptide and thus prevent 

interaction of the cationic peptide with intracellular membranes32, 38.

The first NMR structure analysis for avian β-defensins (AvBD) was performed for 

AvBD103b, which was isolated from the stomach contents of the King penguin39. The 

structure obtained for AvBD103b showed a three-stranded β-sheet and a short α-helical 

structure at the N-terminus, which is present in almost all β-defensins, but is lacking in 

α-defensins. This N-terminal α-helical region also contains the first cysteine residue 

for the formation of a disulfide bridge. In contrast to AvBD103b, the short N-terminal 

region of AvBD2 does not adopt an α-helical conformation40 (Fig.1). However, the three-

stranded β-sheet and disulfide bridges are conserved. A bulge in the second β-strand of 

both structures suggests that this conformation might also be conserved among avian 

defensins and is of importance for correct folding or flexibility of the peptide. Despite 

their structural similarity, AvBD103b and AvBD2 exhibit different physical properties39, 41. 

Whereas AvBD103b is highly cationic and has a hydrophobic patch, AvBD2 does not have 

an amphipathic structure and its hydrophobic and cationic residues are more randomly 

distributed. Other structural differences between AvBDs are found in post-translational 

modifications and dimerization. C-terminal amidation is known to occur frequently and 

has been found in AvBD1 and AvBD7, but not AvBD241. C-terminal amidation is thought to 

provide stability against degradation and to increase cationicity for better antibacterial 

activity41, 42. Dimerization of β-defensins was shown for human β-defensin 2 (HBD2) and 

some homologs thereof43, and was also found for duck AvBD244. However, not all HDB2 

homologs formed dimers, suggesting that some AvBDs may also act as monomers or form 

larger oligomers.
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A number of AvBDs e.g. AvBD3, −11 and −13, contain a large post-piece at the C-terminal 

end of the mature peptide4, 37, 45, 46. In one study AvBD13 was reported to have a post-piece4, 

while another study showed the peptide lacking this feature37, suggesting the possibility of 

strain-specific splice variants or isoforms. AvBD11 contains a post-piece with a defensin-

like motif, resulting in six cystine bridges instead of three, which might be the result of 

gene duplication45, 47. The presence of a post-piece is not uncommon among defensins, as 

this was also found for β-defensin sequences in a cluster positioned on chromosome 20 in 

the human genome48.

Recently, a new group of defensin-like molecules, initially found in egg-white, was 

described under the proposed name of ovodefensins. The spacing between the cysteines 

in the ovodefensin sequences differs with the β-defensins from one to three amino acids26. 

NMR structure analysis of the chicken ovodefensin gallin revealed that this molecule has a 

five β-stranded arrangement. This includes the three-stranded antiparallel β-sheet typical 

for vertebrate defensins, but in addition also a two-stranded parallel β-sheet was found49. 

Cathelicidins
Cathelicidins are short peptides, usually less than 40 amino acids, which are characterized 

by a highly conserved cathelin-like domain2. They are produced as prepropeptides 

containing an N-terminal signal peptide, the cathelin-like domain and the C-terminal 

mature peptide. The signal peptide is cleaved off before secretion of the peptide, but the 

pro-cathelin-like domain remains attached and is cleaved off by serine proteases once 

the peptide is secreted2, 50, 51. The mature peptides found after the protease cleaving steps 

are quite diverse. Most of them, including all avian cathelicidins, are α-helical cationic 

peptides, like SMAP-29 in sheep52, BMAP-27 and -28 in cows53 and the PMAP peptides in 

pigs54. They have an amphipathic structure to interact with negatively charged molecules 

on bacterial surfaces, like lipopolysaccharide (LPS) or lipoteichoic acid (LTA), while also 

being able to interact with hydrophobic lipid structures in bacterial membranes25, 55. The 

α-helicity of most of these peptides is dependent on the environment. Chicken cathelicidins 

CATH-1, -2a and -3, but also several other α-helical peptides, are largely unstructured in 

aqueous solution, but can attain α-helical properties when interacting with a membrane-

mimicking environment24, 56-61. Additionally, structural analysis of CATH-1, CATH-2a and 

CATH-3 showed formation of two α-helical regions, separated by a kink or hinge-region 

induced by a glycine or proline near the center of the mature peptide, which gives the 

peptide more flexibility57, 60, 61 (Fig.1). They also have hydrophobic aromatic groups on both 

sides of the kink, important for the amphipathic character of these peptides. Other types 

of cathelicidins have been described, like short cyclic peptides that have β-sheets and 

form intramolecular disulfide bridges, and peptides containing a high amount of specific 
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amino acids, like tryptophans or prolines2, 50, 62. These forms, however, have not been 

found in avian species.

LEAP-2
Liver-expressed antimicrobial peptide-2 (LEAP-2) has been found by systematic 

analysis of human blood and was highly expressed in the liver63. LEAP-2 is a 40 amino 

acid, cationic peptide with two disulfide bridges between Cys17-Cys28 and Cys23-Cys33 64. 

LEAP-2 is also expressed in chickens65 and its antimicrobial activity has only been tested 

against Salmonella strains, showing some activity against a Salmonella typhimurium strain 
66. The observation that antimicrobial activity of LEAP-2 increased upon reduction of its 

disulfide bridges64, suggests additional biological functions for this peptide.

Conclusion: A large number of HDPs has been described, originating from a wide variety 

of species67. Despite low sequence similarity, in all classes and species the majority of 

mature peptides is characterized by overall cationicity and amphipathicity, which appear 

to be essential for their biological activities.
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Figure 2. 

Phylogenetic relationships of defensins and cathelicidins. The trees were constructed by the neighbor-

joining method. A. Phylogenetic tree of avian β-defensins supplemented by a number of mammalian 

α, β and θ-defensins. Mammalian defensins are marked in bold. B. Phylogenetic tree of vertebrate 

cathelicidins. Avian cathelicidins are marked in bold. Abbreviations: Gga = Gallus gallus/chicken, 

Pco = Phasianus colchicus/pheasant, Cco = Coturnix coturnix/common quail, Cch = Coturnix chinensis/King 

quail, Sca = Struthio camelus/ostrich, Tgu = Taeniopygia guttata/Zebra finch, Mga = Meleagris gallopavo/

turkey, Apl = Anas platyrhynchos/mallard duck, Acy = Anser cygnoides/swan goose, Apa = Aptenodytes 

patagonicus/King penguin, Bfa = Bungarus fasciatus/banded krait, Oha = Ophiophagus hannah/King 

cobra, Nat = Naja atra/Chinese cobra, Alo = Amolops loloensis/Spotted torrent frog, Omy = Oncorhynchus 

mykiss/rainbow trout, Ots = Oncorhynchus tshawytscha/Chinook salmon, Ssa = Salmo salar/Atlantic 

salmon, Gmo = Gadus morhua/Atlantic cod, Meu = Macropus eugenii/Tamar wallaby, Ptr = Pan 

troglodytes/chimpanzee, Pan = Papio anubis/olive baboon, Hsa = Homo sapiens/human, Rra = Rattus 

norvegicus/rat, Mmu = Mus musculus/mouse, Ocu = Oryctolagus cuniculus/rabbit, Eca = Equus caballus/

horse, Ssc = Sus scrofa/pig, Oar = Ovis aries/sheep, Bta = Bos taurus/cow, Chi = Capra hircus/goat.
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Evolution
Defensins
Evolution of defensins, with their large gene family size, is invariably complex. As 

mentioned before, avian species exclusively express β-defensins. In mammals, the single 

α-defensin cluster is located within the β-defensin cluster, with the primate-specific 

θ-defensins residing in the center of the α-defensins4. This suggests that the α-defensins 

arose from an ancestral β-defensin, with the θ-defensins subsequently originating from 

an α-defensin ancestral gene. In phylogenetic analyses, the chicken defensins cluster with 

various groups of mammalian β-defensins. Although bootstrap values for these analyses 

are low, they suggest the major subfamilies of β-defensins arose before the last common 

ancestor of birds and mammals4 (Fig.2A).

Avian defensin genes are found in a single cluster, in multiple avian species located 

at the end of chromosome 3 (Fig.1), but in the golden pheasant reported to reside on 

chromosome 247, 68-70. Two gene sequences flanking the defensin cluster in birds, cathepsin 

B and TRAM2 (translocation associated membrane protein 2), are also located next to 

defensin gene clusters in human and mouse4, 7. Most chicken defensin genes consist of 

four exons, the first coding for the 5’UTR region of the defensin genes and the second 

for the signal peptide and part of the propiece. The rest of the propiece is encoded by the 

third exon, with the third and fourth exon encoding the mature peptide68. AvBD12 has 

only three exons, which is probably the result of the last two exons fusing together during 

evolution4. More diversity in exon numbers were found in defensins from the crested ibis 

with AvBDs from this species consisting of two, three or four exons47.

The comparison of the β-defensin gene cluster in multiple bird species has elucidated 

the evolution of these peptides. In phylogenetic analyses, 13 distinct AvBD clades 

were found, with only AvBD6 and -7 sequences combined in one clade7. Orthologs of 

ten AvBD genes (AvBD2, -4, -5, -7, -8, -9, -10, -11, -12 and -13) are conserved in most 

birds investigated so far, suggesting these genes have been conserved for over 100 

million years7, 68. AvBD1 and -3 show duplications in multiple bird orders with extensive 

expansion seen in Passeriformes. For instance, the genome of the hwamei, a Chinese 

songbird, encodes for 16 AvBD3 derived genes70. Multiple AvBD1 and -3 derived genes 

in the zebra finch share identical signal peptides, evidence of the recent duplication 

of these genes68. The King penguin defensins described by Landon et al.39, have no 

direct ortholog among chicken defensins and were therefore given the name AvBD103 

(a and b). Closest similarity among the chicken defensins was seen with AvBD3, 

suggesting these are AvBD3 duplicates. AvBD6 originated from an AvBD7 duplication 

in the Galliformes. Both genes are found in chicken, turkey, Japanese quail and Golden 
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pheasant. In the latter two species even an extra duplication was seen69, 70. In a recent 

study comparing 53 bird genomes, AvBD14 was only found in 23 species and in some 

additional orders, AvBD14 was present as a pseudogene7. Homology between AvBD 

sequences of different species varies between orthologous pairs, but is usually between 

75% and 95%. Duck AvBD2 shares 76.5% amino acid identity with its chicken ortholog, 

while quail and chicken AvBD10 were found to be 84% identical71, 72. Exceptions are the 

low homology (<50%) between ostrich and chicken AvBD1 or, in contrast, duck and 

chicken AvBD7 and -12, which are identical at amino acid level71, 73. Identical defensin 

sequences, mainly AvBD4 and -9, were also shared among a large number of passerine 

species74. The mature peptide sequence of AvBD genes is believed to have evolved 

mostly through negative selection with some specific specific amino acid sites subject 

to positive or diversifying selection7, 75. Amino acids predicted to be subject to positive 

selection were found only in the sequence encoding the mature peptide and specifically 

in the vicinity of the conserved cysteines, suggesting selection based on functional 

significance7, 27, 68, 76. Interestingly, many of the positively selected amino acids in the 

zebra finch had previously been described in the chicken68. Targeted modification of 

the positively selected sites in AvBD8 caused a significant increase in antimicrobial 

activity against Eschericia coli, in contrast to similar modifications at non-selected sites, 

implying the sites predicted by the in silico model represent sites under true adaptive 

selection37, 76. Evolution of the whole AvBD cluster is consistent with the birth-and-death 

process, whereby gene duplication, diversification and loss-of-function are believed 

to be routine processes47, 70. This evolutionary mode is suggested for many multigene 

families, especially immune system genes77.

Ovodefensin sequences were found close to the chicken β-defensin cluster on 

chromosome 326. These sequences were also found in genome data of other avian species 

including swan, turkey, duck and zebra finch and recently in reptilian genomes, but not 

in amphibian or mammalian genomes78. This suggests that these defensins specifically 

evolved after the reptilian-avian lineage split from other vertebrates. Phylogenetic 

analysis reveals six specific subfamilies of ovodefensin sequences based on spacing 

between the cysteine residues, of these, only two subfamilies have been found in avian 

sequences so far78. 

Cathelicidins
Similar to mammalian cathelicidins, the signal peptide and cathelin domain are highly 

conserved between the four chicken peptides. The signal peptides of CATH-1 and CATH-2 

show 94% similarity at the amino acid level, while the cathelin domains of these genes are 

56% homologous79, 80. In contrast, the mature peptides are highly diverged, e.g. mature 
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CATH-2 shows less than 10% homology to other chicken cathelicidins79. CATH-1 and -3 

are highly similar, with a >90% identity considering the complete prepro-sequence, in 

addition, the intron sequences of these genes show a high similarity80. 

In a recent study analyzing 53 avian genomes spanning 32 orders7, it was found that avian 

cathelicidin genes clustered in three clades: CATH-1/3, CATH-2 and CATH-B1. Homologues 

of these three clades were conserved across most of the examined orders, though the 

presence of two CATH-1/3 copies is a recent duplication confined to Galliformes and the 

CATH-3 gene seems to be lost in passerine birds. The four chicken cathelicidin genes 

are tightly clustered in a 7.5 kB region at the proximal end of chromosome 280. All avian 

cathelicidins described so far consist of four exons separated by three introns. The first 

three exons encode the signal peptide and the cathelin domain, with the mature peptide 

encoded in the fourth exon (Fig.1).

When avian cathelicidins are compared with mammalian proteins, the highest sequence 

similarity is found with neutrophilic granule proteins (NGP) of rabbits and mice. These 

little researched cathelicidin-like sequences, sometimes called ‘15 kDa protein AMP’ have 

been found in rabbits and rodents and also in the bovine genome81, 82. NGPs are negatively 

charged, in contrast to the cationic ‘classic’ cathelicidins and have not been described 

in primate genomes. More proof for the close relationship between NGP and avian 

cathelicidins comes from the fact that both NGPs and chicken cathelicidins are located 

in close proximity to the Kelch-like 18 (KLHL18) gene, while the ‘classic’ cathelicidins are 

found more than 500 kb away80. 

Chicken, pheasant and quail cathelicidin orthologs show a high degree of similarity83, 

84. The same was observed for cathelicidins discovered in different snake species85. In 

contrast, large differences were found among mammalian cathelicidins, even for animal 

species belonging to the same clade. Phylogenetic trees of vertebrate cathelicidins 

show that these sequences cluster in three separate groups (Fig.2B). Fish cathelicidin 

and the mammalian ‘classic’ cathelicidins form two of these branches while the third 

cluster is formed by avian cathelicidins, mammalian NGPs and recently discovered reptile 

sequences84, 85. This suggests that the ancestral gene for cathelicidins and NGPs arose 

in the common ancestor of mammals and birds and may have given rise to the ‘classic’ 

mammalian cathelicidins as a result of gene duplication early in the mammalian lineage. 

CATH-B1 ortholog sequences appear to be outliers and are positioned in between fish 

sequences and the group containing the other avian cathelicidins86.
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LEAP-2
Chicken LEAP-2 was the first non-mammalian LEAP to be described. So far, no other avian 

LEAP-2 sequences have been found. Chicken LEAP-2 is approximately 60% homologous 

to its mammalian counterparts27. Homology was mainly found in the C-terminal part of 

the protein87. The gene is located at chromosome 13 and consists of three exons and two 

introns66.

Conclusion: HDPs are an ancient part of the immune system. Evolutionary development 

has caused the emergence of a unique set of HDPs in higher vertebrates, including 

birds. The availability of avian HDP sequences has increased the understanding of the 

evolutionary history of these peptides in the vertebrate phylum. Like in other vertebrate 

phyla, the avian defensin and cathelicidin clusters have been formed as a result of 

gene duplication and subsequent divergence of sequences driven by positive selection. 

Between avian species differences have arisen in HDP numbers and functions, leading to 

such unique peptides as, among others, the King penguin AvBD103. 

Sites of production
Defensins
The first avian defensins described were isolated from leukocytes or bone marrow 

extracts3, 88, 89. Expression analyses using qPCR have shown a wide range of tissues 

expressing AvBDs. Although each of the AvBDs has a unique expression pattern, many 

are overlapping to some extent4, 27. In bone marrow, high expression is seen for AvBD1, -2 

and -4–74, 27, 46. AvBD1, -2 and -6 are also highly expressed in the bursa, supplemented by 

expression of AvBD3, -9 and -1227, 46, 90. Other lymphoid organs do not show expression of 

many AvBDs. In spleen, strong expression is only seen for AvBD13, with lower expression 

of AvBD2, -5 and -927, 37, 46, 90, 91. Only weak to moderate expression of AvBD5 and -11 was 

seen in the thymus4, 91. Using a mass spectrometry approach, AvBD2 protein was found 

abundantly in heterophils, but both AvBD1 and -2 were absent from macrophages92.

In the respiratory tract, AvBD1, -2, -6 and -10 are the main defensins expressed, although 

AvBD3 and -9 show strong expression in the trachea4, 27, 46, 90. Very little expression of 

defensins is seen in the air sacs. The same applies to the proximal gastrointestinal tract, 

although moderate expression of AvBD9 is seen in esophagus, crop and stomach and 7 

AvBDs were found expressed in the proventriculus of young chickens90, 93. In the distal part of 

the gastrointestinal tract, next to AvBD9, expression is seen for AvBD2, -5, -6, -10 and -134, 27, 37, 

90, 91. AvBD9 to -12 show strong expression in the kidney4, 27, 90. Low defensin expression is seen 

in the skin, heart, liver and brain, although there are some exceptions. AvBD4 is expressed 

strongly in the skin and high expression levels of AvBD8 and -13 were found in liver4, 37, 94.
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In the reproductive tract of both male and female chickens expression of multiple defensins 

was found. In the testis, AvBD1, -2, -4, -6 and -10 are strongly expressed, while the ovary 

and oviduct seem to have a slightly more limited repertoire of defensin expression with 

moderate to strong expression of AvBD6 and -10–12 found in this organ4, 27, 94. Subsequent 

reports investigated defensin expression in the reproductive tract quite extensively and 

showed expression of a larger number of AvBDs in the vagina, the theca and granulosa 

layer of ovarian follicles, different oviductal segments and in male chickens in Sertoli cells, 

epidydimus and ejaculated sperm95-101.

There are some discrepancies between studies analyzing tissue expression of AvBDs. 

For example, strong expression of AvBD6 in colon is reported by Lynn et al.27, while in 

a subsequent study no expression of this defensin was found in the colon4. In the male 

reproductive tract, Anastasiadou99 reported expression of AvBD14 in the epidydiumus, 

while this was not found in a second study of this organ98. This might be due to the different 

breeds and ages of chickens used for the studies, in addition to different conditions and 

primers used for the PCR. Expression analysis of a limited number of defensins was 

also performed in quail and duck69, 102-106. Some differences were observed between 

the expression pattern in chicken and these other avian species. For example, whereas 

chicken AvBD2 was not detected in the crop in two studies, its duck ortholog was strongly 

expressed in this tissue4, 27, 104. Similarly, strong expression of quail AvBD10 was found in 

bone marrow, whereas this defensin was not expressed in the bone marrow of chickens4, 

27, 91, 105. Although this might reflect a true species restricted pattern of defensin expression, 

it might also be explained by age differences or different experimental conditions. In the 

hwamei, genes derived from duplications of AvBD1 and -3 were mainly expressed in the 

respiratory tract and spleen. As these genes are duplicated in other songbirds as well, they 

might be specifically evolved to maintain the singing trait of songbirds70.

Protein expression of AvBDs was examined mainly in the reproductive tract. AvBD11 was 

found to be one of the most abundant proteins in the vitelline membrane of chicken eggs, 

second only to ovalbumin and lysozyme C107. Using Western Blot analysis, AvBD11 protein 

was also detected in the eggshell membrane108. Immunolabeling for AvBD11 was detected 

in the surface epithelium of the multiple sections of the chicken oviduct and vagina108, 

109. This is in accordance with its presence in the egg, as AvBD11 protein secreted from 

epithelial cells will be taken up by developing eggs in the oviduct. In addition, expression 

of AvBD3, -10 and -12 proteins were reported in eggshell membranes and AvBD3 and 

-12 also in the oviductal epithelium110. Immunohistochemistry showed a fine granule-

like appearance in the epithelial cells, although in some instances the whole cytoplasm 

was densely labeled. Analysis of AvBD8, -10 and -12 protein in the ovaries of laying 
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hens showed dense immunostaining for all three proteins in granulosa cells in cortical 

and yellow follicles111. AvBD12 immunostaining was also found in the perivitelline layer, 

in which many products secreted by the granulosa cells end up112. In the theca layer of 

cortical follicles, no immunostaining for either AvBD8, -10 or -12 was seen, but in yellow 

follicles, interstitial cells of theca interna showed labeling for all three defensins. In the 

male reproductive tract, AvBD3 immunostaining was seen in the seminiferous tubules of 

the testis and in sperm, while AvBD11 and -12 protein were found in the epidydimus98, 113. 

Finally, AvBD3, -10 and -12 protein was also found in the mucosal epithelium of the hen 

vagina114. The only study of AvBD protein expression in the gastrointestinal tract reports 

AvBD12 protein expression in surface epithelial cells and glandular connective tissue of 

the proventriculus93.

Ovodefensins were first detected as components of egg white and shell membranes107, 110, 

115. These peptides have a very narrow tissue distribution with no expression found outside 

the oviduct, suggesting a specific function in protection or development of the egg26, 78. 

Within the oviduct, expression is highest in the magnum and the isthmus, though some 

difference between species is seen in this distribution. Antibodies against chicken gallin 

specifically stained the tubular gland cells of the magnum.

Cathelicidins
CATH-1, -2 and -3 are expressed in a wide range of tissues, including the respiratory tract, 

gastrointestinal tract and multiple lymphoid organs. Expression for all three genes was 

found to be high in lung, bone marrow, bursa and cecal tonsils27, 79, 116. CATH-1 and -3 also 

showed high expression in the testis and abundant expression for CATH-2 was found in 

the uropygial gland. Little to no expression of these cathelicidins was found in esophagus, 

crop, skin and brain79, 116. A limited expression analysis was performed for pheasant CATH-

1 and pigeon CATH-2 and -3. The reported expressions were comparable to those of their 

chicken orthologs84, 117.

In contrast, CATH-B1 was reported to be selectively expressed in the bursa of Fabricius86, 

although recent studies have shown low levels of CATH-B1 transcription at other sites, 

including jejunum, colon, thymus and leukocytes116, 118-120. In the bursa, CATH-B1 transcripts 

are confined to secretory enterocytes of the interfollicular bursal epithelium. CATH-B1 

mRNA was not detected in the neighboring M cells, yet CATH-B1 peptide was found in the 

M cell region. Most likely, CATH-B1 is produced by secretory enterocytes secreted into the 

bursal lumen, where it is taken up by M cells via pinocytosis86. 
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Localization studies using a CATH-2 specific antibody showed CATH-2 protein in 

heterophils, whereas it was not found in monocytes, lymphocytes or thrombocytes51. 

Looking at sections of multiple gastrointestinal tissues, CATH-2 protein expression was 

equally restricted to heterophils. No expression in intestinal epithelial cells was seen, 

either in control or infected intestinal tissues51, 121. These findings suggest that CATH-2 

is exclusively produced by heterophils, in contrast to human LL-37 and murine CRAMP, 

which are also expressed by epithelial cells of multiple organs. CATH-2 protein expression 

was investigated in developing heterophils in the bone marrow. The peptide was first seen 

in the promyelocyte stage and was abundantly present in myelocytes, metamyelocytes 

and mature heterophils51. mRNA expression of CATH-2 was observed both in bone 

marrow precursors and mature heterophils. A similar pattern was observed for LL-37 

protein in developing human neutrophils, where mRNA expression mainly occurred in 

myelocyte precursors and was markedly reduced in more mature stages122. This indicates 

that CATH-2 is expressed during early stages of granulocyte development, which leads to 

accumulation of the peptide in the mature cells.

LEAP-2
Expression of LEAP-2 was examined in a panel of chicken tissues and found in liver, 

intestine, gall bladder and kidney and multiple reproductive organs27, 87. No expression was 

seen in bone marrow or other lymphoid organs.

Conclusion: Avian HDPs are found in practically every organ and tissue, outlining their 

importance in the innate immune defense. The overlapping expression patterns of many 

of the defensins and cathelicidins suggest redundancy, a well-known feature of many 

branches of the immune system. Although gene expression analyses have generated 

much useful information, investigation of protein expression is needed to complete 

our understanding of the sites of HDP production. Studies using specific antibodies 

have shown interesting and sometimes surprising results, demonstrating the need for 

development of more avian HDP specific antibodies.

Regulation of host defense peptide production

To understand HDP function, it is important to study the stimuli that regulate the 

expression of these peptides. In the following sections we will outline what is known about 

the regulation of avian HDPs during embryonic and adult life.
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Developmental expression
Defensins
Defensins are present from very early in embryonic development, with expression of 13 

out of the 14 avian defensins detected at embryonic day (ed) 3123. Only AvBD11 expression 

was not detected at this time point. Most of the defensins show an increased expression 

with advancing embryonic development. AvBD2, -6 and -7 show a similar biphasic 

expression pattern; gene expression increased at ed6 (compared to ed3), decreased 

at ed9 and increased again at ed12. As these three genes are located together in the 

middle of the family gene cluster, this might be an example of coordinated expression 

of contiguous genes. At ed12 most defensins showed preferential expression in either 

the head (AvBD3 and -14) or abdomen (AvBD1, -2, -7 to -10, -12 and -13) with AvBD8–10 

expression restricted to the abdomen only.

It is clear that expression of defensins is also developmentally regulated posthatch. 

AvBD1, -2, -4 and -6 expression in multiple parts of the gastrointestinal tract decreased 

during the first week posthatch, but an upregulation of these genes was seen in the second 

week94, 124, 125. In a study on jejunal development, mRNA of seven posthatch time points 

was analyzed using microarrays. AvBD2 and -7 were among a cluster of genes showing low 

initial expression, which rises gradually with age. Genes encoding cytokines, chemokines 

and PRRs were also found in this gene cluster126. In the proventriculus AvBD12 protein 

levels increased during the first week posthatch, although this was not reflected in gene 

expression93. An example of developmental regulation was also found in the reproductive 

tract of female chickens. Upregulation of AvBD1, -3–5 and -7 was observed in the ovaries 

of sexually mature chickens compared to prepubertal chickens, while AvBD14 showed the 

opposite response by a decrease with sexual development127. Yoshimura et al.128 showed 

that expression of AvBD1, -2 and -3 was increased in the vagina of older hens compared to 

younger animals, while an additional study also found upregulation of AvBD6, -10, -11 and 

-12100. AvBD1, -2 and -3 also showed higher expression when comparing laying hens to non-

laying hens of the same age. Analysis of the expression levels of multiple chicken defensins 

in follicles of different stages revealed that AvBD1 expression in the theca layer decreased 

with follicle development97. It was suggested that defensin expression in the female 

reproductive tract might be regulated by estrogen. Indeed, estrogen-induced upregulation 

of AvBD11 and -12 expression was demonstrated by microarray in the oviduct of young 

chickens treated by diethylstilbestrol (DES)129. In the case of AvBD11, this was confirmed 

by qPCR and immunohistochemistry130. In agreement with this, AvBD11 expression in the 

oviduct was also influenced by the hormone-driven process of molting in laying hens131. 

Defensin expression is also regulated by sexual maturation in the male reproductive tract99, 

132. Finally, expression of ovodefensins is also influenced by progesterone and estrogen78.
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Recently the expression of AvBD9 was described in quails of different ages. AvBD9 was 

not expressed in the trachea of young quails, but was found in this organ in adult animals. 

In the spleen, thymus and Harderian glands of young quails, abundant AvBD9 expression 

was seen, which was absent from these organs in the adult animals102. Interestingly, 

expression of chicken AvBD9 in the crop of 2-weeks old animals was variable but low, 

while much stronger expression was found in older birds90.

Cathelicidins
Meade et al.123 investigated the mRNA expression of chicken cathelicidins during 

embryonic development. CATH-1–3 expression was found in the earliest samples of 

ed3, while the first evidence of CATH-B1 expression was found at ed9. The cell types in 

which cathelicidins are expressed during embryonic development are unknown. The first 

primitive white blood cells arise in the yolk sac at ed3, and are expected to express CATH-

1–3133. Although the bursal anlage is first seen at ed4, the interfollicular bursal epithelium 

known to express CATH-B1 in adult chickens does not appear before ed14, suggesting 

that CATH-B1 might be expressed by other cell types during embryonic development134. 

Following the cathelicidin expression during embryonic development, a biphasic 

expression pattern was seen for CATH-1–3, similar to the pattern observed for AvBD2, 

-6 and -7. For the ed12 samples, mRNA of the head and abdomen region was tested 

separately. No preferential expression of any of the chicken cathelicidin genes for either 

of these regions was observed123. In another study, CATH-B1 expression was not found in 

the bursa of 1-day old Ross chicks, but was detected at 11 days of age135. In contrast, during 

a more extensive study of the posthatch regulation of chicken cathelicidins, CATH-B1 was 

already expressed at day 2. The expression of this cathelicidin and CATH-1 peaked at day 

4 and decreased thereafter. Different patterns of expression were seen in different organs, 

as a trend towards increasing expression with age was seen in the lung for all cathelicidins, 

albeit without significant differences between investigated ages. In the cecum, an abrupt 

increase by >10-fold in expression of CATH-1–3 was seen on day 28116.

Expression of HDPs early in embryonic development was also shown in mice, where 

the murine cathelicidin CRAMP was already found as early as ed12, which is before the 

establishment of the granulocytic lineage136.

LEAP-2
The developmental expression pattern of LEAP-2 has been the subject of investigation 

for only one study so far. mRNA expression was seen from ed3 onwards, increased 

towards ed8, but afterwards showed a decreasing trend again87. In the small intestine of 

an ed18 embryo, a unique 100 bp splice variant of LEAP-2 was found. After sequencing 
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the gene product, it appeared that amino acids 21–65 had been excised from the 

sequence66. Expression of different splice variants of LEAP-2 during development was also 

seen in Channel catfish137.

Conclusion: For multiple classes of avian HDPs the onset of expression occurs early 

in embryogenesis. As adaptive immunity does not fully mature until some time after 

hatching, HDPs likely play an important role in protecting the avian embryo and young 

hatchling from infections. Posthatch, HDPs become differentially expressed due to the 

changing role of different organs throughout early development, the arrival of colonizing 

microflora and gradually maturing adaptive immune system.

Regulation of expression
Defensins
The effect of pathogenic microorganisms on the expression of avian defensins has been 

investigated extensively in the gastrointestinal and reproductive tract. So far, the main 

conclusion seems to be that infections can cause highly variable effects that are different 

for each defensin and dependent on organ, breed or age of the chicken. Infection with 

Salmonella enteritidis (SE) or Salmonella typhimurium has been shown to upregulate 

defensin expression in the gastrointestinal94, 138 and reproductive tract128. However, 

expression of AvBD2 in the ceca and AvBD1, -2, -4 and -6 in the small intestine was not 

affected in young chicks infected with Salmonella124, 139. Regulation of defensin expression 

was also reported in the reproductive system of Salmonella infected chickens. AvBD5, -7, 

-11 and -12 were upregulated in both the ovaries and vagina of chickens orally infected 

with SE, though again, some defensins showed no response to the infection100, 127. Similar 

results were found for the testis and the epidydimus of the male reproductive tract99, 132. 

Salmonella infection can also change the defensin expression in PBLs, as Meade et al. 

showed. SE infected animals showed upregulation of AvBD2, -10 and -12. Interestingly, 

no expression of AvBD10 and -12 was found in the PBLs of a number of control chickens118.

The effect of in vitro SE infection was investigated in heterophils or intestinal epithelial 

cells of 17-day old embryos140, 141. A comparison was made between cells from two breeds 

of chickens known to be susceptible or resistant to SE infection. AvBD5 expression was 

induced by SE infection in heterophils of the susceptible line only, while AvBD1 and -2 

expression showed no changes in reaction to SE infection in intestinal epithelial cells 

of either of the breeds. In another in vitro study the effects of SE infection were tested 

on primary cultures made from the isthmus of laying hens142. In this system SE infection 

caused induction of AvBD2 and -6, while AvBD4, -9, -10 and -11 were repressed by the 

infection. Interestingly, Salmonella bacteria with a mutated Type III secretion system 
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caused less or no repression, suggesting that the bacteria use this system to secrete 

immune suppressive substances.

The effect of SE infection on defensin expression was recently also investigated in geese. 

In the small intestine, expression of AvBD2, -3, -5 and -10 was upregulated, while infection 

also caused upregulation of defensins in spleen (AvBD3, -5 and -9), bursa (AvBD3, -9 and 

-10), bone marrow (AvBD1, -2, -3, -6, -9 and -10), thymus (AvBD3) and cecal tonsils (AvBD3 

and -9)143, 144. Infection of chickens with the poultry specific pathogen Salmonella pullorum 

caused similar effects to SE, with upregulation of AvBD3, -4, -5, -6 and -12 in one or more 

parts of the gastrointestinal tract at 24 hours post-infection, while AvBD10, -11, -13 and 

-14 were downregulated145.

Another important infectious disease of poultry is necrotic enteritis (NE), caused by 

Clostridium perfringens. In a model system of NE, using a co-infection of Eimeria maxima 

and C. perfringens, differences were seen in the defensin responses between two different 

breeds of broilers. AvBD8, -11 and -13 were upregulated in the jejunum after NE in Cobb 

chickens, while in Ross chickens, the upregulation concerned AvBD1, -6, -8 and -10. 

Upregulation of AvBD13 and -14 in the spleen was seen in both chicken breeds, but in Cobb 

chickens AvBD3 and -8 were also upregulated in response to NE. In the spleen, the effect 

of the infection was relatively similar between breeds, with downregulation of multiple 

defensins (AvBD1, -2, -4, -5, -6 and -7)146. Finally, multiple AvBDs (2, -4, -5, -6, -7) showed 

increased expression in spleen and leukocytes of chickens infected with respiratory E. coli 
147. Some pathogens employ evasion strategies to circumvent the host’s immune system. 

For example, LL-37 and human β-defensin-1 expression was shown to be suppressed 

during Shigella dysenteriae infection148. In poultry, Campylobacter jejuni infection represses 

several defensins. In the spleen, a downregulation of AvBD4 and -6 was observed 7 days 

post infection149, while AvBD3, -4, -8, -13 and -14 were reduced in PBLs118.

Contrary to humans, where the regulation of β-defensin expression is best studied in 

the respiratory tract150, only one study on this organ system has been performed in the 

chicken46. Haemophilus paragallinarum infection caused increased AvBD3 expression in 

the trachea, while the expression of this defensin was not affected in the skin, esophagus 

or bursa.

The response of defensin expression in the reproductive tract to the inflammatory 

stimulus LPS has been described in several studies. Intravenous injection of LPS caused 

upregulation of defensins in the granulosa layer of ovarian follicles (AvBD1, -7 and 

-1297), and vagina (AvBD3, -5, -10 and -1196). In vitro stimulation of avian sperm, Sertoli 
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cells or primary vaginal cells with LPS caused induction of multiple defensins. AvBD10 

and -12 were found upregulated in all three celltypes95, 101, 114. Next to induction of gene 

expression, changes in protein abundance in response to LPS have also been shown. 

Immunohistochemical staining of uterus sections showed increased density of AvBD11 

upon LPS stimulation, while AvBD3 protein staining decreased109. In the granulosa layer 

of ovarian follicles, the AvBD12 staining decreased after LPS treatment112. Some of the 

protein data show a discrepancy with mRNA results. This might be caused by release 

of already synthesized defensin protein from the cells, while gene expression for the 

production of new defensin is upregulated.

LPS is a TLR4 ligand. The involvement of TLR signaling in defensin regulation has been 

described in mammals150. To investigate whether TLRs have the same role in chickens, 

heterophils were stimulated with different TLR ligands and secretion of AvBD2 protein 

was determined by mass spectrometry151. With the exception of TLR21 ligand CpG-ODN, 

all tested TLR ligands tested caused increased AvBD2 secretion. CpG-ODN also did not 

increase defensin gene expression in primary vaginal cells and even downregulated AvBD10 

expression in uterus explants114, 152. In vitro stimulation of sperm by the TLR2 ligand Pam3CSK4 

caused induction of AvBD5 expression95. In contrast to in vivo results, ex vivo LPS stimulation 

of ovarian follicle (theca) cells did not induce AvBD12 expression97, 111. If theca tissues were 

stimulated with the pro-inflammatory cytokine IL-1β, AvBD12 expression and protein 

abundance were increased, suggesting LPS might regulate defensin expression via IL-1β.

Viruses cause many diseases in poultry. Yet, the response of defensin expression to viral 

infections was not investigated as extensively as the response to bacterial infections. In 

ducks infected with duck hepatitis virus (DHV), AvBD3 was upregulated in spleen, bone 

marrow and kidney, AvBD7 in liver and bone marrow and AvBD6 in spleen, liver and kidney. 

In response to DHV infection, AvBD4 was downregulated in cecal tonsils and AvBD1 and 

-12 showed downregulation in multiple organs71, 106. 

Ducks infected with avian influenza showed upregulation of multiple defensins in lungs. 

Difference in the regulation of defensin expression was observed between infections with 

a high or low pathogenic influenza strain6. Similar results were found in chickens infected 

with either a pathogenic or an attenuated strain of infectious bronchitis virus (IBV), where 

the attenuated strain even induced downregulated expression of some defensins153. A 

vaccine construct consisting of fowlpox virus containing the hemagglutinin gene of avian 

influenza was used to infect chicken embryonic fibroblast cells. The cells showed increased 

expression of AvBD4 and -6 after 6 and 12 hours of incubation, while these defensin genes 

were downregulated at later time points. This might be the result of immune evasive 

proteins of the virus154.
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A unique mode of regulation of defensin expression was described for the King penguin 

defensins AvBD103a and -b. These peptides are believed to aid in the preservation of 

stomach contents of male King penguins. Stomach concentrations of AvBD103a and -b 

protein were significantly increased during the fasting period of these birds155.

Defensin gene expression is affected by several feed additives, such as vitamin D3 and 

butyrate119, 156. Of the multiple defensins upregulated by butyrate supplementation, 

AvBD9 showed by far the highest response with up to a 3000-fold induction in HD11 

chicken macrophage cells. Butyrate also induced AvBD9 expression in jejunal and cecal 

explants and in the crop of chickens fed butyrate-supplemented food. A strong synergistic 

upregulation of AvBD9 in HD11 cells was seen when butyrate was combined with 

propionate and acetate, two other short short-chain fatty acids (SCFA) or cyclic AMP157, 158. 

Gene expression of defensins was not affected by Vitamin E concentrations in feed or by 

a diet supplemented by probiotics135, 138, 159. However, AvBD12 protein levels in the surface 

epithelium of the proventriculus were reduced by probiotic feeding, suggesting secretion 

of AvBD12 might be stimulated by probiotics93. Probiotic treatment also impeded the 

increase of AvBD1, -2, -4 and -6 expression caused by SE infection, but whether this 

is a direct effect of probiotics on defensin expression or caused by the inhibition of SE 

colonization, remains to be investigated. In humans, HBD1 is constitutively expressed, 

while HBD2 and 3 are inducible by many inflammatory stimuli160. Reviewing the results 

of research done so far, a similar division does not seem to exist for avian defensins. All 14 

defensins were shown to be inducible by one or more inflammatory stimuli.

Cathelicidins
The induction of cathelicidin expression by pathogenic microorganisms is well described 

in mammals, but relatively little is known about avian cathelicidin expression. S. 

typhimurium induces CATH-1 expression in cecal tonsils of 1-day old infected chicks at 

3 days post challenge138. In other studies S. typhimurium infection did not significantly 

change cathelicidin expression in PBLs or jejunum51, 107. In the last study, an accumulation 

of CATH-2 containing heterophils in the lamina propria of the jejunum was observed. 

These apparent differences could be explained by the fact that older chickens were used 

and tissues were sampled at earlier time points. It is well known that Salmonella infections 

can be severe in young chickens, while clinically apparent disease is rare in adult animals161. 

Respiratory E. coli infection induced CATH-2 and -3 expression in spleens and leukocytes 

at 1 day post challenge147. Oral challenge with C. jejuni of 4 week old broiler chickens led 

to significantly decreased CATH-2 and -3 mRNA expression in PBLs at 6 hours p.i.118. A 

decrease of CATH-2 levels was also found in the jejunum of C. jejuni infected broiler chicks 

at 48 hours p.i.121. The parasitic poultry pathogen Eimeria praecox may employ the same 
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strategy, as CATH-3 expression was downregulated in the jejunum of E. praecox infected 

chicks162. In the DT40 B-cell line, upregulation of CATH-B1 was seen after stimulation with 

LPS or LTA120.

A study of Zhang et al.156 suggests that cathelicidin expression may be regulated by Vitamin 

D3, an important modulator of the immune system. This has previously been described 

in mammals and Vitamin D receptor elements (VDREs) in cathelicidin promotors were 

shown to be involved163. After four weeks of feed supplemented with Vitamin D3, CATH-1 

expression was increased in the bursa and thymus of young chickens, although VDREs 

were not detected in the promotor region of CATH-1. Butyrate, another well-described 

stimulant of cathelicidin production in mammals was shown to have similar effects in 

chickens. CATH-B1 expression was induced by butyrate in HD11 chicken macrophages, 

primary chicken monocytes and intestinal explants119. In contrast to AvBD9, no synergistic 

effect on CATH-B1 expression was seen when butyrate was combined with other SCFAs157.

CATH-B1 expression in the bursa is increased by treatment with probiotics or organic 

acids in young broiler chickens135. For CATH-1, probiotics alone could not increase 

transcription, but the treatment impeded the increased expression of CATH-1 induced 

by S. typhimurium138.

LEAP-2
E. praecox infection decreases LEAP-2 expression in the duodenum and jejunum of 

2 weeks old chickens162. In a microarray analysis of the small intestine of chickens infected 

by Eimeria maxima, LEAP-2 was found to be the most downregulated gene. Interestingly, 

chickens of the resistant line A showed less LEAP-2 downregulation compared to the 

susceptible line B164. Infection with S. enteritidis or S. typhimurium caused upregulation of 

LEAP-2 expression in small intestine, liver, ovary and testis87. Expression in the epididymis 

was not affected by infection.

Conclusion: Expression of avian HDPs is regulated by a large number of stimuli of which 

infections with pathogenic microorganisms appears to be a main trigger. There are some 

indications as to the pathways employed by the pathogenic stimuli in altering HDP 

expression, but many details remain to be elucidated. The regulation of HDP expression 

has mainly been investigated for bacterial pathogens in the gastrointestinal and 

reproductive tract, while regulation in the presence of viral pathogens and in respiratory 

tract infections has so far been somewhat neglected. In the future, research efforts should 

be directed towards these subjects, as they are very important in poultry.
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Biological activities of host defense peptides

Since the initial discoveries of β-defensins36 and cathelicidins165, many HDPs from different 

species have been studied. The peptides showed antimicrobial activity against many 

pathogens, including Gram-positive and -negative bacteria, fungi and even enveloped 

viruses25, 50, 166. Three models have been proposed by which these cationic peptides 

can induce pore formation in membranes to kill pathogens: the barrel-stave, toroidal 

and carpet model. In the barrel-stave model peptides penetrate perpendicular to the 

membrane, their hydrophobic sides interacting with the lipid-bilayer and their hydrophilic 

sides directed to the lumen of the pore formed. In the toroidal model peptides cause inward 

folding of the membrane, inducing pore formation. The carpet model represents coating 

of the membrane surface until a threshold is reached at which micelles are formed, which 

are removed from the membrane, creating pores25, 50, 167, 168. However, dependent on the 

peptide concentration different mechanisms could be used by one peptide50, 169, 170. Other 

mechanisms of microbial killing have been proposed, including intracellular targeting of 

DNA and RNA synthesis, protein synthesis or protein folding50, 169. Proposed mechanisms 

of antiviral activity partly overlap with antibacterial modes of action, such as disruption 

of viral envelopes. Additionally, effects of defensins on viral entry, uncoating, replication 

and trafficking have been described and are believed to contribute to antiviral activity171. 

Where initially direct antimicrobial actions were thought to be the main functions of these 

peptides, other functions, mainly involving immune activation and regulation, have been 

found for many HDPs172. Many of these antimicrobial and immunomodulatory functions 

have been described for human HDPs1, but avian HDPs have also shown to exhibit both 

antimicrobial and immunomodulatory effects. The following paragraphs will summarize 

the current knowledge on the biological functions of avian defensins and cathelicidins.

Defensins
Antimicrobial activity
Most AvBDs show antimicrobial activity against bacteria and fungi, while antiviral activity 

has only been described for a number of AvBDs (Table 1). In contrast, antimicrobial 

activity of ovodefensins seems more limited with effects only reported on E. coli and  

S. aureus so far26, 78. Mechanisms of killing by β-defensins are thought to be similar to those 

of other cationic AMPs where positively charged residues interact with negatively charged 

membrane components, after which hydrophobic residues insert into the membrane, 

disrupting it and killing the pathogen32, 50, 173. This mechanism of action indicates the 

importance of amphipathicity for the perturbation of a membrane. Nevertheless, a peptide 

like AvBD2, which contains cationic and hydrophobic residues, but lacks amphipathicity, is 

still able to kill bacteria40.
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One of the structural characteristics of β-defensins, the β-sheets formed by the three 

disulfide bridges, was shown to be non-essential for antimicrobial activity of HBD3174. 

Nevertheless, some structural features are important for killing to some extent. N-terminal 

truncation of HBD3 analogs lacking disulfide bridges due to amino acid substitutions of 

cysteines for serines, resulted in the loss of antibacterial activity against S. aureus, while 

remaining bactericidal against E. coli. This indicates that structural features required for 

killing may be different between Gram-positive and Gram-negative bacteria. Interestingly, 

substitution of cysteines in full-length HBD3 peptide by α-aminobutyric acids improves 

antibacterial activity against both E. coli and S. aureus174. The structure of AvBDs also 

appears to be more important for killing Gram-positive bacteria. AvBD2 showed less 

antibacterial activity when tested in an S-alkylated linear form against both Gram-positive 

and Gram-negative bacteria. However, killing of Gram-positive bacteria was affected 

more than killing of Gram-negative bacteria, indicating an important role for the β-sheets 

of AvBD2 in killing Gram-positive bacteria. In addition, the amino acid substitution K31A, 

resulted in a reduction of antibacterial activity, while β-sheet structures are maintained. 

The folded form of this AvBD2-K31A was more efficient in killing Gram-positive bacteria, 

but less efficient in killing Gram-negative bacteria compared to the linear AvBD2. 

Linearizing the AvBD2-K31A almost completely abrogates killing for of both Gram-

positive and Gram-negative bacteria40. This indicates the importance of the structure in 

AvBD2 for killing of Gram-positive bacteria, while charge might be more important for 

killing Gram-negative bacteria.

The importance of cationicity on bacterial killing was shown in a study on duck AvBD4, 

-7 and -12, which showed that AvBD12, which has the lowest net charge, also has lower 

antibacterial activity than AvBD4 and -7 against three out of eight Gram-negative 

bacteria71. This finding was repeated in two studies investigating sets of AvBDs with 

distinct charges41, 175. Another study showed that raising the positive charge of AvBD8 from 

0.7 to 2.7 can enhance antibacterial activity against Gram-negative bacteria (and Listeria 

monocytogenes), but not against S. aureus, while lowering the charge of AvBD8 resulted 

in abrogation of bacterial killing76. One report indicates that increasing cationicity of 

duck AvBD2 analogs completely abrogated antimicrobial activity, although this could be 

caused by a lack of hydrophobic residues that were substituted by cationic residues44.

Antibacterial activity can also be sensitive to salt concentrations. Reduced antibacterial 

activity with higher salt concentrations was found for multiple AvBDs from chickens90, 

175, 176, ducks71, 106, geese143, 144 and ostrich177. The inhibitory effect of salt usually starts at 

concentrations higher than 50 mM NaCl, but for chicken AvBD2, -6 and -12 differences 

in antibacterial activity were already observed between salt concentrations of 2.5 and 
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25 mM175. Interestingly, linearization of HBD3 results in less inhibition of killing under 

salt conditions174, 178. For other environmental parameters like pH and temperature, 

the influence on antibacterial potential is less clear. These parameters did not seem to 

influence antibacterial activity for chicken AvBD9, AvBD103b and duck AvBD290, 104, 155. In 

contrast, chicken AvBD2, -6 and -12 showed higher antibacterial activity against E. coli, S. 

aureus and S. typhimurium at pH 6 compared to pH 7175.

Several investigators have made an effort to determine how AvBDs interact with 

bacterial membranes. Incubation of Clostridium perfringens with AvBD9 showed clumping 

of intracellular material and irregular septum formation90. In addition, cytoplasmic 

retraction and detachment of the cytoplasmic membrane from the peptidoglycan layer 

was shown at higher peptide concentrations. Scanning electron microscopy investigation 

of Aeromonas veronii treated with duck AvBD6 demonstrated lysis and shrinkage of 

bacteria103. Sugiarto and Yu179 showed that ostrich AvBD1 and -2 induce less membrane 

permeabilization compared to the sheep cathelicidin SMAP-29, which strongly induces 

permeabilization in E. coli. Also, SMAP-29 strongly reduces the membrane potential, 

while ostrich AvBD1 and -2 were a lot less potent in depolarizing the membrane, indicating 

that ostrich AvBD1 and -2 might act intracellularly and not by directly permeabilizing the 

membrane. Direct binding of ostrich AvBD1 and -2 and chicken AvBD2 to DNA makes this a 

plausible mechanism of action40, 179. A dual mechanism of action involving both membrane 

and nucleic acid disruption was proposed for AvBD103b180. Membrane permeabilization by 

the peptide was confirmed by electron microscopy, potassium ion release and PI staining, 

among others, while AvBD103b was also shown to bind to and insert in bacterial DNA and 

arrest the cell cycle of S. enteritidis.

 

Antiviral activity of AvBDs has so far only been described for enveloped viruses. Duck 

embryos infected with Duck hepatitis virus pre-treated with duck AvBD1, -3, -4, -5, -6, 

-12 or -16 showed increased survival time compared to embryos infected with non-

treated virus106. Similarly, pre-treatment of IBV or pigeon paramyxovirus with several 

AvBDs decreased viral titers in infected chicken or pigeon embryos respectively153, 181. 

Information on the antiviral mechanisms of AvBDs is not yet available. As all three studies 

described made use of embryos for viral replication, both direct or more indirect antiviral 

mechanisms are possible.

Immunomodulation
β-Defensins have a diverse role in immune regulation. They have been found to bind 

directly to chemokine receptors30, 182, induce pro-inflammatory cytokine expression, but 

are also anti-inflammatory by blocking LPS-induced inflammation183. These peptides 
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enhance wound-healing processes and are implicated in developmental processes 

(reviewed in Semple and Dorin, 20121). Chemotactic effects have also been described for 

duck AvBD2. DT40 B-cells show chemotaxis towards supernatant containing recombinant 

duck AvBD2, expressed in HEK-293T cells. With primary splenocytes, chemotaxis was 

found for CD4+-T-cells, CD8+-T-cells and B-lymphocytes towards supernatant containing 

duck AvBD2. Migration could be blocked with anti-duck AvBD2 at a 1:1000 dilution, but not 

Figure 3. 

Multifunctional roles of cationic host defense peptides in host defense mechanisms. Not all cationic 

peptides can execute all the functions represented. One peptide usually has one or more of the functions 

represented in the figure. Full arrows indicate functions found for avian cationic peptides, while dotted 

arrows represent functions that are not yet found for avian cationic peptides, but for cationic peptides 

from different species.
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at higher or lower dilutions72, 184. Chemotaxis of monocytes was also found towards HBD3, 

but when linearized, chemotactic activity was lost while antibacterial activity improved, 

indicating that the structure of β-defensins is important for immunomodulatory functions 

and less for antibacterial functioning174, 178. Of the many cell markers and cytokines tested, 

treatment of splenocytes with duck AvBD2 only downregulated DCIR, a C-type lectin 

receptor that is usually downregulated by signals that induce DC maturation184, 185. Chicken 

AvBD13 induces IgG and IgM serum levels in chickens and can enhance proliferation of 

spleen lymphocytes stimulated with either Con A or LPS186. In another study, AvBD13 was 

suggested to be a direct TLR4 ligand187. It was shown that chicken AvBD13 can induce 

expression of CD80, CD86 and NF-kB and can induce secretion of IL-12 and IFNγ in mouse 

monocytes. These effects could be blocked with an anti-TLR4 antibody, indicating the 

TLR4-dependency of the effects induced by chicken AvBD13. This is in line with previous 

reports about murine β-defensin-2, which is also thought to be a ligand for TLR4, 

amplifying adaptive immune responses in DCs188. However, while in many studies TLR-

ligands have claimed to be found, the effects could more than once be ascribed to possible 

contamination by endotoxin189. One in vivo study on chicken AvBD1, which was expressed 

as a fusion-protein linked to VP2, a protein expressed by IBDV, showed increased antibody 

titers against VP2 compared to treatment with VP2 only. Also, CD3+,CD4+ and CD8+ T-cell 

proliferation were slightly increased190. At the end of the experiment, 80% of the chickens 

treated with the VP2-plasmid only survived, compared to 100% in the group treated with 

the chicken AvBD1-VP2 fusion protein. Effects on antibody responses by AvBDs are also 

suggested by the finding of SNPs in the chicken AvBD locus which are related to antibody 

levels again infectious bronchitis virus191. Finally, addition of AvBD9 to the drinking 

water of chickens caused increased weight gain and increased diversity of the intestinal 

microbiota, hinting at interactions between the antimicrobial and immunomodulatory 

effects of these peptides192. 

Conclusion: In summary, β-defensins have the potential to kill both Gram-positive and 

Gram-negative bacteria. Correct peptide folding seems to be more important in killing 

Gram-positive bacteria, while cationicity is more important for killing Gram-negative 

bacteria. Interestingly, not all cationic HDPs possess a very potent membrane pore 

formation capacity, hinting at other killing mechanisms like the inhibition of DNA/

RNA synthesis or protein synthesis. However, immunomodulation might be even more 

important in orchestrating a correct immune response against invading pathogens. While 

a limited number of studies have investigated immunomodulatory effects of AvBDs, the 

effects that are found correspond to those of human and mouse β-defensins, indicating 

that the function of these peptides is conserved (Fig.3).
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Cathelicidins
Antimicrobial activity
A wide variety of bacteria, both Gram-positive and Gram-negative, has been shown to 

be susceptible to killing by avian cathelicidins. Quail CATH-2 and -3 and pheasant CATH-

1 show MIC values in the range of 1–10 μM for most Gram-positive and Gram-negative 

bacteria, which is lower compared to LL-3783, 84. MIC values for all four chicken cathelicidins 

are also in the same order of magnitude as the other avian cathelicidins57, 80, 86, 193. CATH-1, 

-2b and 3 were shown to be equally effective against multidrug resistant strains of bacteria 

compared to susceptible strains194. Induction of resistance against these peptides was not 

observed in this study, which is in agreement with the study by Van Hoang et al195, where 

a C. jejuni resistant against CATH-1 could not be generated in vitro. Fungi like Candida 

albicans are susceptible to avian cathelicidins, showing MIC values in the range of 

1–5 μM51, 83, 84 and CATH-2b even inhibits bacterial biofilm formation196. The killing of the 

bacteria appears to be very fast, ranging from 10–30 min for killing of S. enteritidis193 and 

30–60 min for killing of E. coli 57, 61. The mechanisms responsible for bacterial killing are still 

a matter of discussion, though membrane disruption seems to play an important role in 

both bacterial and fungal killing57, 61, 117, 120, 197. Nevertheless, a lot is known about peptide 

properties required for bacterial killing.

Several studies have shown that the presence of an α-helical region is important in 

bacterial killing. Removal of the N-terminal α-helix of CATH-2a and -2b results in the loss 

of antimicrobial activity61, 193. This was also observed with an α-helical synthetic peptide, 

where remodeling of the N-terminal α-helix, disrupting helix formation, resulted in the 

loss of antibacterial activity198. Removal of the C-terminal α-helix of CATH-2a reduced 

killing compared to the full-length peptides, but the truncated peptide still exhibited 

some antibacterial activity61. One report of a truncation of CATH-2b, where only the 

N-terminal α-helix is present, showed an increase in antibacterial activity193, 199. However, 

in the presence of 100 mM NaCl, this effect was mostly lost, while the full-length CATH-

2a and -2b were largely unaffected61, 199. Other full-length avian cathelicidins also retain 

antimicrobial activity in the presence of 100 mM NaCl83, 84, indicating the importance of 

α-helical regions for functionality. Nevertheless, a higher percentage of α-helicity does 

not guarantee better antibacterial effects. Amino acid substitutions increasing total 

α-helicity of CATH-1, and LL-37, do not increase the antibacterial activity60, 200. Thus, while 

α-helicity is important for high efficacy in bacterial killing, increasing the percentage of 

α-helicity throughout the peptide does not necessarily lead to better activity.

A second important region in many α-helical AMPs, is the kink or hinge-region formed 

around the center of the peptide24, 198, which induces flexibility and is thought to be 
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important for the insertion in the bacterial membrane causing pore-formation24, 198. 

Removal or substitution of these glycines or prolines at the center of an α-helical peptide, 

including CATH-2b, can indeed greatly reduce antibacterial activity193, 198, 201. Interestingly, 

a CATH-2a truncation containing only the first 14 amino acids, which is the entire 

N-terminal α-helix, showed a great reduction in antibacterial activity61. If a one amino acid 

longer peptide was tested some of the antibacterial activity was restored and a peptide 

comprising the first 18 amino acids (N-terminal α-helix including the hinge-region) showed 

comparable activities to the full length peptide (approx. 2 μM for most Gram-positive and 

Gram-negative bacterial strains). A C-terminal truncation of CATH-2b which leaves the 

hinge region and N-terminal α-helix intact, also shows very good antibacterial activity193. 

Moreover, the C-terminal α-helix of CATH-2a and -2b without the hinge region shows 

no antibacterial activity, while the C-terminal α-helix of CATH-2a with the hinge-region 

shows better antibacterial activity (in the range of the 1–20 μM). Thus, the hinge region is 

important for the antibacterial effects of these peptides61.

Hydrophobicity is thought to be important for the interaction of the cathelicidins with 

bacterial membranes169, 202. Membrane interaction of CATH-1 has been investigated by 

determining its structure in a DPC-micelle59. This model showed that the α-helical and 

hydrophobic center of the peptide formed an oligomeric structure in the lipid bilayer, 

probably by interacting with the acyl groups of the lipids, while the polar residues of the 

peptide could interact with the phosphate groups on the outside of the lipid bilayer. This 

indicates that pores are formed by these oligomeric structures, through which water and 

ions can freely enter and exit the cell, disrupting the osmotic balance and hampering 

bacterial survival59. Interestingly, for LL-37 it was shown that its hydrophobic residues 

also interact with the membrane surface, but would not form a pore by aligning itself 

through the membrane203, showing that although very alike in structure, mechanisms of 

action can differ between different cathelicidins. Loss of the first tryptophan of CATH-

1 reduces antibacterial activity, indicating the importance of the hydrophobic residue in 

this peptide57. Loss of the more hydrophobic C-terminal in CATH-2a analogs also results in 

reduced bacterial killing61, although the C-terminal truncation of CATH-2b (C1-15) resulted 

in higher antibacterial activity193. Interestingly, when using an N-terminal truncation of 

CATH2, only leaving the hydrophobic C-terminal α-helix, antibacterial activity is almost 

completely lost, probably because the first interaction with the bacteria is through 

the polar part of the CATH-2a and -2b61, 193. Substitution of phenylalanines with more 

hydrophobic tryptophans in the C1-15 peptide199. resulted in enhanced bacterial killing 

and also better resistance to high ionic strength. It is interesting to note that substitution 

of a tyrosine by an alanine in a Cecropin A-Magainin-2 fusion peptide greatly reduces 

antibacterial activity198.
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The cationic nature of most cathelicidins is probably important for the initial interaction 

with the bacterial surface169. The highly cationic CATH-2a and -2b and N-terminal analogs 

thereof, show good antimicrobial killing, while N-terminal truncations remove most of the 

cationic charges and reduce the antibacterial activity61, 193. Increasing the charge of CATH-

2a did not result in large changes in bacterial killing, which is in line with results found for 

other α-helical peptides where increased charge did not directly correlate with increased 

antimicrobial activity200, 204.

Immunomodulation
In addition to direct killing of bacteria, most cathelicidins also have immunomodulatory 

effects. These effects have been extensively studied for the human cathelicidin LL-

37, but also avian cathelicidins have been a subject of investigation in terms of their 

immunomodulatory properties. The first report on immunomodulation by LL-37 showed 

that LL-37 could block LPS-induced IL-1β mRNA transcription205. After this initial report, 

many other studies were performed showing a wide array of effects induced by LL-37, or 

effects modulated by the presence of LL-37. These include effects on TLR activation206-212, 

effects on cell differentiation and activation213-215 and leukocyte migration216, 217. 
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AvBD 1 2 3 4 5 6 7 8 9 10 11 12 13 16 103b
C T D G O C T D G O P D G C D C D G C D G C D O P GT C O C Q D G C Q P D G C C D C D K

G- B.avium
E. coli - -
S. enteriditis
S. Typhimurium - - -
S. choleraesuis
S. pullorum
S. enterica
C. jejuni
P. multocida
P. aeruginosa
P. mirabilis
B. bronchiseptica
R. anatipestifer
E. cloaca
A.veronii
K. pneumoniae -
V. metshnikovii
V. anguillarum -

G+ L. monocytogenes
L. ivanovii
E. faecalis
B. cereus
B. subtilis
S. aureus - -
S.epidermidis
Lactobacillus
M. tetragenus
M. luteus
S. suis
S.bovis
S. pyogenes
S. haemolyticus
S. saprophyticus -
S.agalacttiae
B. megaterium
N. asteroides
C. perfringens

M M. gallicepticum
F C. albicans -

C. glabrata -
C. tropicalis -
N. crassa -
A. fumigatus -
A.niger
A.flavus
S. cerevisiae

V Infectious Bronchitus Virus
Pigeon paramyxovirus

Table 1.
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AvBD 1 2 3 4 5 6 7 8 9 10 11 12 13 16 103b
C T D G O C T D G O P D G C D C D G C D G C D O P GT C O C Q D G C Q P D G C C D C D K

G- B.avium
E. coli - -
S. enteriditis
S. Typhimurium - - -
S. choleraesuis
S. pullorum
S. enterica
C. jejuni
P. multocida
P. aeruginosa
P. mirabilis
B. bronchiseptica
R. anatipestifer
E. cloaca
A.veronii
K. pneumoniae -
V. metshnikovii
V. anguillarum -

G+ L. monocytogenes
L. ivanovii
E. faecalis
B. cereus
B. subtilis
S. aureus - -
S.epidermidis
Lactobacillus
M. tetragenus
M. luteus
S. suis
S.bovis
S. pyogenes
S. haemolyticus
S. saprophyticus -
S.agalacttiae
B. megaterium
N. asteroides
C. perfringens

M M. gallicepticum
F C. albicans -

C. glabrata -
C. tropicalis -
N. crassa -
A. fumigatus -
A.niger
A.flavus
S. cerevisiae

V Infectious Bronchitus Virus
Pigeon paramyxovirus

6 7 8 9 10 11 12 13 16 103b

C D G C D O P GT C O C Q D G C Q P D G C C D C D K

- -

- - -

-

-

- -

-

-
-
-
-
-

Table 1. Continued
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Similar to LL-37, chicken CATH-1 and -2 and pigeon CATH-2 can block LPS-induced 

macrophage activation, inhibiting the production of TNFα, IL-1β, MCP-1 and NO in 

RAW264.7 mouse macrophages and HD11 chicken macrophages57, 61, 80, 117, 218. Interestingly, 

pigeon CATH-2 was shown to enhance LPS-induced production of the anti-inflammatory 

cytokine IL-10117. C-terminal truncations of CATH-2a and -2b result in reduced inhibition 

of LPS activation, indicating the importance of the hydrophobic C-terminal in LPS 

inhibition. N-terminal truncations of CATH-2a and -2b also result in loss of LPS inhibition, 

although less if a large part of the hinge-region is left intact61, 193, 218. Interestingly, 

peptides that have the best LPS-inhibiting potential are also most toxic, measured 

by erythrocyte hemolysis and cytotoxicity towards Caco-2 cells61. However, toxicity is 

rather low when testing at MIC values. Truncations of CATH-1 also showed that removing 

either the N-terminal tryptophan or the two C-terminal tryptophans, greatly reduced 

LPS-binding capacity of the peptide, but also greatly reduced hemolytic and cytotoxic 

effects57, 60. Also for LL-37, hydrophobicity is positively correlated with LPS inhibition, but 

also with cytotoxicity200, 219. Structural analysis of CATH-1 analogs in LPS showed that 

indeed the tryptophan at the N-terminus and the tyrosines in the C-terminal segment are 

in very close proximity to LPS, indicating a key role in the binding of LPS and thereby 

possibly in blocking activation of TLR456. In silico modeling of CATH-2b with LPS showed 

that the phenylalanine residues in the peptide most likely interact with the lipid A acyl 

chains218. However, binding of LPS may only be one out of several mechanisms by which 

cathelicidins can block LPS-induced immune responses, since pre- or post-incubation of 

cells with LL-37 and CATH-2b still caused inhibition of LPS-activation218, 220, 221. Also, the 

affinity of CATH-2b analogs for LPS did not correlate with the ability of these analogs 

to inhibit LPS-induced effects218. Finally, another possibility is competition between LPS 

and peptide for binding of LBP, CD14 or MD-2, thereby outcompeting the LPS to activate 

macrophages117, 222. In contrast to the inhibition of LPS-induced effects, CATH-1, -2b and 

3 were shown to enhance the effects of another TLR ligand, CpG-ODN, in chicken and 

mouse macrophages223. Similar to the situation with LPS, it was shown that binding of 

CATH-2b analogs was not sufficient for the enhanced activation. 

Table 1: Antimicrobial activities of avian β-defensins. black = antibacterial, grey = not antibacterial, - = 

bacteriostatic. C = Chicken, T = Turkey, O = Ostrich, D = Duck, G = Goose, P = Pigeon, GT = Great Tit, Q = 

Quail, K = King penguin. G- = Gram-negative, G+ = Gram-positive, M = Mycoplasm, F = Fungi, V = Virus. 

References: AvBD3, 41, 73, 89, 106, 143, 228, AvBD23, 40, 41, 72, 73, 89, 104, 144, 153, 177, 181, 228, AvBD3106, 143, AvBD471, 94, 176, AvBD591, 

94, 106, 144, AvBD6103, 106, 143, 153, 175, AvBD741, 68, 71, 73, 177, 181, AvBD873, 76, AvBD990, 102, 144, 229, AvBD10105, 144, 176, 181, 229, 

AvBD1145, AvBD1271, 153, 175, AvBD1337, AvBD16106, AvBD103b155, 180
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Cathelicidins also have direct immune-stimulatory effects. CATH-2b induces MCP-1 

secretion from human peripheral blood mononuclear cells and CXCLi2, MCP-3 and CCLi4 

expression in HD11 chicken macrophages193, 218. CATH-1 induces secretion of CCL-2 and 

-3 and surface expression of CD86 and MHC-II in RAW264.7 mouse macrophages224. 

Interestingly, while CATH-1 also induced pro-inflammatory cytokine IL-1β, this was not 

seen for CATH-2b. LL-37 has also been shown to act as a chemoattractant for T-cells, 

neutrophils and monocytes, although the nature of the LL-37 receptor remains a matter 

of debate211, 216, 217, 225. Chemotactic activity has also been shown for chicken cathelicidins120, 

224. CATH-1 attracts mainly neutrophils in a peritoneal mouse model, while less effects on 

monocytes and lymphocytes were seen. Finally, there are indications that cathelicidins 

can also affect the adaptive immune system. Serum IgG levels after vaccination of mice 

with ovalbumin were increased if the mouse cathelicidin CRAMP was co-administered and 

a similar effect was reported for CATH-1 injection in mice224, 226.

Conclusion: In summary, the structural regions of avian cathelicidins have specific roles 

in the wide range of antibacterial and immunomodulatory activities (Fig.3). However, 

the fact that many modifications change more than one structural characteristic makes 

it difficult to ascribe specific functions to certain structures. An intraperitoneal injection 

of a CATH-1 analog in neutropenic mice resulted in 50% survival after a lethal MRSA 

injection227. These results indicate that avian cathelicidins may be used therapeutically.
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Abstract

In the first weeks of life young chickens are highly susceptible to infectious diseases 

due to immaturity of the immune system. Little is known about the expression of host 

defense peptides (HDPs) during this period. In this study we examined the expression 

pattern of two chicken HDPs, the cathelicidin CATH-2 and the β-defensin AvBD9 by 

immunohistochemistry in a set of organs from embryonic day 12 until four weeks 

posthatch. AvBD9 was predominantly found in enteroendocrine cells throughout the 

intestine, the first report of in vivo HDP expression in this cell type, and showed stable 

expression levels during development. CATH-2 was exclusively found in heterophils 

which decreased after hatch in most of the examined organs including spleen, bursa 

and small intestine. In the lung CATH-2 expression was biphasic and peaked at the 

first day posthatch. In short, CATH-2 and AvBD9 appear to be expressed in cell types 

strategically located to respond to infectious stimuli, suggesting these peptides play 

a role in embryonic and early posthatch defense.

Introduction

During the neonatal period chickens are highly susceptible to infectious diseases that cause 

relatively little problems later in the life of the animals. Chickens younger than 2 weeks 

often develop clinically apparent disease and severe symptoms when infected with E. coli 

or Salmonella1-3. This susceptibility is reflected in high antibiotic usage in broilers during 

the first week of life4. When chicks hatch, their immune system is immature and marked 

development occurs over the first weeks of life. During this period partial protection is 

offered by maternal antibodies, transferred to chicks via the yolk. Most of these antibodies 

are depleted by 10 days posthatch5. Though neonatal and even embryonic chicks are 

able to mount humoral responses of their own, these are generally very low. Antibody 

titers against orally or intramuscularly administered BSA were higher in vaccinated 

animals older than 10 days compared to animals vaccinated in the first week posthatch6, 

7. Additionally, at hatch the gut-associated lymphoid tissue is only poorly developed. The 

numbers of lymphocytes in the intestinal wall are low at hatch, but increase rapidly during 

the first week7. Germinal centers in the cecal tonsils are not identified until two weeks 

posthatch8. Development of the innate immune system in neonatal chicks is less well 

described, though heterophils of 1 day old chicks show lower phagocytic and bactericidal 

capacities compared to cells of animals of 4 and 7 days old9. 

Host defense peptides (HDPs) are important multifunctional effector molecules of the 

innate immune system. Two of the main classes of HDPs are cathelicidins and defensins. 
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In mammals, these peptides are believed to be very important in neonatal defense10. 

Expression of the human cathelicidin LL-37 and its murine counterpart CRAMP is higher 

in neonatal compared to adult skin11. In contrast, the expression of intestinal α-defensins 

is lower in newborns, possibly predisposing neonates to intestinal infections such as 

necrotizing enterocolitis12. In the chicken, four cathelicidins and 14 β-defensins have been 

described. Expression analysis of chicken HDPs showed clear differences over the course 

of development. Cathelicidin-1, -2 and -3 showed a strongly increased expression in the 

cecum and tonsils at 4 weeks posthatch13. Intestinal expression of the β-defensins 1, 2, 4 

and 6 decreased in the first week posthatch, but increased again in the second week14, 15. 

However, this research was solely based on mRNA levels and did not take into account the 

cell types expressing these peptides and possible changes herein during development.

In this work we aimed to elucidate the cellular localization and developmental expression 

pattern of two chicken HDPs, cathelicidin-2 (CATH-2) and β-defensin 9 (AvBD9, previously 

also named GAL6) at the protein level, hereby increasing the knowledge about the role of 

HDPs during chicken development. 

Materials and Methods

Animals and tissue sampling
This animal experiment was conducted in accordance with a protocol approved by the 

Dutch Animal Experimental Licensing Committee (DEC). Twelve-day incubated Ross 

308 broiler eggs were obtained from a commercial hatchery (Lagerwey, Lunteren, The 

Netherlands) and further incubated at the research facility of the Department of Farm 

Animal Health (Utrecht University). After hatch, chickens were housed in a ground stable 

under controlled hygienic conditions. Chickens were fed a commercial broiler diet without 

antibiotics or coccidostats and were given access to water and food ad libitum. At multiple 

embryonic (ed12, 14, 16, 18, 20) and posthatch (d1, 4, 7, 14, 21, 28) timepoints, eggs/

chickens (n=4/5) were chosen at random for sample collection. Animals were euthanized 

by cervical dislocation until posthatch day 7 and by electrocution and bleeding at later 

timepoints. 

Organs in contact with the external environment (intestine, lung, skin) and a selection 

of lymphoid organs (spleen, bursa) were chosen for analysis. Additional organs (yolk, 

pancreas, thymus, kidney) were also sampled, but only perfunctory analysis on the absence 

or presence of CATH-2 and AvBD9 expression was performed for this study. During the 

experiment no symptoms of disease were noticed in live birds or at post-mortem. Birds 

were free of infectious bronchitis virus based on serology at d28.
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Antibodies
Rabbit polyclonal antibodies against CATH-2 and AvBD9 were generated at Biogenes 

(Berlin, Germany). CATH-2 antibody production was previously described16. For the 

production of AvBD9 antibody, two short peptides derived from the AvBD9 sequence 

(CSFVASRAPSVD and LASRQSHGSC) were conjugated to Limulus polyphemus hemocyanin 

(LPH) at the cysteine residue and the mixture of peptides was used to immunize two 

rabbits. Antiserum was collected from the immunized animals and purified by affinity 

chromatography on CNBr-Sepharose columns coated with the peptides. Monospecific 

IgG was eluted from the columns with 0.2 M Glycine-HCl buffer (250 mM NaCl, pH 2.2), 

neutralized with 1 M Tris-HCl (pH 7.5) and centrifuged to remove remaining debris. 

Antibodies were aliquoted and stored at -80 °C. For the staining of enteroendocrine cell 

(EEC) products, commercial rabbit antibodies were used which had previously been shown 

to work on chicken tissue samples: anti-glucagon-like peptide 1 (GLP-1, GA1176, Enzo, 

Farmingdale, USA), anti-gastric inhibitory peptide (GIP, T-4340, Peninsula Laboratories, 

San Carlos, USA) and anti-serotonin (5-HT, 20080, Immunostar, Hudson, USA). Antibodies 

were used in the following dilutions: 1:50 for anti-AvBD9, 1:100 for anti-CATH-2 and anti-

5-HT, 1:200 for anti-GLP-1 and 1:500 for anti-GIP.

Tissue processing and sectioning
Tissue samples were fixed in 4% paraformaldehyde (w/v) in phosphate buffer (pH 7.2) for 24 

hours and subsequently paraffin-embedded. Sections (5 µm for single or sequential staining 

or 2 µm for serial sections) were mounted on glass slides, deparaffinized and rehydrated.

Immunohistochemistry
For antigen retrieval, sections were boiled in citrate buffer (pH 6.0) for 10 minutes (AvBD9, 

GLP-1 and GIP staining). Endogenous peroxidase activity was blocked by incubating the 

sections for 30 min in 1% H2O2 in methanol. Subsequently, sections were blocked with 

10% normal goat serum and 2.5% BSA for 1 hour before incubation with the primary 

antibody (see section 2.2). Incubation times of the primary antibodies were as follows: 

CATH-2, 1 hour; AvBD9, GLP-1, GIP and 5-HT overnight (16-20 hours). Immunostaining 

with rabbit serum or in absence of the primary antibody served as the negative control. 

Sections for CATH-2 staining were then incubated with the Horse Radish Peroxidase 

labelled anti-rabbit polymer from the EnVision+ system (Dako, Glosstrup, Denmark). 

All other sections were incubated with a biotinylated goat-anti-rabbit antibody (1:250, 

Vector Laboratories, Burlingame, USA) for 30 minutes followed by incubation with ABC 

reagent (Vector Laboratories). Staining was visualized by incubating the sections with 

diaminobenzidine (DAB) for 5-10 minutes. Finally, sections were counterstained with 

hematoxylin, dehydrated and mounted with Pertex.
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Sequential stain with HE or Giemsa
Sections were sequentially stained with hematoxylin and eosin (HE) followed by anti-

AvBD9 or Giemsa followed by anti-CATH-2 to elucidate morphology of AvBD9 and CATH-

2 expressing cells. Routine HE staining was performed in a Leica Autostainer XL (Son, The 

Netherlands). For Giemsa stain, tissue sections were incubated for 1 hour in 20% Giemsa’s 

Azure Eosin Methylene Blue solution (Merck, Darmstadt, Germany) and differentiated 

in diluted acetic acid for 15 min. Subsequently, differentiation was stopped by dipping 

sections in ethanol 96% followed by incubation in aceton. Photographs of distinctive cells 

were taken and subsequently sections were incubated overnight in fresh xylene to remove 

the cover slips. Sections were then destained by incubation in acidified ethanol (27 ml HCl 

37% and 973 ml ethanol 70%) for 5 minutes. After rehydration, sections were stained with 

antibodies against CATH-2 or AvBD9 as described above.

Silver staining
Fontana-Masson silver stain was performed on gastro-intestinal tissue sections as 

previously described17. Briefly, sections were incubated for 1 hour in prewarmed 

ammoniacal silver solution (5% AgNO3 with NH4OH) and rinsed in Milli-Q water. Sections 

were counterstained with Nuclear Fast Red (Vector Laboratories, Burlingame, USA), 

dehydrated and mounted with VectaMount (Vector Laboratories). Silver stained sections 

were compared with serially cut sections stained with antibody against AvBD9. 

Quantitative analysis
Five to ten random photographs were made of each tissue section using an Olympus BX51 

microscope with movable table at 400x magnification (Field size 0.09 µm2). Images were 

analyzed using cellSens Dimension software (Olympus, Tokyo, Japan) to obtain stained 

area percentages and stained cell numbers. To account for the variation in empty space in 

the field of view, a region including tissue only was manually created. Cell numbers could 

not be obtained for CATH-2 stained sections because of the clustering of cells. The result 

of stained area percentage or stained cell numbers for each tissue sample was calculated 

by taking the average of the individual 5-10 image values.

Statistics 
Statistical analysis was performed using SPSS 22 software (IBM, Armonk, USA). Differences 

between timepoints were evaluated using a one-way analysis of variance (ANOVA) or 

non-parametric Kruskal-Wallis test when data were non-normally distributed. Differences 

were considered statistically significant if p<0.05. 
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Results

Localization and identity of CATH-2 expressing cells and developmental 
stage of heterophils
CATH-2 expressing cells were identified as heterophils based on sequential staining with 

Giemsa (Examples of sequential staining in bursa and lung shown in Fig.1). All heterophils 

(mature and developing) observed in this study expressed CATH-2. In all analyzed tissues 

and in blood smears CATH-2 was never seen in other cell types. CATH-2 expressing cells 

were observed from the earliest timepoint (ed12) onwards in every organ investigated with 

considerable variation in the numbers of CATH-2 expressing cells between different organs.

In the gastro-intestinal tract, CATH-2 expressing heterophils were sparsely present as 

single cells in the lamina propria of the intestinal villi or in small groups at the base of the 

villi (Fig.2A-C), but hardly ever in the epithelial layer. In embryonic (Fig.2A) or neonatal 

samples (d1, d4, data not shown), CATH-2 expressing cells were also found in the serosa. 

In the lymphoid tissue of the cecal tonsils, CATH-2 expressing heterophils were quite 

numerous around the developing lymphoid follicles (Fig.2D).

In the bursa and spleen, CATH-2 expressing cells were very numerous during embryonic 

and neonatal (d1) timepoints. Clusters of these cells filled the bursal mesenchyme between 

the developing lymphoid follicles (Fig.3A) and the red pulp of the spleen (Fig.3C). From 1 

week posthatch onwards, very few CATH-2 expressing cells remained in the bursa and 

were seen only at the edge of some follicles in small groups, but never in the follicular 

medulla (Fig.3B). In the spleen, CATH-2 expressing heterophils remained present in 

relatively large numbers until the last timepoint (d28) scattered throughout the red pulp 

(Fig.3D). Throughout embryonic development, clusters of CATH-2 expressing heterophils 

similar to those observed in the bursa and spleen were also seen in the yolk, pancreas, 

thymus and kidney (data not shown). 

In the embryonic lung at ed12 and ed14, only few dispersed heterophils were found (data 

not shown). At ed16, clusters of CATH-2 expressing cells were seen surrounding the 

blood vessels (Fig.3E). At all posthatch timepoints, CATH-2 expressing heterophils were 

observed throughout the entire lung parenchyme as single cells or in small groups (Fig.3F). 

In the skin at all studied timepoints, small numbers of CATH-2 expressing cells were 

seen scattered throughout the dermis as single cells, but in embryonic and neonatal (d1, 

d4) samples the cells also occurred as small clusters (Fig.3H). Only from ed14 to ed20 

heterophils could also be observed in the pulp of the feather follicles (Fig. 3G). 
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Figure 1.

Identification of CATH-2 expressing cells as heterophils via sequential stain of sections with CATH-2 

antibody (A,C) and Giemsa (B,D). Lung (A,B) and bursa (C,D) at d28. Arrows denote examples of CATH-2 

expressing cells overlapping with cells identified as heterophils.

Figure 2.

Localization of CATH-2 expressing heterophils in the gastro-intestinal tract during development. A: 

duodenum, ed18, B: duodenum, d28, C: cecum, d28, D: tonsil, d28. s: serosa, lp: lamina propria, f: 

lymphoid follicle
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The developmental stage of heterophils (based on descriptions in18) in spleen, bursa and 

cecum was defined by assessment of the morphology of heterophils in Giemsa stained 

sections at ed18 and d28. At ed18, the majority of heterophils seen in spleen, bursa and 

cecum were identified as immature cells, mainly meso- and metamyelocytes with round 

granules and a large nucleus (Fig.4A-C). A small number of promyelocytes with pale 

granules were also present in the spleen, but blast forms were not observed. Mature 

heterophils, characterized by rod-shaped granules and a bi-lobed nucleus were only 

occasionally seen. Four weeks posthatch, most of the heterophils in the spleen and the 

cecum were compact mature cells, though a minority of mesomyelocytes with round 

granules was still present (Fig.4B,F). In contrast, in the bursa at d28, among the small 

number of heterophils present, the majority were of an immature phenotype (Fig.4D). 

Localization and identity of AvBD9 expressing cells 
AvBD9 expression was mainly found in the intestine. Cells expressing AvBD9 were 

observed in all examined parts of the intestine, from the duodenum to the colon. Rare 

AvBD9 expressing cells were first seen at ed14, numerous stained cells were observed 

from ed16 onwards (Fig.5A-B). Single AvBD9 expressing cells were spread throughout the 

villi (more frequently in the lower half) and crypts (Fig.5C,D), always located basally in the 

epithelial layer. Two different cell morphologies of AvBD9 expressing cells were observed. 

Bottle-shaped or elongated cells were seen in the villi of the small intestine, often with 

a slender apical process reaching the luminal surface (Fig.5E). Round or pyramid shaped 

AvBD9 expressing cells were found in the cecum and in crypts throughout the intestine 

(Fig.5F). AvBD9 staining was cytoplasmic with a granular pattern and a clearly non-

staining nucleus.

By staining intestinal sections sequentially with HE followed by AvBD9 antibody, we 

assessed the morphology of AvBD9 expressing cells (Fig.6A-D). In HE stained sections, 

AvBD9 expressing cells showed a basal concentration of bright pink staining granules 

(Fig.6B,D). These morphological characteristics gave reason to believe that AvBD9 

expressing cells were enteroendocrine cells (EECs). To confirm this, intestinal sections 

were stained with the argentaffin Fontana-Masson silver stain, traditionally used to 

detect EECs. When comparing serial sections stained with Fontana-Masson and AvBD9, 

silver-stained cells were shown to overlap with AvBD9 expressing cells in all parts of the 

intestine (Fig.6E,F).

To further characterize the identity of this AvBD9 expressing cell type, serial intestinal 

sections were stained pairwise with AvBD9 antibody and antibodies against three EEC 
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Figure 3.

Localization of CATH-2 expressing heterophils in multiple organs during development. Bursa (A: ed18, 

B: d21), spleen (C: ed18, D: d21), lung (E: ed16, F: d21), and skin (G: ed18, H: d21)
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Figure 4.

Developmental stages of heterophils in tissues. Representative images of Giemsa stained spleen (A: 

ed18, B: d28), bursa (C: ed18, D: d28) and cecum (E: ed18, F: d28). M=mature heterophil, m=heterophil 

myelocyte, pm=heterophil promyelocyte.
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Figure 5.

Overview of AvBD9 expressing cells in the gastro-intestinal tract. Expression was first seen in rare 

cells at ed14 (A), expressing cell numbers grew much more numerous in later stages (B, ed18). AvBD9 

expressing cells were seen in all parts of the intestine (jejunum, C and cecum, D). Typical shapes of 

AvBD9 expressing cells were spindle shaped in villi (E, ileum) and round or pyramidal in crypts 

(F, duodenum). 



78

products: serotonin (5-HT), gastric-inhibitory peptide (GIP), and glucagon-like peptide 

(GLP-1). AvBD9 expressing cells overlapped strongly with cells expressing 5-HT in all 

studied parts of the intestine, though cells expressing only 5-HT and no AvBD9 were also 

observed (Fig.7A,B). AvBD9 expression displayed only partial overlap with GLP-1 and GIP 

expressing cells. Overlap of AvBD9 and GLP-1 expressing cells was most pronounced in 

the cecum, with only little overlap seen in the small intestine (as shown for jejunum in 

Fig.7C,D). In the case of GIP, AvBD9 expressing cells overlapped in many cases with cells 

displaying a weak GIP signal, while cells with a strong GIP signal did not overlap with 

AvBD9 expressing cells (Fig.7E,F). 

In addition to EECs, intestinal AvBD9 expression was also seen in the lymphoid tissue 

of the cecal tonsils. AvBD9 expressing cells here were mostly found at the edges of the 

lymphoid follicles in small clusters (Fig.8A). Morphologically, these cells appeared large 

and round with much cytoplasm and occasionally vacuoles. These AvBD9 expressing cells 

also demonstrated faint Fontana-Masson staining (data not shown) and overlapped with 

GIP (data not shown) and GLP-1 stain (Fig.8A-B)
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Figure 6.

Identity of the AvBD9 expressing cells in the intestine. A-D: Sequential stain with AvBD9 antibody 

(A,C) and HE (B,D) of jejunum (A,B) and cecum (C,D). Serial stain of ileum with AvBD9 antibody (E) and 

argentaffin Fontana-Masson silver stain (F). Arrows indicate overlap between AvBD9 expressing cells 

and silver stain. 
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Outside of the intestine, AvBD9 expression was only found in rare instances in the 

spleen and lungs of 3 and 4 week old chickens as single expressing cells or small clusters 

(Fig.8C,D). In appearance, these were small round cells. No clearly defined anatomical 

location for this AvBD9 expression was apparent. AvBD9 expressing cells were not found 

in the kidney, trachea, skin, bursa or in blood smears.
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Figure 7.

Identity of the AvBD9 expressing cells in the intestine. Serial intestinal sections stained with AvBD9 

(A,C,E) and enteroendocrine products 5-HT (B, cecum), GLP-1 (D, jejunum) and GIP (F, jejunum). Arrows 

denote examples of overlapping cells, asterisks indicate non-overlapping cells.
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Quantitative expression of CATH-2 during development
The developmental expression pattern of CATH-2 was different between the studied 

organs. In gastro-intestinal tissues, numbers of CATH-2 expressing heterophils were low 

in general, but a pattern of higher expression in embryos and neonatal animals compared 

to older animals was seen in the small intestine (Fig.9A-C). In the duodenum, expression at 

d7 was lower compared to all previous measured days (Fig.9A). In the ileum and jejunum, 

expression at d7 and 14 respectively was significantly lower compared to d1 (Fig.9B,C). 

In cecum and tonsils, no significant differences in CATH-2 expression were seen during 

development (Fig.9D,E)

In the spleen and bursa, CATH-2 expression was highest at ed18 (Fig.10A,B). In the spleen, 

CATH-2 expressing heterophils covered more than 20% of the measured area at this 

timepoint. As development proceeds, a steady decline in expression was seen until d4 in 

the bursa and d7 in the spleen. After this, CATH-2 expression remained relatively low and 

no further changes were seen.

100 µm 100 µmAvBD9 GLP-1

50 µm 50 µm

A B

C D

Fig. 8
Figure 8.

AvBD9 expression in cecal tonsils, lung and spleen. A-B: serial stain of cecal tonsil with AvBD9 antibody (A) 

and GLP-1 antibody (B). Representative examples of AvBD9 expression in spleen (C) and lung (D) at d28.



81

Localization and expression of CATH-2 and AvBD9

3

In the lung, expression did not exceed 1% of the measured area (Fig.10C). CATH-2 

expression was biphasic with an increase from ed16 to d1, after which a decrease was 

seen until d14. Expression at d1 is the highest and significantly higher than expression at 

ed16, d4, 7 and 14. In the skin, CATH-2 expression was low at all measured timepoints and 

no significant differences in expression were seen (Fig.10D).
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Figure 9.

Quantitative expression of CATH-2 in the gastro-intestinal tract during development: duodenum (A), 

jejunum (B), ileum (C), cecum (D) and cecal tonsil (E) (n=3-5). Expression is presented as percentage 

stained area, as an average of 10 fields (400x magnification, 0.09 µm2) per sample. Different characters 

at the top of the graphs indicate statistically significant differences between developmental stages 

(p<0.05). Data for lung, spleen and skin were analyzed by one-way ANOVA, data for bursa were 

analyzed using a Kruskal-Wallis test.
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AvBD9 expression was measured quantitatively only in the intestine. In general, about 

5-15 AvBD9 expressing cells were seen per field (Fig.11). Very little difference in expression 

was seen over the course of development, both in percentage of measured area and cell 

numbers. In the jejunum, the percentage expression of measured area was significantly 

lower at d14 compared to ed20, while in the duodenum and ileum, an apparent lower 

expression was seen at ed18 compared to later timepoints (Fig.12). 
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Figure 10.

Quantitative expression of CATH-2 in bursa (A), spleen (B), lung (C) and skin (D) during development (n=3-

5). Expression is presented as percentage stained area, as an average of 10 fields (400x magnification, 

0.09 µm2) per sample. Different characters at the top of the graphs indicate statistically significant 

differences between developmental stages (p<0.05). Data for duodenum and cecum were analyzed by 

one-way ANOVA, data for jejunum, ileum and tonsil were analyzed using a Kruskal-Wallis test.
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Figure 11.

Quantitative expression of AvBD9 in the gastro-intestinal tract during development (n=3-5): duodenum 

(A), jejunum (B), ileum (C), cecum (D) and tonsil (E). Expression is presented as number of cells per view, 

as an average of 10 fields (400x magnification, 0.09 µm2) per sample. Data were analyzed by one-way 

ANOVA.
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Figure 12.

Quantitative expression of AvBD9 in the gastro-intestinal tract during development (n=3-5): duodenum 

(A), jejunum (B), ileum (C), cecum (D) and tonsil (E). Expression is presented as percentage stained area, 

as an average of 10 fields (400x magnification, 0.09 µm2) per sample. Different characters at the top of 

the graphs indicate statistically significant differences between developmental stages (p<0.05). Data 

were analyzed by one-way ANOVA.
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Discussion

In this work, we report the expression patterns of two chicken HDPs: CATH-2 and AvBD9, 

during embryonic and posthatch development. Our group previously reported broad 

antimicrobial activity for both CATH-2 and AvBD9, and for CATH-2 immunomodulatory 

activities were also described, in line with the mammalian counterparts of these peptides16, 

19-21. In the present work, our earlier findings on CATH-2 localization16 are extended by 

examining a large set of tissues including intestinal, respiratory and lymphoid organs of 

numerous developmental stages, only finding CATH-2 expressed in heterophils, the avian 

counterpart of the mammalian neutrophil. Cathelicidins of multiple animal species were 

first isolated from neutrophils22, 23, but were later found to be expressed in multiple cell 

types. In addition to neutrophils, the human cathelicidin LL-37 is expressed amongst others 

in monocytes, lymphocytes and epithelia of the skin and gut11, 24, 25. A similar expression 

profile has been reported for the mouse cathelicidin CRAMP, and the porcine cathelicidin 

PR-39 was shown to be expressed in multiple cell types of the lung26. To our knowledge, a 

cathelicidin with exclusive protein expression in granulocytes has not been described to 

date. CATH-2 mRNA expression has a very broad tissue distribution, which corresponds 

well with expression in the ubiquitous heterophils27. There are indications however that 

mRNA expression of CATH-2 may extend beyond heterophils28. The chickens used in the 

present work were healthy animals, so the question remains whether CATH-2 expression 

can be induced in other cell types during infections. In young broilers infected with 

Salmonella enteritidis or Campylobacter jejuni CATH-2 expression in cecum and jejunum 

was only seen in heterophils16, 29. If this exclusive heterophil expression remains true in 

other infectious states, CATH-2 may be considered as a heterophil marker, which could be 

very useful for infection and immune related research in poultry. 

Based on CATH-2 staining, we were able to elucidate developmental distribution patterns 

of heterophils in multiple organs. In many of the organs studied a decrease in CATH-2 

expressing heterophil numbers is seen shortly after hatch, most strongly in the bursa 

and the spleen. Bursa and spleen, but also kidney, pancreas and thymus are known 

sites of extramedullary hematopoiesis in the chicken embryo18, 30, 31 and small-scale 

granulopoiesis in the intestine has also been reported14. This corresponds well with the 

presence of developing heterophils in bursa, spleen and cecum in embryonic samples. 

Posthatch, haematopoiesis in these organs largely seizes and is taken over by the bone 

marrow. In chicks younger than 1 week of age, very high heterophil numbers are seen 

in the blood, believed to be caused by the efflux of heterophils from the spleen18. These 

increased blood heterophil numbers may compensate for the relative immaturity of the 

adaptive immune system in this period. Interestingly, while in the spleen and cecum at 
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day 28 we saw mostly mature heterophils, the bursa still contained developing cells at 

this timepoint. The presence of granulocytes around lymphoid follicles was previously 

described for the bursa32 and was also seen in the cecal tonsils in our study. Heterophils 

might thus be involved in regulating B and T cell functions as is known for mammalian 

neutrophils33. A biphasic expression pattern was found for CATH-2 expression in the lung. 

Possibly, the high CATH-2 expression at day 1 posthatch is due to heterophil recruitment 

resulting from the first exposure of this organ to the external environment upon hatching. 

The CATH-2 developmental expression reported here deviates from a previously reported 

analysis based on mRNA13 where an increase in the CATH-2 mRNA expression in the bursa, 

cecum and cecal tonsils was seen in the period from 2 to 28 days posthatch. As suggested 

above, mRNA expression of CATH-2 might be broader than the heterophil specific protein 

expression and therefore show a different developmental pattern. 

The majority of AvBD9 expressing cells in the intestine could be identified as EECs 

based on cell morphology, overlap with argentaffin silver stain and co-localization with 

EEC products. Among the approximately 12 EEC cell types are enterochromaffin cells 

expressing serotonin34, 35, which were found to be strongly co-localizing with AvBD9. 

As enterochromaffin cells are the most widely distributed of the EEC types, this co-

localization corresponds well with the wide distribution of AvBD9 expressing cells in all 

parts of the chicken intestine. Some AvBD9 expression was also found in EECs expressing 

GIP and GLP-1, in mammals called respectively K and L cells. Previously, mRNA expression 

of AvBD9 was reported to be low in the gastro-intestinal tract and high in the liver, kidney 

and bursa21, 36. 

Here we report for the first time in vivo protein expression of a defensin in EECs. 

Previously, expression of murine β-defensin 2 was reported in the EEC cell line STC-1, 

but expression was not confirmed in mouse tissues37. EECs are well described for their 

role in regulation of digestion, intestinal motility and appetite, but a growing number of 

publications also ascribes to them a role in host defense. EECs were reported to express 

TLRs and respond to TLR ligands by secretion of both hormonal products and innate 

immune molecules37-39. In addition, roles in defense have been described for some EEC 

derived hormones. For example, GLP-2 and cholecystokinin were shown to have anti-

inflammatory effects in in vivo models and somatostatin was able to inhibit IL-1β and IL-8 

secretion from intestinal epithelial cells40-42. In chickens, both somatostatin and 5-HT were 

shown to influence immune responses to infectious challenges43, 44. Interestingly, deletion 

of the GLP-2 receptor in mice reduced Paneth cell α-defensin expression, showing another 

link between intestinal defensin expression and EECs45. 
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EECs secrete their products basolaterally into the lamina propria, enabling interactions 

between these secreted compounds with residing immune cells. Human and murine enteric 

defensins have been shown to be chemotactic, to induce dendritic cell differentiation and 

maturation and to increase T cell cytokine production46-50. It is interesting to speculate that 

a similar role may exist for AvBD9 released by chicken EECs. 

In contrast to CATH-2, very little difference in AvBD9 expression was seen over the course 

of development from ed18 onwards. Though quantitative analysis was not possible before 

ed18, qualitatively a large increase in expression was seen after the first observation of 

AvBD9 expressing cells at ed14. Expression of many EEC products is also first seen around 

ed14, indicating functional maturation of EECs at this timepoint51. Previously, gene 

expression of avian intestinal defensins (AvBD1, -2, -4 and -6) was measured in the gut of 

developing chickens, showing clear developmental regulation with a decrease in the first 

week posthatch followed by an increase in the second week14, 15. The expression of human 

β-defensin 1 is constitutive and already present in fetal intestines52, it appears from our 

findings this is also true for AvBD9. 

Data about the expression of AvBD9 in infected animals are rare, though infection with 

Salmonella enteritidis in geese increased AvBD9 mRNA expression in cecal tonsils, but not 

in small intestine53. Even in the healthy chickens in our study, AvBD9 expression is not 

limited to EECs, as we also report expression in the lung , the spleen and the lymphoid 

tissue of the cecal tonsils. The AvBD9 mRNA expression has an even broader tissue 

distribution21, 36, 54, suggesting that, even though protein expression was only found in a 

few organs in this study, expression might very well be induced in more organs and cell 

types under certain conditions. 

In short, this study describes protein expression of two chicken host defense peptides 

during embryonic and posthatch development and reports two very distinct patterns 

of expression. Both peptides are constitutively expressed in specific cells, CATH-2 in 

heterophils and AvBD9 in EECs, cell types strategically located to quickly mount a response 

to infectious stimuli. CATH-2 and AvBD9 thus appear to be essential in host defense in 

both embryos and neonates, as well as in older animals. 
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Abstract

Increasing antibiotic resistance and ever stricter control on antibiotic use are a 

driving force to develop alternatives to antibiotics. One such strategy is the use of 

multifunctional Host Defense Peptides. Here we examined the protective effect of 

prophylactic treatment with the D analog of chicken cathelicidin-2 (D-CATH-2) against 

a respiratory E. coli infection. Chickens were treated with D-CATH-2 in ovo at day 18 

of embryonic development or intramuscularly at days 1 and 4 after hatch. At 7 days of 

age, birds were challenged intratracheally with avian pathogenic E. coli, the causative 

agent of the common poultry disease colibacillosis. Protection was evaluated by 

recording mortality, morbidity (Mean Lesion Score) and bacterial swabs of air sacs 

at 7 days post infection. In ovo D-CATH-2 treatment significantly reduced morbidity 

(63%) and respiratory bacterial load (>90%), while intramuscular treatment was less 

effective. D-CATH-2 increased the percentage of peripheral blood lymphocytes and 

heterophils by both administration routes. E. coli specific IgM levels were lower in 

in ovo treated animals compared to intramuscular D-CATH-2 treatment. In short, in 

ovo treatment with the Host Defense Peptide derived D-CATH-2 can partially protect 

chickens from E. coli infection, making this peptide an interesting starting point to 

develop alternatives to antibiotics for use in the poultry sector.

Introduction

Host Defense Peptides (HDPs) are important effector molecules of the innate immune 

system. These peptides have been found in a wide range of organisms from plants to 

insects and mammals. One of the main classes of HDPs comprises the cathelicidins; short, 

cationic and amphipathic peptides with a highly diverse sequence but conserved structure. 

While in some species this class of HDPs is represented by a single molecule (LL-37 in 

humans, CRAMP in mice), a wider repertoire of cathelicidins is found in other animals with 

the pig genome encoding for eleven of these peptides1. The chicken has four cathelicidins 

(CATH-1-3 and –B1). Cathelicidins were initially described as antimicrobial peptides, 

able to efficiently kill a variety of bacteria2. In the last decade, their immunomodulatory 

functions increasingly have been identified. Cathelicidins are now known to be involved 

in among others chemotaxis, differentiation of leukocytes and modulation of cytokine 

responses, making these peptides truly multifunctional3. Most research efforts are focused 

on cathelicidins from mammals, but non-mammalian peptides such as avian cathelicidins 

are increasingly investigated and their functions seem to overlap with the mammalian 

counterparts (Chapter 2,4).
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Infections with avian pathogenic E. coli (APEC) are among the most important causes of 

mortality and morbidity for poultry, causing large economic losses in the industry5. APEC 

infections of respiratory origin cause lesions in the respiratory tract, frequently followed 

by a generalized infection of the internal organs and septicemia. These infections mostly 

occur in immunocompromised birds, for example in combination with viral infections 

or in very young animals6. The treatment of APEC infections currently relies heavily on 

antibiotics, but the high antibiotic resistance in APEC strains makes this more and more 

problematic7.

Antibiotic resistance is a large and growing problem in both veterinary and human 

medicine. This has caused an intense search for alternative means to prevent and fight 

infections. Cathelicidins or derivatives thereof are investigated in areas as diverse as 

periodontology8, skin infections9, biofilm related problems10 and bovine mastitis11 and 

show promise as alternatives to antibiotics with the added benefit of inducing little to no 

resistance12.

Chicken cathelicidin-2 (CATH-2) has previously shown multiple immunomodulatory 

effects including inhibition of LPS-induced effects and induction of chemokines13, 14.

In this article we evaluate the prophylactic anti-infective efficacy of the D-amino acid 

analog of CATH-2 in young broiler chickens infected with avian pathogenic E. coli. The 

D-analog was chosen because of the higher stability of D-amino acid based peptides in 

biological fluids15. D-CATH-2 was administered either by injection into the egg (in ovo) 

three days before hatch or intramuscularly (i.m.) at day of hatch and day 4 of age. At 7 days 

of age, chickens were intratracheally inoculated with E. coli and animals were monitored 

for a week. Treatment with D-CATH-2 was shown to partially protect chickens against 

APEC infection with in ovo injection of the peptide showing a greater efficacy compared 

to i.m. administration.

Material and Methods

Synthesis of cathelicidin peptides
D-CATH-2 (amino acid sequence: RFGRFLRKIRRFRPKVTITIQGSARF-NH2) and 

N-terminally FITC and TAMRA labeled peptides were generated by solid-phase synthesis 

using Fmoc-chemistry and purified to >95% purity by RP-HPLC by CPC Scientific Inc. 

(Sunnyvale, USA), and the Academic Center for Dentistry (ACTA, Amsterdam, The 

Netherlands), respectively.
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Bacterial culture
E. coli strain 506 (O78, K80), originally isolated from a commercial broiler with colibacillosis 
16 was prepared by plating one frozen bead of E. coli 506 stock on sheep blood agar. The 

next day a single colony was transferred to 0.1% glucose broth (0.5% Lab Lemco powder 

(Oxoid, Basingstoke, UK), 1% bacteriological peptone (Oxoid), 0.5% NaCl) Overnight 

culture was diluted to a concentration of 107 colony forming units (CFU)/ml with phosphate 

buffered saline (PBS) and kept on ice until inoculation. Bacterial concentration was verified 

by plating the diluted culture on sheep blood agar plates and performing a colony count.

Animals
All experiments were conducted in accordance with protocols approved by the Dutch 

experimental animal committee (DEC). Eighteen-day-incubated Ross 308 broiler eggs 

were obtained from a commercial hatchery (Lagerwey, Lunteren, The Netherlands). 

Chickens were housed in negative pressure HEPA isolators with a wire floor. Isolators 

were ventilated at a rate of 40 m3/h and temperature was gradually decreased from 

35°C at day of hatch to 20°C at 11 days of age. Light regime was 23 hours of light/1 hour 

of darkness and from 4 days of age onward isolators were illuminated with red light to 

prevent cannibalism. Chickens were fed a commercial broiler diet without antibiotics or 

coccidostats and were given access to food and water ad libitum. 

In vivo experiment I: localization of peptides
Three days before hatch, at 18 days of embryonic development, labeled peptides (FITC-

D-CATH-2 or TAMRA-L-CATH-2) were administered in ovo (n=3/group). Peptides were 

dissolved in PBS (1.48 mM NaH2PO4.H2O, 8.06 mM Na2HPO4, 20 mM NaCl, pH 7.27) to a 

concentration of 4.4 mg/ml to which cholesterol (5% v/v, 2 mg/ml in ethanol absolute) was 

added. Per egg, 100 µl mixture corresponding to 20 mg/kg bodyweight (estimated embryo 

weight = 22 g) was injected manually using a 1 inch, 21G needle. After 24 hours incubation 

embryos were euthanized by cervical dislocation and collected organs were snap-frozen 

in liquid nitrogen and stored at -20°C until further analysis.

Fluorescence microscopy and immunohistochemistry of labeled 
peptides
Cryostat sections (8-10 µm) from embryonic tissues were mounted on Superfrost Ultra 

Plus slides (Thermo Scientific, Waltham, USA), air-dried, fixed with cold acetone for 

10 minutes, stained with DAPI and mounted with FluorSave (Calbiochem, San Diego, 

USA). Macrophages in lung sections were visualized by immunofluorescence using a 

FITC labeled anti-chicken monocyte/macrophage antibody (KUL01, SouthernBiotech, 

Birmingham, USA). To this end, sections were blocked with 2.5% bovine serum albumin 
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(BSA) for 1 hour, subsequently incubated with KUL01 antibody (1:200) for 1 hour and 

counterstained with DAPI. To confirm fluorescent microscopy findings, sections were 

stained with antibodies against CATH-217, FITC (Invitrogen, Waltham, USA) and TAMRA 

(Molecular Probes, Eugene, USA). Immunohistochemistry was performed as described by 

Van Dijk et al (2009)17.

In vivo experiment II: E. coli challenge
Chickens were divided into four treatment groups of 89 animals: 1) no challenge, no 

D-CATH-2 treatment, 2) E. coli challenge, no D-CATH-2 treatment (buffer), 3) E. coli 

challenge, in ovo D-CATH-2 treatment, 4) E. coli challenge, i.m. D-CATH-2 treatment. 

D-CATH-2 was appropriately diluted (0.22 mg/ml = 1 mg/kg bodyweight) and injected in 

ovo as described above (In vivo experiment I). After hatch (d0) and at 4 days of age, chickens 

were injected in the thigh muscle with either D-CATH-2 (final administration of 20 mg/kg 

bodyweight and 2.5 mg/kg bodyweight respectively) or buffer in a 100 µl volume. At 7 

days of age, chickens were intratracheally inoculated with 0.3 ml of 107 CFU/ml of E. coli 

506 or buffer using a trachea canule. Mortality was recorded daily in the following week. 

At 2 and 7 days post infection, animals were chosen at random for sample collection (n=13 

and n=41 animals per group, respectively). Blood samples were taken from the wing vein. 

Animals were euthanized by electrocution followed by bleeding. Organ samples collected 

for histology and qPCR were placed in 4% formaldehyde solution or snap-frozen in liquid 

nitrogen respectively.

Postmortem analysis
Colibacillosis lesions in surviving birds were scored macroscopically at 7 days p.i. in the 

left and right thoracic air sac, liver and pericardium, as described by Van Eck and Goren 

(1991)16. Briefly, lesion scores can range between 0 (healthy) and 3 (heavily diseased) per 

organ. The Mean Lesion Score (MLS) was calculated as the sum of scores per bird.

Bacterial numbers in air sacs and blood
Thoracic air sacs of each bird were swabbed immediately after postmortem examination 

using transport swabs with Amies medium (Oxoid, Basingstoke, UK) and plated on 

MacConkey/Sheep Blood agar biplates (bioTRADING, Mijdrecht, The Netherlands) within 

16 hours. Blood (100 µl) was plated on MacConkey/Sheep Blood agar biplates immediately 

after collection. Bacterial growth was evaluated after overnight incubation at 37 °C.

Leukocyte counts
Blood smears were prepared from samples taken at 2 days p.i. (n=13/group), air dried, 

fixed in methanol for 10 minutes and stained with May-Grünwald & Giemsa (Merck, 
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Darmstadt, Germany). Per slide 100 leukocytes were counted and differentiated blindly 

by trained individuals.

Antibody measurements (ELISA)
Cell culture plates (96-well) were coated with E. coli 506 lysate, blocked with 5% BSA 

and incubated with chicken serum samples for 1.5 hours. Horse Radish Peroxidase (HRP) 

labeled anti-IgG or anti-IgM was used as a secondary antibody (1:2000, AbD Serotec, 

Kidlington, UK). Bound antibody was visualized with the TMB Substrate Reagent Set 

(BD Biosciences, San Jose, USA). Absorbance was measured at 450 nm in a microplate 

reader. Relative antibody concentrations were calculated based on a serial dilution curve 

of pooled serum samples. 

Histological analysis
Lung samples (n=11-13/group) were fixed in 4% formaldehyde for 24 hours and paraffin-

embedded. Paraffin sections of 5 µm were mounted on glass slides, deparaffinized and 

rehydrated for E. coli immunohistochemistry and Terminal Deoxynucleotidyl Transferase 

dUTP Nick End Labeling (TUNEL) stain. E. coli immunohistochemistry was performed 

using antiserum raised in rabbits against killed E. coli 506 18. To this end, lung sections 

were incubated for 30 min with 1% H2O2 in methanol to block endogenous peroxidase 

activity and subsequently blocked with 10% normal goat serum and 2.5% BSA for 1 

hour. After staining with E. coli antiserum (1:1000) for 1 hour, sections were incubated 

with the HRP labeled anti-rabbit polymer from the EnVision+ system (Dako, Glosstrup, 

Denmark). HRP staining was visualized by incubating the sections with diaminobenzidine 

(DAB) for 5-10 minutes. Sections were counterstained with haematoxylin, dehydrated 

and mounted with Pertex. TUNEL staining was performed to analyze the number of 

apoptotic cells in lungs. The assay was carried out as described by Horn et al (2012)19 

with modifications. Briefly, sections were incubated with 20 µg/ml proteinase K for 15 

min. Subsequently, endogenous peroxidase activity was blocked using 2% H2O2 in TBS. 

Sections were then blocked using 20% FCS and 1% BSA in TBS for 1 hour followed by 

incubation in Terminal Deoxynucleotidyl Transferase (TdT) buffer (0.2 M potassium 

cacodylate, 1 mM cobalt chloride, 25 mM Tris and 0.1% Triton X-100) for 15 min. Nick-end 

labeling was performed by incubating the slides with TdT (20 U/µl, Thermo Scientific, 

Waltham, USA) and biotinylated dUTP (1 mM, Roche, Mannheim, Germany) in TdT buffer 

for 1 hour at 37 °C. The labeling reaction was terminated by washing sections in TB buffer 

(0.3 M natrium chloride, 30 mM trisodium citrate). To visualize TUNEL labeled cells, 

sections were incubated with Avidin-Biotin complex (VectaStain Elite ABC Kit, Vector 

Laboratories, Burlingame, USA) for 30 min and subsequently with diaminobenzidine for 

5 min. Sections were counterstained with haematoxylin, dehydrated and mounted with 
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Pertex. TUNEL stained cells were analyzed using an ImageJ based plugin counting ten 

fields for each sample. 

Table 1. Real Time qPCR primers, probes, R2 and efficiency values.

Probes were labeled with 6-carboxyfluorescein (FAM) at the 5’ side and Black Hole Quencher-1 at the 

3’ side, R2 and efficiency values are average values over multiple qPCR runs. PCR program used: initial 

denaturation for 5 min at 95°C, followed by 40 cycles of 95°C for 20 seconds, 60°C for 30 seconds and 

72°C for 40 seconds.

Gene Sequence (5’-3’) R2 Efficiency (%)

GAPDH Forward GCCGTCCTCTCTGGCAAAG 0.967 94

Reverse TGTAAACCATGTAGTTCAGATCGATGA

Probe AGTGGTGGCCATCAATGATCCC

28S Forward GGCGAAGCCAGAGGAAACT 0.977 108

Reverse GACGACCGATTTGCACGTC

Probe AGGACCGCTACGGACCTCCACCA

AvBD9 Forward GCTGTTCTCTTCTTCCTC 0.968 84

Reverse CATGCAACAAAAGAGCAG

Probe TGCTCCAGCTTACAGCCAAGA

CATH-2 Forward TACAACCAACGGCCTGAG 0.935 101

Reverse CGAGCAGTCCCTGATGAC

Probe CTCCTTGAAGTCGCAGTCG

IL-1β Forward GCTCTACATGTCGTGTGTGATGAG 0.907 100

Reverse TGTCGATGTCCCGCATGA

Probe CCACACTGCAGCTGGAGGAAGCC

IL-6 Forward GTCGAGTCTCTGTGCTAC 0.840 98

Reverse GTCTGGGATGACCACTTC

Probe ACGATCCGGCAGATGGTGA

IL-8 Forward GCCCTCCTCCTGGTT TCA 0.920 103

(chCXCLi2) Reverse CGCAGCTCATTCCCCATCT

Probe TGCTCTGTCGCAAGGTAGGACGCTG

iNOS Forward CCAAGATCCAGAAATATTTGA 0.870 99

Reverse ACTCCTTAAACCACTCATA

Probe CGCCAGAGATTATCCTTGAAGTGC

MCP-3 Forward CTGGTGCTTCTCCTATGTTCAAC 0.975 136

(chCCLi7) Reverse ACACATATCTCCCTCCCTTTGTTG

Probe CTACTCCACTCCCATCCACCAGCATTG

RANTES Forward CCCTCTCCATCCTCCTGGTT 0.847 93

(chCCLi4) Reverse TATCAGCCCCAAACGGAGAT

Probe CCGCCCTCTTCCCTCAAGCCTC
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Real time qPCR
RNA was isolated using MagNA Lyser Green Beads and the High Pure RNA Tissue Kit 

(Roche, Mannheim, Germany) according to the manufacturer’s instructions. RNA purity 

was assessed by NanoDrop and integrity by running the RNA samples on an agarose gel. 

Isolated RNA was DNase treated (DNase I recombinant, Roche, Mannheim, Germany) 

and checked for residual DNA contamination by β-actin PCR on RNA. RNA (100 ng) was 

converted into cDNA in a 10 µl reaction using the iScript cDNA Synthesis Kit (BioRad, 

Hercules, USA) according to the kit’s instructions. Real time qPCR was performed in 

duplicate for each biological sample (using 5 µl of 10x diluted cDNA/reaction) using iQ 

Supermix (BioRad, Hercules, USA) in a final volume of 12.5 µl/reaction. Standard curves 

were generated by serial dilution of pooled cDNA from all experimental samples and were 

incorporated in all qPCR runs. Primers/probes sequences, qPCR conditions and R2 and 

efficiency values are depicted in Table 1. Fold changes of the target genes were calculated 

using the qBase+ analysis software (Biogazelle, Zwijnbeke, Belgium) and normalized 

against GAPDH and 28S expression 47.

Statistical analysis
Statistical analysis was performed using SPSS 22 software (IBM, Armonk, USA). 

Differences between treatment groups were evaluated using a one-way analysis of 

variance (ANOVA) or non-parametric Kruskal-Wallis test when data were non-normally 

distributed. A Chi-Square test was used to analyze differences in numbers of animals with 

an MLS>1 or positive for E. coli in blood and air sacs. Kaplan-Meier analysis was used to 

compare survival between groups. Differences were considered statistically significant if 

p<0.05. 

Results

CATH-2 derived peptides localize to gastro-intestinal and respiratory 
tract after in ovo injection
In the embryonated chicken egg, multiple fluid-filled compartments are present: the 

amniotic fluid, the allantoic fluid and the yolk sac. In this study, in ovo injection was aimed 

for the amniotic fluid to mimic the commercially used in ovo vaccination technique. To 

discover the distribution of in ovo injected peptides, fluorescently labeled CATH-2 analogs 

were injected into 18-day embryonated eggs. At 24 hours post injection, peptides, both 

FITC-D-CATH-2 and TAMRA-L-CATH-2, were found in the gastro-intestinal (GI) tract, the 

respiratory tract and on the skin of the embryos. Fluorescence was not detected in the 

tissues of embryos injected with buffer only. The observation of a thin layer of peptide 

covering the skin of the animals indicated peptide had indeed been administered into 
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the amniotic fluid, which surrounds the embryo. For both peptides, a large amount was 

seen in the glandular (proventriculus, Fig.1A) and muscular (gizzard) stomach. Labeled 

peptides were even visible macroscopically by the color of the stomach contents. In the 

duodenum, peptide could clearly be seen surrounding the villi (Fig.1B). Observations of 

peptides became more infrequent in distal parts of the GI tract. However, small fluorescent 

lumps were observed in the lumen of ileum, jejunum, cecum (Fig.1C) and colon. Neither 

of the peptides could be detected inside enterocytes or other cells of the intestinal wall. In 

the respiratory tract, peptides were found in the lumen of trachea and bronchi and spread 

throughout the entire lung, as far as the air capillaries (Fig.1D), the smallest anatomical 

Figure 1.

Localization of peptides 24 hours after in ovo injection. Peptides were labeled with fluorescein 

isothiocyanate (FITC) or carboxytetramethylrhodamine (TAMRA). Using fluorescent microscopy, 

peptides were found in great abundance in the upper GI tract (A. TAMRA-L-CATH-2 in proventriculus, 

B. FITC-D-CATH-2 in duodenum) and infrequently also in the more distal intestine (C. FITC-D-CATH-2 

in cecum). Peptides were found spread throughout the lung (D. TAMRA-D-CATH-2) and incidentally 

co-localized with macrophages (E,F. KUL01 green, TAMRA-L-CATH-2 red). Immunohistochemistry 

confirmed these results (G. TAMRA-L-CATH-2 in proventriculus, H. TAMRA-L-CATH-2 in lung). Small 

lumps of FITC-D-CATH-2 were found in the lumen of the bursa of Fabricius (I).

A B C

D E F

200 µm 200 µm 200 µm

100 µm 100 µm 50 µm

G H I200 µm 200 µm 200 µm
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Figure 2.

E. coli related mortality A., morbidity B. and bacterial counts in air sacs C. and blood D. at 7 days post 

challenge. Chickens were treated in ovo with 1 mg/kg bodyweight D-CATH-2 or i.m. at day of hatch and 

day 4 with 20 and 2.5 mg/kg bodyweight D-CATH-2. At 7 days post hatch, chickens were inoculated 

intratracheally with 107 CFU of E. coli 506. Morbidity is represented as Mean Lesion Score, the sum 

of gross pathology scored in air sacs, liver and pericardium (B). Dotted line indicates MLS=1, above 

which animals are considered colibacillosis positive (Table 2). Air sac swabs were plated on MacConkey/

Sheep Blood agar plates and colonies were counted after overnight incubation (C). Dotted line indicates 

CFU=5, above which animals are considered E. coli positive (Table 3). Blood (100 µl) was plated on 

MacConkey/Sheep Blood agar plates and colonies were counted after overnight incubation. Dotted 

line indicates CFU=5, above which animals are considered E. coli positive (Table 3). Mortality data were 

analyzed by the Kaplan-Meier method, morbidity results and E. coli counts in airsacs were analyzed by 

one-way ANOVA with a Games-Howell post-hoc test for non-equal variances. E. coli counts in blood 

were analyzed by the non-parametric Kruskal-Wallis method. ** = p<0.01, *** = p<0.001
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Figure 3.

Leukocyte counts in peripheral blood at 2 days post E. coli challenge based on blood smear analysis. 

A. leukocytes, B. heterophils, C. lymphocytes, D. monocytes. Data were analyzed by one-way ANOVA 

with a Tukey post-hoc test. * = p<0.05, ** = p<0.01, *** = p<0.001
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Table 2. Number of animals with colibacillosis (MLS>1) at 7 days post E. coli challenge

Data were analyzed by a Chi-Square test. * = p<0.05, ** = p<0.01, compared to infected

Group Colibacillosis positive

uninfected 0% (0/41)

infected 66% (27/41)

+ in ovo D-CATH-2 32% (13/41) **

+ i.m. D-CATH-2 41% (17/41) *
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unit of the avian lung. As in the GI tract, peptide localization was mostly extracellular. 

Yet, staining of lung sections with a monocyte/macrophage (α-KUL01) antibody indicated 

that uptake of peptides by mononuclear phagocytes incidentally occurred (Fig.1E,F). The 

location of peptides found with fluorescence microscopy was confirmed and elucidated 

by analysis of tissue sections with immunohistochemistry (Fig.1G,H). Using this 

technique, it was possible to show presence of FITC-D-CATH-2 in the lumen of the bursa 

of Fabricius and uptake by the bursal epithelium (Fig.1I). In the bursa TAMRA-L-CATH-2 

could not be detected, but overall localization of the L- and D-version of the peptide was 

similar. 

Protection against E. coli induced mortality and morbidity after 
D-CATH-2 treatment
To determine the effect of D-CATH-2 administration on the outcome of a respiratory 

E. coli challenge, mortality was recorded for 7 days after infection and morbidity was 

evaluated in surviving birds at 7 days post infection (p.i.). In the uninfected animals, no 

mortality was seen. In the untreated challenged group, 27% of the chickens died within 

7 days p.i (Fig.2A). Mortality was not significantly reduced by in ovo or intramuscular 

D-CATH-2 treatment, though at 7 days p.i., 30% less animals had died in the in ovo 

D-CATH-2 treated group (p=0.155). E. coli associated morbidity was analyzed by 

assigning a Mean Lesion Score (MLS). Chickens treated in ovo with D-CATH-2 showed a 

drastically decreased morbidity compared to the untreated infected animals (p=0.001, 

Fig.2B). The group of chickens treated i.m. with D-CATH-2 showed a trend towards a 

lower MLS (p=0.055). In addition to decreased severity of lesions, both D-CATH-2 

treatments significantly (p=0.004 and p=0.046 respectively) reduced the number of 

chickens with colibacillosis lesions (MLS>1, Table 2). 

Decreased E. coli colonization of air sacs after in ovo D-CATH-2 
administration
The observed reduction of mortality and morbidity by D-CATH-2 treatment is expected 

to correlate with decreased bacterial colonization. Therefore, air sac swabs and blood 

samples were analyzed for the presence of E. coli. Thoracic air sacs were heavily colonized 

by E. coli at 7 days p.i. in untreated infected birds. Air sac colonization was greatly reduced 

for in ovo peptide treated birds, but not for animals treated i.m. with D-CATH-2 (p=0.002 

and p=0.307 respectively, Fig.2C). Also, the number of animals with a positive air sac swab 

(CFU>5) was significantly lower in the in ovo D-CATH-2 treated chickens compared to 

untreated infected animals (p=0.004, Table 3). In contrast, the number of animals with 

E. coli positive air sacs was significantly higher in the group treated i.m. with D-CATH-2 

(p=0.011). In peripheral blood samples, E. coli numbers were generally low at 7 days 
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post infection (Fig.2D). E. coli numbers in blood at 7 days p.i. showed a trend towards 

decrease (p=0.094) in the in ovo D-CATH-2 treated group. Similar to the results for air sac 

colonization, the number of chickens with E. coli positive blood cultures was significantly 

lower in the group treated in ovo with D-CATH-2 compared to the untreated infected 

animals (p=0.014, Table 3).

Table 3. Number of animals with positive air sac swab and blood cultures (CFU>5/plate) at 7 days post 

E. coli challenge.

Data were analyzed by a Chi-Square test. * = p<0.05, ** = p<0.01 compared to infected

Group Air sacs Blood

uninfected 13% (5/41) 0% (0/41)

infected 49% (20/41) 22% (9/41)

+ in ovo D-CATH-2 17% (7/41) ** 2% (1/41) *

+ i.m. D-CATH-2 78% (32/41) * 15% (6/41)
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Figure 4.

E. coli specific antibody levels in serum at 7 days post challenge. Antibodies were measured using an 

ELISA. A. IgM, B. IgG. Relative concentrations were calculated based on a standard curve of pooled 

serum samples. Data were analyzed by one-way ANOVA using a Games-Howell post-hoc test for non-

equal variances for IgM results and a Tukey post-hoc test for IgG results. ** = p<0.01, *** = p<0.001
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Figure 5.

Histological parameters of lungs at 2 days post E. coli challenge. A. representative example of 

immunohistochemical staining of E. coli in lung of an infected animal (200x). B. percentage of apoptotic 

cells in lungs as determined by TUNEL assay. Data were analyzed by one-way ANOVA using a Tukey 

post-hoc test. C. representative example of TUNEL stain in lung of an infected animal (400x). 

Figure 6.

Immune related gene expression measured at 2 days post E. coli challenge by qPCR. Expression was 

calculated relative to the uninfected group. Geometric means are displayed. A. iNOS in lung, B. MCP-3 

in lung, C. CATH-2 in spleen. Data were analyzed by one-way ANOVA with a Tukey post-hoc test. * = 

p<0.05, ** = p<0.01, *** = p<0.001.
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Figure 7.

Immune related gene expression in lung measured at 2 days post E. coli challenge by qPCR. Expression 

was calculated relative to the  uninfected group. Geometric means are displayed. A. AvBD9, B. CATH-2, 

C. IL-8 and D. RANTES. Data were analyzed by one-way ANOVA with a Tukey post-hoc test.
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Increased leukocyte and heterophil numbers in blood of D-CATH-2 
treated animals
Peripheral blood smears were prepared to examine the influence of E. coli infection 

and D-CATH-2 treatment on total leukocyte counts and leukocyte populations. E. coli 

infection did not affect the total number of leukocytes or heterophils but significantly 

decreased lymphocyte counts (p=0.016, Fig.3). Animals treated in ovo with D-CATH-2 

showed an increased total number of leukocytes (p=0.047) and heterophils (p=0.004) 

and prevented E. coli induced lymphopenia (p=0.0002). To a lesser extent intramuscular 

D-CATH-2 treatment exhibited a similar effect on the heterophil (p=0.015) and lymphocyte 

populations (p=0.021), but did not augment the number of total leukocytes. Monocyte 

numbers were not significantly affected by infection or treatment (Fig.3D).

Antibody levels after E. coli challenge
As antibodies were previously shown to be protective in avian E. coli infection21, 22, E. coli 

specific antibody levels were measured in serum at 7 days post challenge to look at the 

effect of D-CATH-2 treatment on humoral immunity. Infection with E. coli led to increased 

IgM levels (p=0.0004), but did not significantly augment IgG production (Fig.4). In contrast, 

in ovo and intramuscular D-CATH-2 treatments significantly increased both IgM (p=0.007) 

and IgG levels (p=0.001) at 7 days p.i. compared to uninfected animals. The level of IgM 

antibodies seemingly decreased in animals treated in ovo with D-CATH-2 compared to 

the untreated infected group (p=0.248). Significantly higher levels of IgM antibodies were 

seen in the i.m. treated group compared to the in ovo treated group (p=0.00006, Fig.4A). 

Histological parameters in the lung after E. coli challenge
Pathology of the E. coli infection was evaluated in the lungs of the chickens at 2 days p.i. 

Presence of E. coli in the lungs was determined by immunohistochemistry, the number of 

apoptotic cells was analyzed using the TUNEL assay. E. coli staining demonstrated that 

at 2 days post infection bacteria were present in the lungs of approximately 50% of the 

infected animals, independent of treatment. Bacteria were mostly found in areas of the 

lung with clear signs of histopathology such as congestion and leukocyte influx (Fig.5A). 

The number of apoptotic cells was low and not significantly different between infected 

and non-infected animals (p=0.133, though in a few infected animals areas with increased 

apoptotic cell numbers were found (Fig.5B). Similar to E. coli localization, large numbers 

of apoptotic cells were only found in areas with clear histopathology (Fig.5C).



109

Protective effect of in ovo D-CATH-2 against E. coli

4
Immune gene expression in lung and spleen after E. coli challenge
Expression of innate immune related genes previously shown to be important in avian E. 

coli infections or in effects of HDPs was measured by qPCR in lung and spleen of chickens at 

2 days post E. coli challenge23,24. Expression in general showed large inter-animal variation 

and little difference between treatment groups. E. coli infection significantly increased 

expression of inducible nitric oxid synthase (iNOS, p=0.027) and the chemokine MCP-

3 (p=0.002) in the lung and expression of endogenous CATH-2 (p=0.044) in the spleen 

(Fig.6). No difference was apparent between non-treated and D-CATH-2 treated animals. 

Expression of several other innate immune related genes such as the β-defensin AvBD9 

and chemokines RANTES and IL-8 in the lung and IL-1β and IL-6 in the spleen were not 

significantly altered by infection or D-CATH-2 treatment (Figures 7 and 8). 

Discussion

In the present work we report that an analog of the chicken Host Defense Peptide CATH-2 

was able to protect young chickens against E. coli induced mortality and morbidity. These 

results show that peptides based on D-CATH-2 and HDPs in general have the potential to 

be developed as new anti-infective drugs. 

In this study, we used in ovo injection of D-CATH-2. In ovo administration of vaccines 

is common practice in hatcheries around the world to protect chickens against viral 

Figure 8.

Immune related gene expression in spleen measured at 2 days post E. coli challenge by qPCR. Expression 

was calculated relative to the uninfected group. Geometric means are displayed. A. AvBD9, B. IL-1β, C. 

IL-6. Data were analyzed by one-way ANOVA with a Tukey post-hoc test.
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infections such as Marek’s disease, Newcastle disease and infectious bursal disease25. 

The technique has many advantages compared to posthatch vaccination including 

earlier protection, reduced stress of the chicks and lower costs of administration. These 

advantages have made researchers look at the opportunities of administrating other 

substances beyond vaccines to benefit poultry health. In ovo trials have been conducted 

among others with (micro)nutrients, interleukins and CpG-ODN26-28. In ovo injection at the 

18-day embryonated stage is aimed towards deposition in the amniotic fluid surrounding 

the embryo which is taken up by the developing chick towards the end of incubation29. 

Because the characteristics of injected substances influence their ultimate anatomical 

location30, we determined the localization of CATH-2 analogs after in ovo injection. 

Both CATH-2 analogs were detected in the gastro-intestinal and respiratory tract of the 

embryos. These results clearly show how the peptides are imbibed with the amniotic 

fluid by the embryo and prove in ovo injected peptides can reach and influence these 

two anatomical systems. Localization was largely similar for both CATH-2 analogs, the 

L-peptide and the protease resistant D form. This indicates that possible breakdown of 

the L-analog does not prevent this peptide from reaching tissues to be affected. Cellular 

uptake by the epithelial cells lining the GI and respiratory tract of L- or D-CATH-2 could not 

be detected. However, uptake was incidentally shown for KUL01 positive cells in the lung 

and epithelial cells in the bursa. Uptake of these CATH-2 analogs by chicken macrophages 

was previously shown in vitro31.

In this study we used a well-described intratracheal model which mimics the natural 

infection route of E. coli in chickens18. We were able to show that D-CATH-2 is able to 

partially protect young chicks from E. coli related morbidity with in ovo administration 

being more efficient compared to i.m. administration after hatch. Previously, we showed 

that CATH-2 analogs efficiently kill E. coli in vitro14, 17. In the experiment described here,  

E. coli numbers were decreased in the air sacs of the D-CATH-2 treated groups. However, 

direct antibacterial action is very unlikely in this model. With the small amount of peptide 

administered in the eggs (0.022 mg/egg) and the rapid increase of bodyweight of the chick 

(over 8 times between an 18 day old embryo and a 7 day old chick) the concentration 

of peptide still present in the organs would be extremely low at the moment of E. coli 

challenge. In our opinion a more likely hypothesis is that D-CATH-2 is able to modulate the 

immune system, resulting in a better protection against future infections. Recent studies 

in our group have shown strong immunomodulatory activity of CATH-2 analogs in vitro23. 

Despite a different structural conformation, D- analogs of HDPs have been shown to have 

similar immunomodulatory effects to native L-peptides on several occasions32, 33, possibly 

by activating signaling cascades through a receptor-independent effect on the host cell 

membrane. The concept of HDP analogs as immune modulators that are able to protect 
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against infection was conclusively shown for the innate defense regulator peptide IDR-134. 

In addition, in ovo injection of immunostimulatory CpG-ODN showed protective effects 

against multiple bacterial pathogens again showing that immunomodulation, even at 

this early age, can be a powerful prophylactic tool28, 35. The challenges in these studies (E. 

coli and Salmonella) were given at 1 or 2 days posthatch. In the study reported here, we 

show that D-CATH-2 shows protective action at least up until 7 days posthatch, for broiler 

chickens a significant part of their lifespan. 

In the case of mortality, morbidity as well as bacteriological parameters, in ovo 

administration of D-CATH-2 was more efficient at protecting the animals compared to 

i.m. administration after hatch, even though D-CATH-2 concentration was lower for in 

ovo administration. Similarly, protection against Marek’s disease improved when chicks 

were vaccinated in ovo compared to vaccination at the day of hatch as the earlier exposure 

to antigen led to higher antibody titers by the time of challenge36, 37. The earlier exposure 

might also be a factor in the success of in ovo administration of D-CATH-2 in this study 

as in ovo administered peptide could affect the maturation of the immune system or 

the colonization of mucosal surfaces by microbiota directly after hatch, a window of 

opportunity which i.m. administration after hatch might miss. Alternatively, in ovo 

administered D-CATH-2 can lead to better protection of mucosal surfaces compared 

to i.m. injection which will generate a more systemic response. Immunostimulatory 

CpG-ODN was also reported to protect against bacterial infections both after in ovo 

and posthatch i.m. administration; however, the two modes of administration were not 

compared in the same study here28, 35. 

From vaccine research it is clear that the administration route of vaccines not only affects 

the magnitude of antibody response but also the type of immunity38. In our study IgG 

levels against E. coli were increased by both peptide treatments while IgM levels were 

significantly lower in in ovo treated animals compared to chicks that received D-CATH-2 

i.m. As in ovo administered D-CATH-2 was shown to reach the bursa, the dedicated organ 

for B cell development in birds, a direct influence of the peptide on B cells is a possibility. 

The influence of HDPs on the adaptive immune system and B cells in particular has not 

been investigated extensively and results are somewhat contradictory. Serum IgG levels 

after vaccination of mice with ovalbumin were found to increase if the mouse cathelicidin 

CRAMP was co-administered39. A similar effect was reported for chicken CATH-1 injection 

in mice40. However, an enhanced antibody response to TNP-ovalbumin was also observed 

for CRAMP knockout mice41. Clearly, further investigation is needed to determine whether 

or not D-CATH-2 directly influences antibody production or if the differences in IgM levels 

are an indirect result of the partial protection. 
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Leukocyte numbers in blood were analyzed to obtain insight into the mechanisms  

behind the protective effect of D-CATH-2 and effects on multiple cell populations 

were observed. In the untreated infected group decreased lymphocyte numbers were 

observed, but no effect on total leukocytes and heterophils was seen, similar to the 

blood picture after E. coli challenge as described by Iseri et al42 and indicative of the 

immunosuppression which has been ascribed to E. coli infections in chickens43. In ovo 

D-CATH-2 treatment caused an increase in total leukocyte numbers and both D-CATH-2 

treatments counteracted infection-induced lymphopenia and increased heterophil 

numbers. Surprisingly however, very little effect was seen on monocyte numbers by both 

infection and treatment. The results in the D-CATH-2 treatment groups could partly be 

attributed to the decreased severity and thus reduced immunosuppression of infection in 

these animals although some differences, such as the increased leukocyte numbers point 

to an independent, treatment-related effect. CATH-2 and many other HDPs are known to 

induce chemokine expression in immune cells23,40. Chemotaxis and increased leukocyte 

recruitment to the site of infections were shown to be the main mechanism behind the anti-

infective effect of the synthetic cationic peptide IDR-100244. A similar importance might 

very well be attributed to increased leukocyte numbers in the D-CATH-2 treated animals. 

Alternatively, D-CATH-2 might affect leukocyte production in bone marrow, either already 

in the native animals or only in response to infection. This would be in line with a recent 

study showing an increase in leukocytes in zebrafish embryos treated with D-CATH-245. 

Though cathelicidins have been shown to influence the differentiation of multiple types of 

leukocytes, influence on production of these cells has not been described as such46, 47. The 

human cathelicidin LL-37 was however shown to positively influence recovery of white 

blood cell and platelet counts after irradiation for bone marrow transplantation48.

In conclusion, we have shown that the HDP analog D-CATH-2 is able to partially protect 

young broiler chickens against E. coli infection and that in ovo injection of D-CATH-2 is 

more successful compared to posthatch administration. Results of leukocyte counts and 

antibody measurements give a first insight into the possible mechanisms involved in this 

protection. D-CATH-2 seems able to modulate the chicken’s immune defenses, without 

causing a potentially harmful excessive inflammatory response. The results presented 

here are an important step in the search for alternatives to antibiotics and show that in ovo 

injection of HDP analogs can be a feasible means of infection control in the poultry sector.



113

Protective effect of in ovo D-CATH-2 against E. coli

4

References

1.  Sang, Y. & Blecha, F. Porcine host defense 

peptides: expanding repertoire and 

functions. Dev. Comp. Immunol. 33, 334-

343 (2009).

2.  Larrick, J. W., Hirata, M., Zhong, J. & Wright, 

S. C. Anti-microbial activity of human 

CAP18 peptides. Immunotechnology 1, 65-

72 (1995).

3.  Choi, K. Y., Chow, L. N. & Mookherjee, 

N. Cationic host defence peptides: 

multifaceted role in immune modulation 

and inflammation. J. Innate Immun. 4, 361-

370 (2012).

4.  Cuperus, T., Coorens, M., van Dijk, A. 

& Haagsman, H. P. Avian host defense 

peptides. Dev. Comp. Immunol. 41, 352-

369 (2013).

5.  Barnes, J. H., Nolan, L. K. & Vaillancourt, J. 

in Diseases of Poultry (ed Saif, Y. M. et al.) 

691-732 (Blackwell, Hoboken, NJ, 2008).

6.  Olsen, R. H., Frantzen, C., Christensen, H. 

& Bisgaard, M. An investigation on first-

week mortality in layers. Avian Dis. 56, 51-

57 (2012).

7.  Gyles, C. L. Antimicrobial resistance in 

selected bacteria from poultry. Anim. 

Health. Res. Rev. 9, 149-158 (2008).

8.  Bedran, T. B., Mayer, M. P., Spolidorio, 

D. P. & Grenier, D. Synergistic anti-

inflammatory activity of the antimicrobial 

peptides human beta-defensin-3 (hBD-

3) and cathelicidin (LL-37) in a three-

dimensional co-culture model of gingival 

epithelial cells and fibroblasts. PLoS One 

9, e106766 (2014).

9.  Wang, Y. et al. Cathelicidin-BF, a snake 

cathelicidin-derived antimicrobial 

peptide, could be an excellent therapeutic 

agent for acne vulgaris. PLoS One 6, 

e22120 (2011).

10.  De Brucker, K. et al. Derivatives of the 

mouse cathelicidin-related antimicrobial 

peptide (CRAMP) inhibit fungal and 

bacterial biofilm formation. Antimicrob. 

Agents Chemother. 58, 5395-5404 (2014).

11.  Tomasinsig, L. et al. Broad-spectrum 

activity against bacterial mastitis 

pathogens and activation of mammary 

epithelial cells support a protective role of 

neutrophil cathelicidins in bovine mastitis. 

Infect. Immun. 78, 1781-1788 (2010).

12.  Veldhuizen, E. J., Brouwer, E. C., 

Schneider, V. A. & Fluit, A. C. Chicken 

cathelicidins display antimicrobial activity 

against multiresistant bacteria without 

inducing strong resistance. PLoS One 8, 

e61964 (2013).

13.  van Dijk, A. et al. Identification of chicken 

cathelicidin-2 core elements involved in 

antibacterial and immunomodulatory 

activities. Mol. Immunol. 46, 2465-2473 

(2009).

14.  Molhoek, E. M. et al. Chicken cathelicidin-

2-derived peptides with enhanced 

immunomodulatory and antibacterial 

activities against biological warfare 

agents. Int. J. Antimicrob. Agents 36, 271-

274 (2010).



114

15.  Molhoek, E. M., van Dijk, A., Veldhuizen, 

E. J., Haagsman, H. P. & Bikker, F. 

J. Improved proteolytic stability of 

chicken cathelicidin-2 derived peptides 

by D-amino acid substitutions and 

cyclization. Peptides 32, 875-880 (2011).

16.  van Eck, J. H. & Goren, E. An Ulster 2C 

strain-derived Newcastle disease vaccine: 

vaccinal reaction in comparison with other 

lentogenic Newcastle disease vaccines. 

Avian Pathol. 20, 497-507 (1991).

17.  van Dijk, A. et al. Chicken heterophils 

are recruited to the site of Salmonella 

infection and release antibacterial mature 

Cathelicidin-2 upon stimulation with LPS. 

Mol. Immunol. 46, 1517-1526 (2009).

18.   Dwars, R. M. et al. Progression of lesions 

in the respiratory tract of broilers after 

single infection with Escherichia coli 

compared to superinfection with E. coli 

after infection with infectious bronchitis 

virus. Vet. Immunol. Immunopathol. 127, 

65-76 (2009).

19.   Horn, F. et al. Infections with avian 

pathogenic and fecal Escherichia coli 

strains display similar lung histopathology 

and macrophage apoptosis. PLoS One 7, 

e41031 (2012).

20.   Vandesompele, J. et al. Accurate 

normalization of real-time quantitative 

RT-PCR data by geometric averaging of 

multiple internal control genes. Genome 

Biol. 3, RESEARCH0034 (2002).

21.   Kariyawasam, S., Wilkie, B. N. & Gyles, C. L. 

Resistance of broiler chickens to Escherichia 

coli respiratory tract infection induced by 

passively transferred egg-yolk antibodies. 

Vet. Microbiol. 98, 273-284 (2004).

22.   Leitner, G., Melamed, D., Drabkin, 

N. & Heller, E. D. An enzyme-linked 

immunosorbent assay for detection 

of antibodies against Escherichia 

coli: association between indirect 

hemagglutination tet and survival. Avian 

Dis. 34, 58-62 (1990).

23.   van Dijk, A. et al. Immunomodulatory and 

Anti-Inflammatory Activities of Chicken 

Cathelicidin-2 Derived Peptides. PLoS One 

11, e0147919 (2016).

24.   Ariaans, M. P. et al. The role of phagocytic 

cells in enhanced susceptibility of 

broilers to colibacillosis after Infectious 

Bronchitis Virus infection. Vet. Immunol. 

Immunopathol. 123, 240-250 (2008).

25.   Ricks, C. A. et al. In ovo vaccination 

technology. Adv. Vet. Med. 41, 495-515 

(1999).

26.   Lee, S. H. et al. Effects of in ovo injection 

with selenium on immune and antioxidant 

responses during experimental necrotic 

enteritis in broiler chickens. Poult. Sci. 93, 

1113-1121 (2014).

27.   Annamalai, T. & Selvaraj, R. K. Effects 

of in ovo interleukin-4-plasmid injection 

on anticoccidia immune response in a 

coccidia infection model of chickens. 

Poult. Sci. 91, 1326-1334 (2012).

28.   Taghavi, A. et al. Protection of neonatal 

broiler chicks against Salmonella 

Typhimurium septicemia by DNA 

containing CpG motifs. Avian Dis. 52, 398-

406 (2008).

29.   Romanoff, A. L. Membrane growth and 

function. Ann. N. Y. Acad. Sci. 55, 288-301 

(1952).



115

Protective effect of in ovo D-CATH-2 against E. coli

4

30.  Jochemsen, P. & Jeurissen, S. H. The 

localization and uptake of in ovo injected 

soluble and particulate substances in the 

chicken. Poult. Sci. 81, 1811-1817 (2002).

31.  Coorens, M., van Dijk, A., Bikker, F., 

Veldhuizen, E. J. & Haagsman, H. P. 

Importance of Endosomal Cathelicidin 

Degradation To Enhance DNA-Induced 

Chicken Macrophage Activation. J. 

Immunol. 195, 3970-3979 (2015).

32.  Braff, M. H. et al. Structure-function 

relationships among human cathelicidin 

peptides: dissociation of antimicrobial 

properties from host immunostimulatory 

activities. J. Immunol. 174, 4271-4278 

(2005).

33.  Kindrachuk, J. et al. Stability, Toxicity, 

and Biological Activity of Host Defense 

Peptide BMAP28 and Its Inversed and 

Retro-Inversed Isomers. Biopolymers 96, 

14-24 (2011).

34.  Scott, M. G. et al. An anti-infective peptide 

that selectively modulates the innate 

immune response. Nat. Biotechnol. 25, 

465-472 (2007).

35.  Gomis, S. et al. Protection of neonatal 

chicks against a lethal challenge of 

Escherichia coli using DNA containing 

cytosine-phosphodiester-guanine motifs. 

Avian Dis. 48, 813-822 (2004).

36  Sharma, J. M. & Burmester, B. R. 

Resistance to Marek’s disease at hatching 

in chickens vaccinated as embryos with 

the turkey herpesvirus. Avian Dis. 26, 134-

149 (1982).

37.  Sharma, J. M., Lee, L. F. & Wakenell, 

P. S. Comparative viral, immunologic, 

and pathologic responses of chickens 

inoculated with herpesvirus of turkeys as 

embryos or at hatch. Am. J. Vet. Res. 45, 

1619-1623 (1984).

38.  Belyakov, I. M. & Ahlers, J. D. What role 

does the route of immunization play in the 

generation of protective immunity against 

mucosal pathogens? J. Immunol. 183, 

6883-6892 (2009).

39.  Kurosaka, K., Chen, Q., Yarovinsky, F., 

Oppenheim, J. J. & Yang, D. Mouse 

cathelin-related antimicrobial peptide 

chemoattracts leukocytes using formyl 

peptide receptor-like 1/mouse formyl 

peptide receptor-like 2 as the receptor and 

acts as an immune adjuvant. J. Immunol. 

174, 6257-6265 (2005).

40.  Bommineni, Y. R., Pham, G. H., Sunkara, 

L. T., Achanta, M. & Zhang, G. Immune 

regulatory activities of fowlicidin-1, a 

cathelicidin host defense peptide. Mol. 

Immunol. 59, 55-63 (2014).

41.  Kin, N. W., Chen, Y., Stefanov, E. K., Gallo, 

R. L. & Kearney, J. F. Cathelin-related 

antimicrobial peptide differentially 

regulates T- and B-cell function. Eur. J. 

Immunol. 41, 3006-3016 (2011).

42.  Iseri, V. J. & Klasing, K. C. Dynamics of 

the systemic components of the chicken 

(Gallus gallus domesticus) immune system 

following activation by Escherichia coli; 

implications for the costs of immunity. 

Dev. Comp. Immunol. 40, 248-257 (2013).



116

43.  Nakamura, K., Imada, Y. & Maeda, 

M. Lymphocytic depletion of bursa 

of Fabricius and thymus in chickens 

inoculated with Escherichia coli. Vet. 

Pathol. 23, 712-717 (1986).

44.  Nijnik, A. et al. Synthetic cationic peptide 

IDR-1002 provides protection against 

bacterial infections through chemokine 

induction and enhanced leukocyte 

recruitment. J. Immunol. 184, 2539-2550 

(2010).

45.  Schneider, V. A. et al. Prophylactic 

administration of chicken cathelicidin-2 

boosts zebrafish embryonic innate 

immunity. Dev. Comp. Immunol. 60, 108-

114 (2016). 

46.  van der Does, A. M. et al. LL-37 directs 

macrophage differentiation toward 

macrophages with a proinflammatory 

signature. J. Immunol. 185, 1442-1449 

(2010).

47.  Davidson, D. J. et al. The cationic 

antimicrobial peptide LL-37 modulates 

dendritic cell differentiation and dendritic 

cell-induced T cell polarization. J. Immunol. 

172, 1146-1156 (2004).

48.  Wu, W. et al. The bone marrow-expressed 

antimicrobial cationic peptide LL-

37 enhances the responsiveness of 

hematopoietic stem progenitor cells 

to an SDF-1 gradient and accelerates 

their engraftment after transplantation. 

Leukemia 26, 736-745 (2012).

 



117

5

Chapter 5
In ovo administration of chicken cathelicidin-2: 
localization by PET/CT imaging of Zirconium-89 
labeled peptide and protection against a 
systemic Salmonella Enteritidis infection

Albert van Dijk1*, Tryntsje Cuperus1*, John A.W. Kruijtzer2, Janine Doorduin3,

Jason Marsouvanidis3, Philip H. Elsinga3, Gerben M. Visser1†, Henk P. Haagsman1

1 Department of Infectious Diseases and Immunology, Faculty of Veterinary Medicine, 

Utrecht University, Utrecht, The Netherlands, 2 Department of Medicinal Chemistry and 

Chemical Biology, Faculty of Science, Utrecht University, Utrecht, The Netherlands, 
3 Department of Nuclear Medicine and Molecular Imaging, University Medical Center 

Groningen, Groningen, The Netherlands, †Deceased. 

* These authors contributed equally to this work

In preparation



118

Abstract

Peptides based on endogenous cathelicidins have the potential to be developed as 

alternatives to antibiotics. To help drug development, data on tissue distribution 

and in vivo efficacy are of great importance. In this study we used positron emission 

tomography and computed tomography to follow the distribution of Zirconium-89 

labeled chicken cathelicidin 2 (CATH-2) for 48 hours after in ovo injection in chicken 

embryos. Uptake of the peptide by the embryo was seen from 4 hours post injection 

onwards followed by accumulation in the gastrointestinal and respiratory tract. The 

efficacy of in ovo injection of the D-analog of CATH-2 was tested against a systemic 

Salmonella Enteritidis infection at 3 days posthatch. D-CATH-2 was shown to protect 

young chickens against Salmonella-induced mortality and morbidity. An additional 

intramuscular injection of D-CATH-2 did not increase the protective effect. Our 

results show that peptides based on CATH-2 are interesting candidates for further 

investigation of prophylactic anti-infective effects. 

Introduction

The development of peptide therapeutics has notably expanded since the late 1990s 

and now forms an increasingly important pipeline for the discovery of new drugs by the 

pharmaceutical industry. Peptides and peptide conjugates have been designed to target 

a variety of diseases. Examples of recently FDA approved peptide-based drugs are 

Surfaxin® to treat respiratory distress syndrome, ByDureon®, to treat type 2 diabetics, 

Omontys®, for treatment of anemia in chronic kidney disease, Gattex®, for short bowel 

syndrome and Signofor® to treat Cushing’s disease1. Additionally, developments in 

peptide design have revived an interest in the use of synthetic peptides for the prevention 

or treatment of infectious diseases2-4. For this purpose, peptides based on cationic host 

defense peptides (HDPs, cathelicidins and defensins) are particularly interesting. Like 

bacterial TLR ligands, HDPs have the potential to boost innate immunity, but do not 

seem to drive uncontrolled inflammation5. Cathelicidins and peptides derived thereof 

have demonstrated immunomodulatory activities, such as LPS neutralization, monocyte 

recruitment and promotion of antigen uptake and presentation by APCs6-9. Importantly, 

HDP derived peptides are able to confer in vivo protection in murine infection models 

through immunomodulatory mechanisms10, 11. To move forward in the development of 

HDP based peptides as drugs, it is essential to gain insight into tissue distribution and 

pharmacokinetics and collect in vivo efficacy data in realistic models of infection. Here, 

we present a combined in vivo distribution and efficacy study of the chicken cathelicidin 

CATH-2. Distribution of the peptide after in ovo injection was followed for 48 hours with an 
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innovative positron emission tomography and computed tomography (PET/CT) protocol 

using Zirconium-89 (89Zr) labeled CATH-2. Efficacy of the stable D-analog of CATH-2 

(D-CATH-2) was tested in a model of systemic Salmonella Enteritidis infection in young 

chicks.

Material and methods

Peptide synthesis
CATH-2 (RFGRFLRKIRRFRPKVTITIQGSARF-NH2) and its full D-analog (D-CATH-2) were 

synthesized by manual solid phase synthesis using Fmoc chemistry and purified to >95% 

purity by RP-HPLC at the Faculty of Science, Utrecht University  (Utrecht, The Netherlands) 

or the Academic Center for Dentistry (ACTA, Amsterdam, The Netherlands)

Chelate coupling
Trinitrophenyl-N-succinate-desferal-Fe ester (TFP-N-suc-DFO) was synthesized as 

described before12 and subsequently purified on a solid phase extraction cartridge. The TNF-

N-suc-DFO ester was N-terminally coupled to the peptide, while still attached to the column 

matrix. Bound iron was removed from the chelator binding pocket using 8-hydroquinoline 

dissolved in chloroform after which the peptide conjugate was deprotected and cleaved 

from the solid phase with trifluoroacetic acid/triisopropylsilane /water at a ratio of 

95/2.5/2.5. The final product was lyophilized and reconstituted in HPLC grade water. Purity 

was confirmed through analysis by RP-HPLC and MALDI-TOF mass spectrometry.

Radiolabeling
Radiolabeling was initiated by dissolving 89Zr-oxalate (25-30 MBq, Perkin-Elmer, 

Groningen, The Netherlands) in 50 µl saline (0.9% NaCl) and adding Na2CO3 (2 M) until a 

pH of 4.5 was reached. After a brief incubation at room temperature to dissociate Zr ions 

from oxalate, 150 µl HEPES (0.1 M) was added to adjust pH to 7.0. Finally, DFO-CATH-2 

peptide conjugate (100 µg) was added to the 89Zr mixture and incubated for 30 minutes 

in a thermomixer at 550 rpm at room temperature. Subsequently, the reaction mixture 

was separated on an Oasis pre-activated HLB column (Waters Corporation, Milford, 

MA, USA) using a 20% formic acid solution in ethanol. The eluent was concentrated to a 

small volume (≈10-20 µl) under a gentle N2 flux at 35 °C. After dilution with PBS, purity 

and labeling of the peptide was confirmed through analysis by RP-HPLC and Thin Layer 

Chromatography.
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Strain
An avian pathogenic Salmonella enterica serovar Enteritidis field isolate (phage type 13a, 

SE) was supplied by Zoetis (Kalamazoo, MI, USA). Overnight bacterial cultures were grown 

from frozen stocks in tryptic soy broth (Oxoid, Basingstoke, UK), pelleted by centrifugation 

and diluted in Dulbecco’s phosphate buffered saline (Invitrogen, Waltham, MA, USA) to 

6.7x107 CFU/ml. Prepared bacterial suspensions were back titrated to estimate CFU counts 

in inoculates.

Animals
All animal experiments were performed according to protocols approved by the Dutch 

experimental animal committee (DEC). Fertilized eggs from Ross 308 broilers chickens 

were obtained from a commercial hatchery (Probroed & Sloot, Meppel, The Netherlands). 

Posthatch, chickens were housed in groups in wire cages and fed a commercial broiler 

diet ad libitum.

In vivo experiment I: localization of peptides
Three days before hatch, at 18 days of embryonic development, 89Zr-DFO-CATH-2 peptide 

conjugate (3 MBq, dissolved in PBS) was injected in ovo (n=4). Radiolabeled CATH-2 was 

injected manually into the amniotic fluid using a 1 inch, 21G needle. The eggs were scanned 

by static PET followed by CT at 10 min and 4, 24 and 48 hours post injection. In between 

scans eggs were incubated in a Thermo-star 150 egg incubator (J.Hemel Brutgeräte, Verl, 

Germany) at 37.8 °C and a relative humidity of 60-65%. At 48 hours post injection, chicken 

embryos were sacrificed by decapitation under isoflurane anesthesia and organs were 

dissected for ex vivo biodistribution.

PET imaging and ex vivo biodistribution
PET scans were performed using a small animal PET camera (Focus 220, Siemens Medical 

Solutions, Erlangen, Germany). The eggs were positioned in the center of the field of  

view. A transmission scan of 515 seconds with a C-57 points source was made for the 

correction of scatter and attenuation by tissue followed by an emission scan of 30 min. 

Subsequently, eggs were transferred to the CT scanner (microCAT II, Siemens Medical 

Solutions) and a CT scan was acquired (exposure time: 1050 ms; X-ray voltage: 55 kyp; 

anode current: 500 µA; number of rotation steps: 500; total rotation: 360°). Emission 

sonograms were iteratively reconstructed (OSEM2d, 4 iterations) after being normalized 

and corrected for scatter, attenuation and decay of radioactivity. The PET images were 

manually co-registered with the CT images for visual inspection using PMOD version 3.3 

(PMOD Technologies, Zürich, Switzerland).
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For the ex vivo biodistribution, organs were weighed and analyzed for the amount of 

radioactivity using a gammacounter (LKB Wallac, Turku, Finland). Tracer uptake was 

expressed as the standardized uptake value (SUV), defined as [tissue activity concentration 

(MBq/g)]/[injected dose (MBq)/body weight (g)].

In vivo experiment II: Salmonella Enteritidis challenge
Embryonated chicken eggs were divided into four treatment groups (n=40/group): 1) 

Negative control: no challenge or treatment, 2) Positive control: SE challenge, no treatment, 

3) SE challenge, in ovo D-CATH-2 treatment, 4) SE challenge, in ovo and intramuscular 

(i.m.) D-CATH-2 treatment. D-CATH-2 peptide was dissolved in PBS (1.48 mM NaH2PO4.

H2O, 8.06 mM Na2HPO4, 20 mM NaCl, pH 7.27) containing cholesterol (5% v/v, 2 mg/ml in 

absolute ethanol). Eggs with 18 day-old chicken embryos were injected in ovo as described 

above with 100 µl of D-CATH-2 peptide (1 mg/kg embryo bodyweight) or buffer. The day 

after hatch, chickens were injected intramuscularly in the thigh muscle with D-CATH-2 

peptide (20 mg/kg bodyweight) or buffer. Subsequently, animals were randomly divided 

into four cages per treatment group. At three days of age, chickens were challenged with 

6.7x106 CFU of Salmonella Enteritidis subcutaneously in the neck region. Mortality was 

monitored for 7 days post infection after which birds were sacrificed and macroscopically 

scored for salmonellosis related lesions. Lesions were assessed in air sacs, liver and heart 

using the following scores: 0, no lesions; 1, mild, single pinhead; 2, moderate, multiple 

pinheads; 3, high, purulent exudate. Animals with an accumulated lesion score for all 

organs greater than 1 were considered to be salmonellosis positive.

Leukocyte counts
At 48 hours post infection, blood samples were taken from the wing vein of selected birds 

(n=12/treatment). Blood smears were prepared, air dried, fixed in methanol for 10 minutes 

and stained with May-Grünwald & Giemsa (Merck, Darmstadt, Germany). Total leukocytes 

and differential leukocyte counts were performed blind and manually.

Statistical analyses
Statistical analyses were performed using SPSS 22 software (IBM, Armonk, USA).

Differences between treatment groups were evaluated using a one-way analysis of 

variance (ANOVA). Chi-square tests were used for comparison of salmonellosis frequency 

and survival was analyzed by Kaplan-Meier analysis using Breslov’s test. Differences were 

considered statistically significant if p<0.05.
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Results

Localization of labeled peptides after in ovo injection
Radiolabeled CATH-2 was injected into embryonated chicken eggs at day 18 of 

development. Localization of the peptide was followed by PET/CT imaging (Fig. 1A). 

Directly after injection (10 min), 89Zr-DFO-CATH-2 was found to be concentrated in close 

proximity to the beak of the embryo. Four hours after injection, uptake of peptide by 

the embryo was seen, with the largest amount of peptide detected in the two stomach 

compartments (proventriculus and gizzard) of the embryo. After 24 hours, the amount 

of peptide taken up had increased considerably, mainly accumulating in the stomach 

compartments but also seen in the lungs. At the latest timepoint, 48 hours after injection, 
89Zr-DFO-CATH-2 had further accumulated in the lungs and throughout the gastrointestinal 

tract, with the strongest signals localized in the distal part of the intestinal tract (ceca). 

After PET/CT imaging embryos were sacrificed to measure peptide distribution 

quantitatively. Results of this analysis confirmed that 48 hours after injection the highest 

uptake of 89Zr-DFO-CATH-2 occured in lung, proventriculus and gizzard and gradually 

increased throughout the gastrointestinal tract with high amounts detected in the ceca 

(Fig. 1B). In addition, 89Zr-DFO-CATH-2 was detected in the kidney indicating systemic 

uptake of the pepide conjugate.

Mortality and morbidity after Salmonella Enteritidis challenge
To determine the efficacy of D-CATH-2 administration on the outcome of a systemic 

Salmonella Enteritidis infection, mortality was recorded for 7 days after challenge and 

morbidity was evaluated at 7 days post infection (Fig. 2A). Mortality was not seen in the 

negative control group, while SE challenge without treatment resulted in 35% mortality. 

Significantly decreased mortality (p=0.041) was observed in the group treated in ovo with 

D-CATH-2. The combined in ovo and i.m. D-CATH-2 treatment did not improve protection, 

in fact, a less pronounced decrease of mortality was found (p=0.098). 

In the negative control group, no salmonellosis positive birds were found, while in the 

positive control group 71% of the animals showed a lesion score higher than 1 (Table 1). 

A significant reduction in the number of salmonellosis positive birds was seen for both 

D-CATH-2 treatments (p=0.005 and 0.013 respectively). In addition to the number of 

animals showing salmonellosis, severity of the lesions was also significantly reduced 

by both D-CATH-2 treatments (Fig. 2B, p=0.013 and 0.004 respectively). No additional 

reduction was seen for the combined in ovo and i.m. treatment. 
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In ovo PET/CT imaging of 89Zr-DFO-CATH-2 peptide in chicken embryos. Radiolabeled peptide was 

injected at 18 days of embryonic development and uptake of peptide was monitored by PET/CT imaging 

up to 48 hours after injection. A: CT (above) and combined PET/CT images (below) show uptake of the 

peptide into the embryo within 4 hours after injection and detection in lungs and throughout the GI 

tract after 24 hours. S=stomach, C=ceca, L=lung, H=head, P=pelvis, B: Scintillation counts of dissected 

organs at 48 hours after injection confirm accumulation of radiolabeled peptide in lungs, stomach 

compartments and the distal part of the GI tract.
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Table 1. Number of animals with salmonellosis (lesion score>1) at 7 days post Salmonella challenge

* = p<0.05, ** = p<0.01, compared to (+) control

Group Salmonellosis positive

(-) control 0% (0/20)

(+) control 71% (15/21)

in ovo D-CATH-2 29% (7/24) **

in ovo + i.m. D-CATH-2 28% (6/21) *
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Leukocyte numbers after Salmonella Enteritidis challenge 
Peripheral blood smears were prepared to examine the influence of SE infection and 

D-CATH-2 treatment on total leukocyte counts and leukocyte populations 2 days p.i. 

Salmonella infection did not significantly increase total leukocytes (Fig.3A) or any of the 

measured leukocyte populations (Fig.3B-D). In the chickens treated in ovo with D-CATH-2, 

a significant increase in total leukocyte and heterophil numbers was seen compared to the 

negative control (Fig.3A,B, p=0.027 and p=0.023 respectively). This significant difference 

was not seen for lymphocytes (Fig.3C) or monocytes (Fig.3D). Differences between the 

two D-CATH-2 treatment groups were not observed. 

Discussion

In this study we report the in vivo distribution and efficacy data of an in ovo administered 

chicken cathelicidin 2 (CATH-2) analog. D-CATH-2 was shown to confer protection against 

Figure 2.

Efficacy of D-CATH-2 in a Salmonella Enteritidis subcutaneous infection model. Embryonated chicken 

eggs (ed18) were injected with D-CATH-2 or received an additional dose i.m. at day of hatch. Birds 

were infected three days after hatch with 6.7 x 106 SE subcutaneously and sampled at 48 hours and 7 

days post infection. A: Mortality was recorded over 7 days. In ovo D-CATH-2 administration significantly 

reduced mortality. B: Lesion severity at 7 days p.i. was reduced by both D-CATH-2 treatments. * = 

p<0.05, ** = p<0.01
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Figure 3.

Leukocyte numbers in peripheral blood at 2 days post SE infection. A: total leukocyte  

numbers, B: heterophil numbers, C: lymphocyte numbers, D: monocyte numbers. * = p<0.05
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a Salmonella Enteritidis infection in young chicks. These results are an important step in 

the development of CATH-2 and HDPs in general as new anti-infective drugs.

Essential in drug development is the evaluation of ADME properties (absorption, 

distribution, metabolism and excretion) of promising compounds. Poor ADME properties 

are important hurdles in the development of peptide-based drugs13. Valuable insight in 

tissue distribution and pharmacokinetics can be gained from live imaging of peptides in 

animal models using nuclear imaging techniques such as PET. Despite the advantages of 

PET, i.e. high sensitivity, limitless depth and the possibility of using various radionuclides, 

PET imaging of radiolabeled peptides is performed only rarely14. The radionuclide 89Zr is 

increasingly used for PET in pre-clinical studies, due to its relative long half-life (78.41 h) 

and high-resolution images15. For this study, we developed a novel and efficient procedure 

to obtain 89Zr labeled CATH-2. Subsequently, for the first time PET/CT was used to monitor 

peptide distribution for 48 hours after in ovo injection, a route of administration widely 

used in the poultry industry to deliver vaccines16. Similar to the results reported here, we 

previously saw accumulation of CATH-2 in the upper gastrointestinal tract and the lungs  

24 hours after injection by fluorescence microscopy (Chapter 4). In the current study peptide 

localization was evaluated at multiple timepoints after injection, providing additional 

insight into CATH-2 distribution over time. Uptake of peptide into the chicken embryo 

was seen from 4 hours post injection onwards, reflecting the imbibing of the amniotic fluid 

by the developing embryo17. Interestingly, accumulation of CATH-2 was seen in the ceca 

at 48 hours post injection. The chicken cecum contains a highly diverse microbiota and 

is an important site for the colonization of multiple avian and zoonotic pathogens such 

as Salmonella and Campylobacter18-20. Finally, we found radiolabeled peptide in the kidney 

indicating systemic uptake of CATH-2 after in ovo injection which could have interesting 

implications for the in vivo immunomodulatory mechanisms of the peptide. 

Collecting in vivo efficacy data in realistic models of infection is important to assess the anti-

infective potential of HDPs. Here, we used a systemic Salmonella infection in young chicks 

to test efficacy of the proteolytically stable peptide D-CATH-2. Salmonella is an important 

zoonotic pathogen and among the leading causes of food-borne disease. Though mature 

chickens are largely resistant to Salmonella infections, in young chicks Salmonella can 

cause severe systematic infections with high mortality rates21. In the immune response 

against Salmonella infections endogenous cathelicidins are likely important as indicated 

by an upregulation of chicken CATH-1 in the cecal tonsils of Salmonella Typhimurium 

infected chicks22. In ovo D-CATH-2 administration was shown to confer protection against 

Salmonella induced mortality and morbidity. Previously, efficacy of in ovo D-CATH-2 was 

also shown against a respiratory E. coli infection in chickens, suggesting this peptide to be 
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a promising candidate to protect susceptible young chicks against a range of pathogens 

(Chapter 4). Prophylactic effects of HDP analogs against bacterial infections were also 

reported in murine models10, 11. However, in these experiments the time span between 

peptide administration and infection did not exceed 48 hours, while in our study there were 

6 days between in ovo D-CATH-2 injection and Salmonella infection. If cathelicidin derived 

peptides would be used as a prophylactic therapy, it is essential to test these compounds 

with infection models using longer delay times between treatment and infection.

To examine if an additional intramuscular injection of D-CATH-2 could boost protection 

against Salmonella infection, we administered the peptide intramuscularly on the day of 

hatch in addition to in ovo administration. Intramuscular injection could be advantageous 

because depot formation resulting in slow release may lead to prolonged and better 

protection. However, the combined in ovo and intramuscular treatment did not improve 

protection compared to in ovo administration alone. In a previous efficacy study with 

D-CATH-2, intramuscular injection alone was shown to be less effective in conferring 

protection against E. coli compared to only in ovo administration (Chapter 4). Similarly, 

in a murine model of S. aureus infection, the HDP IDR-1 showed less protective efficacy 

when administered i.m. compared to other routes of administration11, suggesting that 

intramuscular administration might not be an effective route for HDPs in general. 

Possibly the peptides are not able to reach and modulate the immune cells needed 

for protection after i.m. administration. To understand the differences in protection 

between administration routes, additional data need to be collected on tissue 

distribution after intramuscular injection. Independent of the mechanism, the high 

efficacy of in ovo administration is positive as this mode of administration has many 

practical advantages and the lower peptide dose needed will make the treatment 

financially more attractive.

In chickens, cell-mediated immunity against Salmonella infections is mainly dependent on 

recruitment of heterophils, the avian counterpart of the mammalian neutrophil, to the site 

of infection23-25. HDPs are able to influence neutrophil recruitment in vivo as was observed 

for the human cathelicidin LL-37 which caused an increased early neutrophil influx in 

a mouse model of Pseudomonas aeruginosa infection26. In our study, both heterophil 

and total leukocyte numbers were significantly increased in peripheral blood of in ovo 

D-CATH-2 treated animals at 2 days p.i. In a previous D-CATH-2 efficacy study with E. coli 

we also observed a significant increase in these cells (Chapter 4), indicating recruitment of 

leukocytes is one of the in vivo mechanisms of this peptide. 
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Cathelicidins have also been reported to influence neutrophil functionality27. As increased 

heterophil functions were previously shown to be important for resistance against 

Salmonella infections28, it should be investigated whether D-CATH-2 affects heterophil 

functionality in addition to increased recruitment. 

With this study we have collected evidence to support the potential of CATH-2 and HDPs 

in general as new anti-infective drugs. We showed for the first time that it is possible 

to follow peptide distribution over time after in ovo injection using PET/CT technology 

and a radionuclide with a long half-life. Also, we demonstrated the in ovo efficacy of the 

immunomodulatory peptide D-CATH-2 against a systemic bacterial infection 6 days post 

injection, which is crucial for further development of a prophylactic therapy.
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Abstract

Host Defense Peptides (HDPs) such as cathelicidins are multifunctional effectors of the 

innate immune system with both antimicrobial and pleiotropic immunomodulatory 

functions. Chicken cathelicidin-2 (CATH-2) has multiple immunomodulatory effects in 

vitro and the D-amino acid analog of this peptide has been shown to partially protect 

young chicks from bacterial infections. However, the mechanisms responsible for 

CATH-2 mediated in vivo protection have not been investigated so far. In this study, 

D- and L-CATH-2 were administered in ovo and the immune status and microbiota of 

the chicks were investigated at 7 days posthatch to elucidate the in vivo mechanisms 

of these peptides. In three consecutive studies, no effects on numbers and functions 

of immune cells were found and only small changes were seen in gene expression 

of PBMCs. Between studies, intestinal microbiota composition was highly variable, 

suggesting that it was strongly influenced by environmental factors. In both studies, 

in ovo D-CATH-2 treatment caused significant reduction of Ruminococcaceae and 

Butyricicoccus in the cecum and Escherichia/Shigella in both ileum and cecum. In 

conclusion, this study shows that in ovo administration of CATH-2 analogs does not 

affect the chicks immune system posthatch in the absence of an infectious stimulus, 

but does alter microbiota composition. 

Introduction

Host Defense Peptides (HDPs) such as cathelicidins and defensins are important effector 

molecules of the innate immune system. These peptides are multifunctional as they show 

both broad-spectrum antimicrobial activity but also have many immunomodulatory 

functions1, 2. In the search for alternatives to antibiotics, HDPs are considered promising 

candidates for both human and veterinary applications3, 4. Initially the antimicrobial activity 

of HDPs was seen as their most important asset in the development as anti-infective 

drugs. However, antimicrobial activity of many HDPs is severely inhibited by components 

of physiological solutions such as salt or proteins5-7. Therefore, immunomodulatory 

activities are now believed to be essential for in vivo protection by these peptides and 

HDP analogs without antibacterial activity have been shown to provide protection 

against infections in animal models8, 9. Chicken cathelicidin-2 (CATH-2) is one of the four 

cathelicidins of the chicken. In ovo administration of a D-amino acid analog of this peptide 

(D-CATH-2) has previously been described to protect young chickens against Salmonella 

and E. coli infections posthatch (Chapter 4 and 5). Immunomodulation is believed to be 

the mechanism behind this protection as direct antimicrobial activity is improbable due 

to the small amount of D-CATH-2 administered and the time gap of 6 to 10 days between 
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peptide administration and onset of infection. Immunomodulatory activities of CATH-

2 have been shown in vitro, including induction of chemokine production, inhibition of 

LPS-induced inflammatory mediators and enhancement of DNA-induced macrophage 

activation10, 11. Similar to CATH-2, most immunomodulatory activities described for 

HDPs in general are identified by in vitro research. Therefore, the question remains 

which immunomodulatory mechanisms drive the anti-infective in vivo effects of CATH-2 

and HDPs in general. In this study, we analyzed the immunomodulatory effect of in ovo 

administered D- and L-CATH-2 by investigating the immune status of 7 day old chicks. We 

investigated the number of immune cells in peripheral blood and organs and assessed the 

functionality of PBMCs and dendritic cells (DC). In addition, the effects of in ovo D- and 

L-CATH-2 on the intestinal morphology and microbiota were determined. 

Materials and methods

Synthesis of cathelicidin peptides
L-CATH-2 and its all-D amino acid analog D-CATH-2 (amino acid sequence: 

RFGRFLRKIRRFRPKVTITIQGSARF-NH2) were generated by solid-phase synthesis using 

Fmoc-chemistry and purified to >95% by RP-HPLC by CPC Scientific Inc. (Sunnyvale, USA).

Animals
All animal experiments were conducted in accordance with protocols approved by the 

Dutch experimental animal committee (DEC). Ross 308 broiler eggs at day 18 of embryonic 

development (ed18) were obtained from a commercial hatchery (Lagerwey, Lunteren, The 

Netherlands). Posthatch, chickens were housed in negative pressure HEPA isolators with a 

wire floor. Isolator temperature was gradually decreased from 35 °C at day of hatch to 27.5 

°C at 7 days posthatch. Chickens were provided with food and water ad libitum and were 

fed a commercial broiler diet without antibiotics or coccidostats.

In vivo experiments
CATH-2 peptides were dissolved in PBS (1.48 mM NaH2PO4.H2O, 8.06 mM Na2HPO4, 

20 mM NaCl, pH 7.27) to a concentration of 0.22 mg/ml, to which cholesterol (5% v/v, 2 

mg/ml in absolute ethanol) was added. Three days before hatch, namely at 18 days of 

embryonic development, CATH-2 peptides or buffer were administered in ovo. Per egg, 

100 µl peptide mixture corresponding to 1 mg/kg bodyweight (estimated embryo weight 

= 22 g) was injected manually using a 1 inch, 21G needle. Posthatch, only male chickens 

were used for the continuation of the experiment. Animals were housed in separate 

isolators per experimental treatment and weighed at day 1, 3, 5 and 7 posthatch. At day 7, 

animals (n=6-8/group) were euthanized by electrocution followed by cardiac puncture and 
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organs, blood and intestinal content were collected. Three separate in vivo experiments 

were conducted, using the same batch of chicken feed for all experiments. Exp I and II 

consisted of two experimental groups (control and D-CATH-2), Exp III consisted of three 

groups (control, D-CATH-2 and L-CATH-2).

PBMC isolation and tissue single cell isolation
PBMCs were isolated from whole blood using a Ficoll gradient. Spleen and cecal tonsil 

single cell suspensions were made by gently pressing the tissue through a 70 µM cell 

strainer followed by a Ficoll gradient for spleen samples. PBMCs and single cell suspensions 

were frozen at -80 °C until further analysis. 

Whole blood and tissue flow cytometry
Whole blood samples were incubated with the following labelled antibodies: CD45-APC, 

CD3-PE, KUL01-FITC (Southern Biotech, Birmingham, AL, USA) and unlabeled antibodies: 

Bu-1, MHC-II (Southern Biotech), CD41/CD61 and CD40 (AbD Serotec, Kidlington, UK) 

for 30 min at 4 °C. After washing, samples with unlabeled antibodies were subsequently 

incubated for 30 min with secondary BV421 or PerCP-Cy5.5-labelled anti-mouse antibodies 

(BioLegend, San Diego, CA, USA). Samples were washed and analyzed by flow cytometry 

(FACSCantoII, BD Biosciences, San Jose, CA, USA) using FlowJo analysis software. In 

addition, absolute cell numbers were determined using BD Trucount absolute counting 

tubes (BD Biosciences) according to the manufacturer’s protocol with the aforementioned 

CD45-APC, CD3-PE and KUL01-FITC antibodies. Cell suspensions from cecal tonsils and 

spleen were also stained with above-mentioned antibodies and protocol.

Phagocytosis assay
PBMCs were defrosted and seeded in duplicate in black 96-well plates (5x106 cells/well) in 

RPMI 1640 medium without Phenol Red. After 1 hour of incubation at 41 °C, plates were 

centrifuged, medium was removed and replaced with pHrodo Green E. coli bioparticles 

(ThermoFisher, Waltham, MA, USA) dissolved in RPMI 1640 without Phenol Red. 

Subsequently, fluorescence (488/520 nm) was measured for up to 6 hours in a microplate 

reader. During this period, plates were incubated at 41 °C. 

Oxidative burst assay
PBMCs were defrosted and seeded in black 96-well plates (1.5x106 cells/well) in RPMI 1640 

without Phenol Red containing 10% FCS (Bodinco, Alkmaar, The Netherlands) and 1% 

penicillin/streptomycin (Life Technologies, Paisley, UK). After overnight incubation at 41 

°C, plates were centrifuged, medium was removed and replaced with fresh RPMI 1640 

with the profluorescent probe 2’,7’-dichlorofluorescein-diacetate (DCFH-DA, 10 µg/ml, 
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Sigma-Aldrich, Zwijndrecht, The Netherlands). In addition, 1 µg/ml PMA (Sigma-Aldrich) 

was added to stimulate oxidative burst. Fluorescence (488/520 nm) was measured for up 

to 3 hours in a microplate reader. During this period, plates were incubated at 41 °C.

Mixed lymphocyte reaction
In an allogeneic mixed lymphocyte reaction (MLR), responder PBMCs (from healthy adult 

chickens) were labelled with CFSE (carboxyfluorescein succinimidyl ester) according to 

the manufacturer’s protocol (BioLegend, San Diego, CA, USA). In short, PBMCs were 

incubated with 5 µM of CFSE in PBS for 10 min at 37 °C. To quench the staining, RPMI 1640 

medium containing 10% FCS was added. In a 96-wells plate, 100.000 labelled responder 

cells were added to the PBMCs from the experimental chickens in ratios ranging from 

8:1 – 1:64. In other experiments, 100.000 responder PBMCs were added to bone marrow-

derived dendritic cells from experimental chickens in ratios ranging from 2:1 – 1:64. The 

cell mixtures were incubated for 5 days at 41°C and analyzed by flow cytometry using 

FlowJo analysis software. The percentage of proliferation was calculated relative to the 

proliferation in responder cells alone. 

PBMC microarray
RNA (n=6/group) was isolated from PBMCs using Trizol (Ambion, Paisley, UK) precipitation 

followed by clean-up over RNeasy columns (Qiagen, Venlo, The Netherlands) according 

to the manufacturer’s instructions. Subsequently, an automated system (Caliper 

Life Sciences, Hopkinton, MA, USA) was used to perform cDNA synthesis, labeling, 

quantification, quality control by Bioanalyzer and fragmentation, starting with 3 

µg total RNA from each sample as previously described12. Three samples from each 

treatment group were labeled with Cy5 and co-hybridized with reference RNA (pooled 

RNA from all experimental samples) labeled with Cy3. The three remaining samples 

per treatment group were labeled and hybridized the opposite way. Microarrays used 

were chicken whole genome gene expression arrays V2 (Agilent, Santa Clara, CA, USA) 

representing 42034 Gallus gallus 60-mer probes in a 4x44K layout. Probe sequences 

from this array were re-annotated by BLAST searching against the chicken genome 

version 76.4 at ENSEMBL. Microarray hydridization and washing was performed with 

a HS4800PRO system with QuadChambers (Tecan, Männedorf, Switzerland) using 1000 

ng, 1-2% Cy5/Cy3 labeled cRNA per channel. Slides were scanned on an Agilent G2565BA 

scanner. Data was extracted using Imagene 8.0 (BioDiscovery, Hawthorne, CA, USA) 

and Loess normalization was performed on mean spot intensities13. Gene-specific dye 

bias was corrected by a within-set estimate14. Differences in gene expression between 

treatment groups were analyzed by Linear Model for Microarray Analysis (LIMMA) 

with Benjamini-Hochberg FDR correction. Genes with p<0.05 and fold-change>2 
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were considered significantly changed. Because the Bioanalyzer results showed 

monospecific peaks in the cRNA pointing to contamination of the RNA, principal 

component analysis (PCA) was performed on log2 transformed expression values of 

genes with a >2-fold difference between samples. The principal component (PC2) with 

the highest correlation to the peaks from the Bioanalyzer results was then used as a 

covariate in LIMMA representing severity of contamination. Results of the corrected 

and uncorrected LIMMA analyses were compared to obtain significantly changed  

genes.

Dendritic cell culture
Bone marrow was harvested from the chicken’s femurs and tibias. Briefly, the ends of 

the bones were cut and bone marrow was flushed with sterile PBS. After centrifugation, 

the pellet was gently homogenized through a 70 µM cell strainer. Cells were centrifuged 

and resuspended in RPMI 1640 medium containing 5% chicken serum, 1% GlutaMAX-I 

(Gibco, Paisley, UK) and 0.5% penicillin/streptomycin (Life Technologies, Paisley, UK). 

Bone marrow cells were seeded at a concentration of 2.5x106 cells/ml in 6-well plates and 

optimally diluted concentrations of recombinant chicken IL-4 and GM-CSF were added (15, 

plasmids kindly provided by Prof. P. Kaiser and L. Rothwell, The Roslin Institute, Edinburgh, 

UK). Cells were cultured for 7 days at 41 °C, at day 3 and 5, medium was replaced with fresh 

medium containing IL-4 and GM-CSF. After harvesting at day 7, cells were stained with 

MHC-II, CD40 and CD86 (AbD Serotec, Kidlington, UK) antibodies and secondary BV421-

labelled anti-mouse antibody as described above. Cells were washed and analyzed by flow 

cytometry and FlowJo analysis software.

Villus/crypt ratio and goblet cell measurements
Tissue samples of duodenum, jejunum and ileum (defined as respectively anterior 

and posterior of Meckel’s diverticulum) were fixed in 4% formaldehyde and paraffin-

embedded. Tissue sections of 2 μm were stained with the combined Alcian Blue (pH 2.5)/

PAS procedure according to Luna et al16. For each batch of slides stained, an Alcian Blue/

PAS-positive control slide was included. Microscopic images of representative cross-

sections of each tissue were captured and analyzed using cellSens Dimension (Olympus, 

Tokyo, Japan) software. Of each intestinal segment 5 representative and completely 

paired villus-crypt units were measured. The villus/crypt ratio was determined as the 

length of the villi divided by the depth of the mucosal crypt region. Size and density of 

Alcian Blue/PAS positive goblet cells was determined in 5 representative well oriented villi 

per intestinal sample. The averages of each villus/crypt ratio and goblet cell characteristics 

were calculated and reported per animal.
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Figure 1.

Chicken bodyweight over the course of the experiment. Weight curve from combined data from the 

three repeated experiments (n=6-11 chickens/group in each experiment); depicted are mean ± SD.
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Microbiota analysis
Bacterial DNA was extracted from embryonic (ed18) intestinal samples and jejunal 

and cecal content of 7 days old chicks using a phenol/bead-beating and magnetic bead 

separation method as described previously17. After amplification of the hypervariable 

region V4 of the 16S rDNA gene, samples were sequenced by Illumina MiSeq (Illumina 

Inc., San Diego, CA, USA) and processed using modules implemented in Mothur V1.31.218. 

Reads were trimmed based on quality of the bases and contigs between read pairs 

were assembled. The sequences were aligned to a reference alignment. The ends of the 

sequences were trimmed in order that the sequences all started and ended at the same 

alignment coordinates. The resulting sequences were screened for chimeras. Sequence 

data was subsampled to the lowest number of reads and sequences observed less than 

10 times were removed. High quality aligned sequences were classified using the RDP-

II naïve Bayesian classifier19, requiring a 60% pseudobootstrap confidence score. Aligned 

sequences were subsequently clustered into operational taxonomic units (OTUs, defined 

by 97% similarity) using the average linkage clustering method in Mothur. 

Alpha diversity was analyzed by calculating richness (number of OTUs) and the Shannon 

index which takes into account both relative abundance and evenness of species in a 

sample. PCA was performed on log transformed OTU abundances of all OTUs accounting 

for at least 1% of the reads in one sample. The relative abundance of OTUs and higher 

taxonomic levels were compared between treatment groups and statistically tested using 

the Mann-Whitney U test for two groups (Exp I) or Kruskal-Wallis test for three groups 

(Exp III). The Benjamini-Hochberg FDR procedure was used for multiple testing correction. 

Statistics
Statistical analysis was performed using SPSS 22 software (IBM, Armonk, USA). To analyze 

data from each separate in vivo experiment, differences between treatment groups in 

normally distributed variables were tested using an unpaired t-test for two groups (Exp I 

and II) or a one-way analysis of variance (ANOVA) for three groups (Exp III). Mann-Whitney 

U or Kruskal-Wallis tests were used for two or three groups respectively when data were 

non-normally distributed. In addition, overall differences in variables measured in all three 

experiments (weight, whole blood leukocyte populations, phagocytosis, oxidative burst, 

VC ratio, goblet cell parameters) were analyzed using a General Linear Model. Differences 

were considered statistically significant if p<0.05.
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Figure 2.

Leukocyte populations in peripheral blood. Data from three repeated experiments. A-B. Total leukocytes 

(CD45), C-D. Mononuclear phagocytes (KUL01), E-F. T-cells (CD3), G. B-cells (Bu-1), H. Thrombocytes 

(CD41/CD6). Depicted are mean percentages of total cells (A,C,E,G,H) or mean absolute cell numbers 

(B,D,F) ± SD, n=6-8/group.
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Results

Chicken bodyweight
To investigate a possible effect of in ovo administration of CATH-2 analogs on chicken 

growth, animals were weighed at multiple timepoints posthatch. Bodyweight was not 

different between non-treated and D-CATH-2 treated animals (Fig.1) or between non-

treated and L-CATH-2 treated animals in Exp III (data not shown) at any timepoint. 

Leukocyte numbers in peripheral blood, spleen and cecal tonsils
Leukocyte numbers were measured in peripheral blood to investigate a possible effect of 

in ovo administration of CATH-2 analogs on the systemic immune status of the chickens. 

In addition to total leukocytes (CD45), populations of mononuclear phagocytes (KUL01), 

T-cells (CD3), B-cells (Bu-1) and thrombocytes (CD41/CD61) were determined (Fig.2). In 

Exp I, a trend towards an increase of KUL01 positive cells was seen in D-CATH-2 treated 

animals, both in percentage in whole blood (Fig.2C, p=0.071) and in absolute cell numbers 

(Fig.2D, p=0.068). However, in the two following experiments, differences in KUL01 

positive cells were not observed. In the other measured populations, no differences were 

seen in any of the experiments between control and peptide treatments or between 

D-CATH-2 and L-CATH-2 treated animals in Exp III (Fig.2A,B,E-H). In addition, expression 

of MHC-II and CD40, two cell surface proteins involved in antigen presentation, was 

measured on the KUL01 positive population in samples derived from Exp II. Expression of 

these markers was not different between control and D-CATH-2 treated animals (Fig.3).

In samples of Exp II, leukocyte populations were also determined in spleen and cecal 

tonsils. None of the determined populations showed significant differences between 

control and D-CATH-2 treated animals (Fig.4).

Functional capacity of PBMCs
To examine whether in ovo administration of CATH-2 analogs could have an effect on 

PBMC function we analyzed phagocytosis and oxidative burst in samples from all three 

experiments and proliferative capacity in samples from Exp I. An increased capacity for 

phagocytosis was seen in PBMCs from D-CATH-2 treated animals in samples from Exp I, 

while in the other two experiments no differences in phagocytosis were observed between 

treatment groups (Fig.5A). A similar response was found for oxidative burst; in PBMCs 

of Exp I a trend towards increased oxidative burst (p=0.053) was seen in samples from 

D-CATH-2 treated chickens (Fig.5B). Samples from Exp II or III or overall results showed 

no difference. Stimulation of the oxidative burst by PMA similarly yielded no difference 

between treatments (data not shown). In addition, an MLR was performed to measure the 
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Figure 3.

Expression of MHC-II and CD40 on KUL01 positive peripheral blood mononuclear phagocytes derived 

from Exp II. A. MHC-II, B. CD40. Depicted are mean fluorescence ± SD, n=6/group.
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Leukocyte populations in cecal tonsils (A) and spleen (B) from Exp II. Total leukocytes (CD45), 

mononuclear phagocytes (KUL01), T-cells (CD3), B-cells (Bu-1), thromobyctes (CD41/CD61). Depicted 

are mean % of cells ± SD, n=6-7/group.



142

capacity of PBMCs from the experimental chickens to activate T cells. The proliferation 

measured was similar in samples from D-CATH-2 treated chickens compared to control 

chickens (Fig.5C). These data indicate in ovo treatment with CATH-2 analogs does not 

affect the functional capacity of PBMCs at 7 days posthatch.

PBMC microarray
To analyze differences in gene expression in PBMCs from control and D-CATH-2 treated 

chickens, a whole genome microarray was performed on samples from Exp III. We observed 

56 differentially expressed genes with a fold-change >2. However, contamination of the 

RNA was observed, potentially caused by excessive amounts of globin mRNA (originating 

Figure 5. 

PBMC functions measured by ex vivo assays. A. Phagocytosis measured by uptake of pHrodo Green 

labelled E. coli. Increase in fluorescence from 1-6 hours of incubation. Data from three repeated 

experiments, B. Oxidative burst measured by conversion of DCFH-DA to fluorescent DCF. Increase 

in fluorescence in 3 hours of incubation. Data from three repeated experiments, C. Proliferation of 

responder PBMCs measured by MLR, Samples from Exp I, R= responder cells alone. Depicted are mean 

± SD, n=5-8/group, * = p<0.05.
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from red blood cells). PCA on gene expression differences revealed that 28 of the 

differentially expressed genes correlated with the observed RNA contamination with an 

R2>0.5, indicating that measured expression of these genes could be strongly influenced 

by the (globin) contamination. Interestingly, 85% (24/28) of genes with low correlation 

with contamination (R2<0.5) were downregulated in PBMCs from D-CATH-2 treated 

animals compared to the control treatment. The differentially expressed genes for which 

a gene description was available are shown in Table 1. 

Phenotype and function of bone-marrow derived dendritic cells
In addition to PBMCs, bone-marrow derived dendritic cells from samples of Exp I were 

analyzed to determine the effect of in ovo administration of D-CATH-2 on this cell type. 

Table 1.  Results of microarray analysis – differentially expressed genes between PBMCs from chickens 

treated with D-CATH-2 and control

Uncharacterized genes (32) are not displayed in this table

Gene description Fold change
D-CATH-2 vs control

p-value R2 

contamination
COL4A3; type IV collagen alpha 3 chain 2.48 0.044 0.178

AMACR; alpha-methylacyl-CoA racemase 2.15 0.029 0.058

ISCA1; iron-sulfur cluster assembly 1 homolog 0.50 0.037 0.082

SRP72 ; signal recognition particle 72 kDa protein 0.48 0.008 0.356

ANKHD1; ankyrin repeat and KH domain-containing protein 1 0.37 0.039 0.001

C3ORF55; PQ Loop Repeat containing 2-like 0.35 0.001 0.292

ITGB4; integrin beta-4 0.35 0.001 0.408

KCNA1; potassium channel, voltage gated shaker related subfamily A 0.30 0.017 0.001

JARID2; jumonji, AT rich interactive domain 2 0.29 0.021 0.013

NUTF; nuclear transport factor 2 0.29 0.016 0.002

IGSF11; immunoglobulin superfamily, member 11 2.77 0.043 0.770

GRIA4; glutamate receptor, ionotropic, AMPA 4 2.47 0.020 0.846

LRP6; low density lipoprotein receptor-related protein 6 2.32 0.011 0.757

VRK2; vaccinia related kinase 2 2.28 0.032 0.786

MARK3; MAP/microtubule affinity-regulating kinase 3 2.26 0.011 0.785

PTPN13; protein tyrosine phosphatase, non-receptor type 13 2.23 0.004 0.600

CRMP1B; collapsin response mediator protein 1 2.16 0.038 0.584

CNNM4; cyclin and CBS domain divalent metal cation transport mediator 4 2.06 0.040 0.702

DST; dystonin 2.06 0.039 0.723

RAB44; Ras-related protein Rab-3D 2.05 0.038 0.716

ACOX2; acyl-coenzyme A oxidase 2.05 0.041 0.717

RILPL1; Rab interacting lysosomal protein-like 1 2.03 0.049 0.752

CPEB2; cytoplasmic polyadenylation element binding protein 2 2.02 0.018 0.728

MGLUR5B; metabotropic glutamate receptor 5 2.00 0.037 0.657



144

After 7 days of differentiation, DC phenotype was not different between cells derived 

from control chickens or chickens treated with D-CATH-2 (Fig.6A). In addition, expression 

of cell surface markers MHC-II, CD40 and CD86 was similar in cells from both treatment 

groups (Fig.6B). In an MLR of DCs with responder PBMCs, no difference was observed 

between the proliferative capacity of DCs from control chickens or from chickens treated 

with D-CATH-2 (Fig.6C).

Intestinal architecture and goblet cell parameters
The ratio of villus height to crypt depth (VC ratio) was measured to determine the effect 

of in ovo administration of CATH-2 analogs on intestinal development. In the duodenum, 

VC ratio was not different between intestinal samples from control or treated chickens in 

any of the three experiments (Fig.7A). In addition, numbers and size of goblet cells were 

determined as a measure of intestinal mucus production. Goblet cell numbers were not 

affected by CATH-2 analogs in the duodenum in any of the experiments (Fig.7B). Goblet 

cell size in the duodenum was increased in D-CATH-2 treated animals in Exp I (Fig.7C) 

and also significantly increased when the data from three experiments were combined 

Figure 6.

Phenotype and function of dendritic cells derived from Exp I. A. Representative phenotype of bone-

marrow derived DCs after 7 days of differentiation with IL-4 and GM-CSF (magnification: 100x), B. MHC-

II, CD40 and CD86 expression measured at day 7, C. Proliferation of responder PBMCs measured by 

MLR, R= responder cells alone. Depicted are mean ± SD, n=5-6/group.
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6(Fig.7D). VC ratio or goblet cell parameters were not different between treatment groups 

in the ileum or jejunum (data not shown).

Microbiota
Microbiota composition in the ileum and cecum was determined in samples from Exp I 

and III (Fig.8A-B). In addition, intestinal samples from ed18 embryos were analyzed for 

the presence of microbiota to determine the situation at time of in ovo injection (Fig.8C). 

Bacterial DNA concentrations in the embryonic intestines were extremely low and far 

below the minimal input for sequencing, indicating no measurable microbiota was present 

in these samples.

The global differences in bacterial composition of the treatment groups were analyzed by 

performing principal component analysis (PCA) on OTU abundances. In the analysis of the 

Figure 7.

Intestinal architecture and goblet cell parameters in duodenum of 7 day old chicks. Data from three 

repeated experiments. A. Villus/crypt ratio, B. Goblet cell numbers per villus, C. Goblet cell size, D. 

Goblet cell size, combined data from three repeated experiments. Depicted are mean ± SD, n=6-7/

group, * = p<0.05.
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Figure 8.

Major bacterial genera in the chicken ileal (A) and cecal (B) content at 7 days of age (n=5-8/group). 

Depicted are the genera present at >1% average relative abundance across all treatment groups in their 

respective location. C. Quantitative qPCR results of bacterial DNA isolated from intestinal samples of 

ed18 embryos.
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Cecum, Exp I Cecum, Exp III

Cecum all Ileum all

A B

C D
Control Exp I D-CATH-2 Exp I

Control Exp III D-CATH-2 Exp III L-CATH-2 Exp III

Figure 9.

PCA plots of the bacterial communities in individual samples. A. Cecal microbiota in Exp I, B. Cecal 

microbiota in Exp III, C. Combined cecal microbiota data from Exp I and III, D. Combined ileal microbiota 

data from Exp I and III.
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separate experiments, a clear separation could be seen between samples of the different 

treatment groups (cecum: Fig.9A-B, ileum: data not shown). However, when data from the 

two experiments were combined, samples from both control or D-CATH-2 treated groups 

did not cluster, instead all five analyzed groups clustered separately, most strongly in the 

cecum (Fig.9C-D). These results indicate that the composition of the microbiota is not 

only affected by treatment, but also by other influences such as environment considering 

that the treatment groups were housed separately.

The influence of group environment was also apparent in observed differences in relative 

bacterial abundance. Between control and CATH-2 treatment groups, in both Exp I and 

III many significant differences were observed; however, these were experiment specific. 

Only a small number of bacterial Families and Genera were affected by D-CATH-2 

treatment in both studies (Fig.10). 

Figure 11.

Measures of alpha diversity of ileal and cecal microbiota. A. Richness as defined by number of OTUs, B. 

Shannon diversity index. * = p<0.05, ** = p<0.01, *** = p<0.001.
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In the ileum, the abundance of the family of Streptococcaceae (Lactobacillales) was 

different between treatments in both experiments, but the results showed contrasting 

directions in Exp I and Exp III (Fig.10A). At the genus level, Escherichia/Shigella 

(Enterobacteriaceae) was reduced by D-CATH-2 treatment in both experiments and by 

L-CATH-2 in Exp III (Fig.10B). Lactococcus abundance was decreased by D-CATH-2 in 

both experiments, but not by L-CATH-2 in Exp III (Fig.10C). The abundance of unclassified 

Lachnospiraceae was increased in the ileum in Exp I and showed a trend towards increase 

in Exp III (p=0.063, Fig.10D).

In the cecum, two families of Clostridiales; Ruminococcaceae and Clostridiaceae_1 were 

affected by D-CATH-2 treatment in both experiments (Fig.10E,F), though reduction of 

Clostriaceae_1 in Exp I was not significant (p=0.059). Abundance of Ruminococcaceae 

was also reduced by L-CATH-2 in Exp III, but L-CATH-2 did not affect Clostridiaceae_1. At 

the Genus level, similar to ileum, Escherichia/Shigella (Enterobacteriaceae) was reduced 

by both D- and L-CATH-2 treatments (Fig.10G). D-CATH-2 reduced Butyricicoccus 

(Ruminococcaceae) in both experiments (Fig.10H). Finally, Erysipelotrichacea incertae 

sedis in the cecum was increased in D-CATH-2 treated animals in Exp I and showed a 

trend towards increase (p=0.064) in Exp III as well, while L-CATH-2 treatment reduced 

abundance of this genus (Fig.10I).

Alpha diversity was not reproducibly different between treatment groups in either cecum 

or ileum (Fig.11). In Exp I, differences in OTU numbers were not seen between control and 

D-CATH-2 treated chickens, while in Exp III OTU numbers were significantly lower in the 

ileum of D-CATH-2 treated animals compared to L-CATH-2 treated animals (Fig.11A). In 

the cecum samples of Exp III the situation was reversed with higher OTU numbers in the 

L-CATH-2 treated group. Similar differences between experiments were obtained with a 

Shannon diversity analysis (Fig.11B).

Discussion

The study described here aimed to elucidate the mechanisms behind the previously 

observed protection of young chicks after in ovo administration of the HDP analog 

D-CATH-2 (Chapters 4 and 5). Multiple parameters reflecting immune status were 

measured and in addition, the influence of CATH-2 in ovo administration on intestinal 

morphology and microbiota was analyzed. 

Proof of in vivo immunomodulatory effects of HDPs was previously shown in mouse  

models. Firstly, IDR-1, an HDP analog with no in vitro antimicrobial activity was reported 
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to protect mice from infections with multiple bacterial pathogens through effects on 

monocytes and macrophages9. HDP administration was also shown to protect against 

endotoxic shock by decreasing LPS-induced inflammatory mediators20, 21. In our study, 

in ovo D-CATH-2 administration did not reproducibly affect the measured immune 

parameters, including leukocyte numbers in blood and organs and functionality of PBMCs 

and DCs. In addition, gene expression of PBMCs showed only very limited changes in our 

study. The main difference between the studies mentioned and our set of experiments 

is the presence or absence of an infectious stimulus. Whereas in our previous in vivo 

studies with D-CATH-2 in infected animals changes in leukocyte numbers were apparent 

(Chapters 4 and 5), the present study focused on the effect of CATH-2 administration on 

the immune system in unstimulated animals, which might explain the lack of observed 

effects. Similarly, uninfected mice treated intratracheally with LL-37 or IDR-1 showed no 

changes in lung cytokine responses22 and uninfected CRAMP knockout mice have similar 

blood and lung leukocyte numbers as wildtype mice23, 24. Moreover, in two studies in which 

bacterially derived cationic peptides were fed to chickens, effects on ex vivo leukocyte 

functions were only seen if an additional stimulus such as PMA or CpG was present25, 26. 

However, in the present study we saw no change in PBMC oxidative burst even when 

stimulated by PMA. Finally, although all chickens used in our experiments appeared 

healthy, presence of an undetected infectious stimulus could have led to the effects on 

KUL01 cell numbers and phagocytosis in Exp I, while these effects were absent in Exp 

II and III. A possible mechanism explaining differences in CATH-2 effects between naïve 

and stimulated animals could be so-called trained immunity. This process was previously 

shown for several stimuli such as whole C. albicans or β-glucan and works through 

epigenetic reprogramming of cells27, 28. To successfully decipher in vivo immunomodulatory 

mechanisms of CATH-2 in the future, studies comparing naïve and stimulated animals are 

needed and additionally epigenetic analyses should be performed. Independent of the 

mechanism, the absence of an immune response in naïve treated animals is positive for 

drug development as it indicates this peptide has no pro-inflammatory side effects. 

The villus/crypt ratio of the intestine is a measure for intestinal functionality and 

development and measurements of goblet cell size and numbers may give information 

about intestinal mucus production. These parameters undergo drastic changes in the 

developing chick, both pre- and posthatch29-31. The parameters can be negatively affected 

by infections of intestinal pathogens such as Salmonella, while several feed additives 

like butyrate and mannanoligosaccharide are able to positively influence intestinal 

morphology32-35. Villus/crypt ratio and goblet cell numbers were not affected by in ovo 

administration of CATH-2, showing that in ovo administration of CATH-2 analogs has no 

deleterious effect on intestinal development. In addition, a small increase of goblet cell 



153

Immunomodulation and effects on microbiota by CATH-2

6

size in the duodenum in response to D-CATH-2 administration was seen, which could 

indicate D-CATH-2 might increase mucus production. LL-37 has previously shown to 

increase mucus production in vitro36. Similar to the immunomodulatory effects, in ovo 

administration of D-CATH-2 might show more effect on these parameters in the presence 

of an infectious stimulus. Further studies should be conducted to investigate whether 

CATH-2 could protect against pathogen-induced intestinal damage. 

The intestinal microbiota is strongly linked to host immunity, both influencing and being 

influenced by the immune system37, 38. Since in our studies CATH-2 was administered 

during embryonic development, the effect of this peptide on microbiota development was 

investigated. Embryos have long been considered sterile, but this paradigm is challenged 

by putative reports of bacteria in amniotic fluid and fetal membranes39. In embryonated 

chicken eggs, bacteria were also detected by culture-based methods40. However, in the 

present study using a sequencing-based approach, no detectable microbiota was found in 

18-day old chicken embryos. 

Large differences in microbiota composition were observed between two separate 

experiments and clustering of samples also correlated to housing of the chickens, 

indicating that microbiota was more strongly influenced by environmental factors than 

by CATH-2 treatment. The so-called ‘cage effect’ is a well-known confounding factor 

in microbiota studies in mice41, one study estimated cage to contribute for 31% to the 

variance in murine microbiota composition42. Like mice, chickens are coprophagic 

animals; thus, a strongly shared microbiota within one cage is to be expected. In addition, 

large differences in microbiota composition were previously described between three 

repeated chicken trials43. Commercial chickens hatched in hatcheries are not colonized by 

microbiota derived from their mothers like in mammals but pick up their initial flora from 

the environment or handlers, leading to highly variable microbiota development. These 

results emphasize the importance of repeated trials to show the real effect of an examined 

treatment on microbiota composition.

The HDPs α-defensin 5 and LL-37 were previously shown to have an effect on microbiota 

composition in rodents44, 45. In our study, D-CATH-2 was able to reproducibly affect 

abundance of a number of bacterial Families and Genera in both the ileum and cecum. 

Diversity of the microbiota was not affected by D-CATH-2 in contrast to regular antibiotics 

which decrease overall diversity of chicken microbiota and also reduce Lactobacillus and 

promote Clostridia species46. The most clear-cut result of CATH-2 administration was 

the reduction of Escherichia/Shigella in both ileum and cecum. Escherichia/Shigella are 

a potential source of pathogens and abundance of this genus was found to correlate 



154

negatively with growth and fat digestibility in broiler chickens47. In addition, Escherichia/

Shigella was implicated in the pathogenesis of inflammatory bowel disease in both 

mouse models and human studies48-50. Reduction of Escherichia/Shigella might therefore 

be considered a positive effect of D-CATH-2 administration. Interestingly, chickens 

administered a yeast overexpressing the porcine cathelicidin PMAP-36 showed reduced 

cecal E. coli counts51, indicating that effects on this genus could be a more general 

HDP effect. In addition to the effect on Escherichia/Shigella, D-CATH-2 treatment also 

reproducibly reduced abundance of Ruminococcaceae and the genus Butyricicoccus 

belonging to this Family. Butyricicoccus and Ruminococcaceae in general are butyrate 

producing bacteria and considered beneficial members of the microbiota. Reduction 

of Ruminococcaceae abundance is correlated with diarrhea in both humans and dogs52, 

53. D-CATH-2 administration thus seems to have both beneficial and possibly unwanted 

influences on the intestinal microbiota. Additional work is needed to clarify these effects 

and the possible functional consequences on chicken performance and immune function.

In conclusion, in ovo administration of CATH-2 analogs showed little effect on the immune 

status of naïve chickens 7 days posthatch, suggesting that an infective stimulus is needed 

for the effect of the peptides to become apparent. However, D-CATH-2 treatment did 

affect several bacterial taxa, indicating that modulation of the microbiota might be one of 

the in vivo mechanisms of D-CATH-2. 
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Introduction

Increasing resistance of bacteria to antibiotics is one of the biggest problems facing 

healthcare in the 21st century1, 2. Important factors behind growing resistance are over- 

and misuse of antibiotics, including the massive use of antibiotic growth promoters in the 

livestock industry3, 4. Therefore, multiple countries have restricted the use of antibiotics for 

food producing animals5. As a consequence, scientists in both the human and veterinary 

field are busily investigating alternatives to conventional antibiotics6, 7. 

Host Defense Peptides (HDPs) are believed to be promising alternatives to antibiotics. 

These highly diverse, short and cationic peptides are an essential part of the innate immune 

system8. In vertebrates, the two main classes of HDPs are cathelicidins and defensins. 

The broad-spectrum antimicrobial activity as well as the multiple immunomodulatory 

functions of HDPs are important features in their development as anti-infectives9, 10. 

In the chicken, 4 cathelicidins and 14 β-defensins have been described. Chicken 

cathelicidin-2 (CATH-2) is a 27-amino acid peptide with antibacterial and antifungal 

activities11. In addition, CATH-2 can inhibit LPS-induced production of inflammatory 

mediators, increase expression of chemokines and was recently shown to enhance DNA-

induced macrophage activation12-14. The main aim of this thesis was to investigate the 

potential of CATH-2 as a template for the development of anti-infectives to be used in the 

poultry industry and to elucidate the in vivo mechanisms of this peptide. Furthermore, the 

protein expression of CATH-2 and avian β-defensin 9 (AvBD9) were studied to investigate 

endogenous localization and developmental changes.

Endogenous expression of Host Defense Peptides
In-depth knowledge of the physiological role of HDPs is a prerequisite for the possible 

development of HDP-based drugs. Studying endogenous HDP expression and regulation 

can point us in the direction of potential function. Recently, expression of the rat cathelicidin 

CRAMP was discovered in pancreatic β-cells, after which a new role for this cathelicidin 

in diabetes was revealed15. Similarly, the discovery of reduced expression levels of HD5 

and LL-37 in patients suffering from respectively Crohn’s Disease and atopic dermatitis 

led to more insight in the pathogenesis of these diseases16. In veterinary research, 

studies on HDP expression often report only mRNA levels as easy access to antibodies is 

unfortunately lacking17-19. The importance of also studying protein expression was shown 

in a recent report on expression of avian β-defensin 12 (AvBD12). Probiotic feeding in 

chickens did not change mRNA expression of this peptide, but analysis of protein levels 

showed that probiotics did induce secretion of preformed AvBD1220. 
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Consequently, we investigated protein expression of CATH-2 and AvBD9 in a set of 

chicken tissues at different stages of embryonic and posthatch development (Chapter 3). 

Expression of CATH-2 was confined to heterophils and AvBD9 was found to be expressed 

in enteroendocrine cells of the intestine. Previously, CATH-2 expressing heterophils were 

shown to be recruited to sites of infection11, 21. CATH-2 was released from heterophils 

after stimulation with LPS similar to the release of LL-37 from activated human 

neutrophils11, 22. These results indicate that CATH-2 is an important component of the 

antimicrobial arsenal of chicken heterophils, which will be released at the site of infection. 

Here it can contribute to bacterial killing, chemotaxis and reduction of inflammation, 

all activities that have been shown in vitro for this peptide. The expression of AvBD9 in 

enteroendocrine cells is the first description of in vivo defensin expression in this cell type. 

This interesting discovery fits in the emerging role of enteroendocrine cells in immune 

responses23, 24 and extends this role towards birds. Expression analysis can thus also 

contribute to increased knowledge about the evolution of HDPs. HDP repertoires differ 

markedly in number between species. For example, in contrast to the single cathelicidin 

in humans and rodents, 11 cathelicidins are found in pigs25. The single human and murine 

cathelicidins LL-37 and CRAMP have a broad tissue distribution26-28. In contrast, in species 

with multiple cathelicidins, there are indications expression sites are more restricted for 

specific peptides as we show for CATH-2 in this thesis (Chapter 3) and as was previously 

reported for CATH-B129. In addition, α-defensins as well as the specialized Paneth cells 

expressing these peptides in humans are absent in birds, cattle and pigs30-34. Comparative 

analysis of cell types expressing HDPs could give information about the endogenous 

relevance of these differences. 

Neonates, both avian and mammalian, are highly sensitive to infections because of 

immaturity of their immune system. In our study of CATH-2 and AvBD9 expression 

during development, expression of AvBD9 was shown to be stable from embryonic day 

18 onwards, while numbers of CATH-2 expressing heterophils were increased in the small 

intestine of young chicks. An increased cathelicidin expression was previously seen in the 

skin of neonatal mice and humans27. In these instances, cathelicidins might compensate 

for the relative immaturity of the adaptive immune system.

The regulation of CATH-2 and AvBD9 expression is still largely unknown and an important 

subject for future investigation, especially the possible induction of these peptides by 

infectious or other stimuli. AvBD9 mRNA expression was shown to be strongly upregulated 

by butyrate both in vitro and in vivo35, 36. Expanding these studies with analysis of protein 

expression could reveal if this is due to increased production of AvBD9 in enteroendocrine 

cells or if additional cell types can be induced to express this defensin. 
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Efficacy of Host Defense Peptides as anti-infective drugs
In realizing the potential of HDPs as anti-infective drugs, researchers have to overcome 

a number of challenges. Some of the main problems with the therapeutic use of these 

peptides are the potential toxicity, reduced antibacterial activity in physiological 

environments and the short half-life37, 38. The immunomodulatory activities of HDPs are 

nowadays believed to be very important for the ability of these peptides to contribute 

to the resolution of infections. Relying on immunomodulation for anti-infective effects 

would lessen some of the challenges of peptide drug design. Immunomodulatory activities 

do not seem to be inhibited in complex physiological media and as direct contact between 

peptide and pathogen is not necessary, a short-half life could be less of a problem. 

Consequently, immunomodulatory peptides lacking in vitro antibacterial activity were 

successful in prophylactically protecting mice from infections with the peptide given up to 

48 hours before infection39, 40. 

In Chapter 4 and 5, two efficacy studies with the D-amino acid analog of CATH-2 

(D-CATH-2) in young broiler chickens are presented. In ovo administration of this peptide 

was able to partially protect chicks from systemic Salmonella infection or respiratory E. coli 

infection 6-10 days after administration. In addition, intramuscular (i.m.) administration of 

D-CATH-2 also provided protection against E. coli infection 3 days after peptide injection. 

The mechanism of this protection is believed to be immunomodulatory, because the low 

amount of D-CATH-2 administered makes direct antibacterial activity highly unlikely. 

In Chapter 4, i.m. administration of D-CATH-2 was shown to be less effective in providing 

protection against E. coli compared to administration in ovo. In addition, in Chapter 5, a 

combined in ovo and i.m. administration of D-CATH-2 did not improve efficacy compared 

to in ovo alone. Localization of labelled CATH-2 peptides by fluorescence microscopy and 

PET/CT (Chapter 4 and 5) showed that in ovo administered peptides reached mucosal 

surfaces of both the respiratory and gastro-intestinal tract. This localization might be 

important to induce protection. In ovo injection has many advantages as an administration 

route in poultry including early protection, low costs and reduced animal stress41. However, 

though in ovo administration is a good option for protection against problems in young 

chicks or broilers with a limited lifespan, for potential treatment of older chickens such as 

layers or broiler parent birds other routes of administration should be investigated. 

As D-CATH-2 is believed to work by immunomodulatory mechanisms, protection does 

not have to be limited to bacterial infections. Investigation of the ability of the peptide to 

protect against viral or parasite infections is an important subject for future research as 

diseases such as infectious bronchitis virus and coccidiosis caused by Eimeria cause large 
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scale problems in the poultry industry42, 43. In murine infection models, protection against 

influenza A virus by HDPs has already been shown44, 45. 

One disadvantage of HDPs is the high manufacturing cost, even more so for veterinary 

uses. A cost-reducing alternative would be the production of HDPs through recombinant 

expression. Looking at recent advances in biotechnology it seems that recombinant 

production of HDPs will become a viable option in the near future, though this mode 

of production assumes the use of natural amino acids46, 47. Another option to tackle high 

cost of production is designing short analogs of HDPs. Short (9-12 amino acids) innate 

defense regulator (IDR) peptides have already shown to be successful anti-infectives in 

murine models39, 40. Another important issue that needs additional investigation is the 

potential toxicity of CATH-2 based peptides. CATH-2 and D analogs of the peptide have 

previously shown in vitro toxicity in assays with red blood cells and PBMCs13, 48, 49 and 

subcutaneous administration of LL-37 caused skin inflammation in mouse models50. 

However, administration of D-CATH-2 as described in Chapter 4 and 5 caused no  

adverse reactions in the chickens, even when administered to the potentially vulnerable 

embryo. 

In vivo effects of Host Defense Peptides 
Many immunomodulatory effects have been described as functions of HDPs (reviewed in 
8, 9). The main immunomodulatory features of HDPs, largely derived from in vitro research, 

seem to be: 1) to dampen pro-inflammatory responses caused by stimuli such as LPS, 

2) chemoattraction of different leukocyte types, both direct or indirect by stimulating 

chemokine expression, 3) to enhance bacterial killing capacities of neutrophils and 

macrophages, 4) to promote differentiation of monocytes and dendritic cells and 5) 

to promote wound healing. Additionally, direct effects of HDPs on adaptive immunity, 

apoptosis and autophagy also seem to play a role, but are less well characterized. As 

mentioned above, immunomodulation is nowadays believed to be very important for 

the in vivo anti-infective effect of HDPs or HDP analogs. In Chapters 4 and 5 we showed 

immunomodulatory effects of D-CATH-2 administration in infected animals. In the case 

of both Salmonella and E. coli infection, total leukocyte and heterophil numbers were 

found to be increased after in ovo administration of D-CATH-2. Additionally, effects on 

antibody levels were found in E. coli infected animals. Increased leukocyte influx with HDP 

administration has also been shown in multiple murine infection models39, 51, 52, indicating 

this is an important mechanism behind HDP induced protection. In our infection models, 

monocyte numbers were not affected by D-CATH-2, though protection of mice from  

S. aureus infection by IDR peptides was shown to be monocyte/macrophage dependent 

using mice deficient in this cell type39, 40. Chicken models deficient in either monocytes, 
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heterophils or peripheral B lymphocytes have also been described53-55 and could be 

used to decipher the cell type responsible for the observed protection by D-CATH-2. 

Mice deficient in their sole cathelicidin CRAMP show increased susceptibility to multiple 

infectious diseases including bacterial pneumonia, necrotic skin infections caused by 

Group A Streptococcus and E. coli cystitis56-58. However, very little effect of CRAMP 

deficiency on the immune system is seen in naïve CRAMP knockout mice. These animals 

have similar blood and lung leukocyte numbers and similar unstimulated cytokine 

responses in lung and bladder56-58. So far, limited information is available about the role 

of administered HDPs on the naïve immune system in vivo. Leukocyte attraction by 

administered HDPs was reported, but this seems to be a short-term effect39, 51, 59. One 

study showed that intratracheal administration of LL-37 and IDR-1 caused no effect on 

lung cytokine response in naïve mice, though these HDPs could reduce pro-inflammatory 

cytokine responses caused by MRSA infection60. In Chapter 6, we similarly show that in 

ovo administration of D- or L-CATH-2 has no effect on the immune system of naïve 7-day 

old broiler chicks. Among the measured parameters were blood, spleen and cecal tonsil 

leukocyte numbers and functionality of PBMCs and dendritic cells. 

In ovo administration of D-CATH-2 did cause changes in microbiota composition in naïve 

chickens (Chapter 6). Numbers of Escherichia/Shigella in ileum and cecum and the Families 

Ruminococcaceae and Clostridiaceae_1 in cecum were reduced by D-CATH-2. Previously, 

effects of HDPs on microbiota composition were shown in mice transgenically expressing 

human α-defensin 5 or rats administered LL-3715, 61. Moreover, endogenous intestinal 

defensins are believed to be essential regulators of microbiota, considering their role in 

diseases such as Crohn’s disease and IBD62. In the poultry industry, much effort is made to 

improve chicken performance and health by modulating the gut microbiota63. Though our 

results are only the first proof-of-principle and effects on the chicken’s performance and 

gut immune system are so-far unknown, modulation of microbiota by in ovo administration 

of D-CATH-2 certainly warrants further research and can be an advantageous factor in the 

development of CATH-2 analogs into successful poultry medicines. 
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Concluding remarks
This thesis presents important steps in the investigation of the potential of chicken 

cathelicidin-2 as a template for the development of new anti-infectives. Protective effects 

of this peptide after in ovo administration have been shown against two important bacterial 

poultry pathogens, with efficacy up to 10 days after administration. Innovative techniques 

have been used to follow peptide distribution after in ovo administration. Finally, putative 

in vivo mechanisms of the peptide have been described including leukocyte recruitment 

and modulation of the microbiota. Though encouraging, these results are only the start 

of the development of CATH-2 derived peptides as drugs in the poultry industry. In the 

future, in vivo mechanisms of the peptide should be investigated during infections. In 

addition, issues such as cost of production, safety and alternative routes of administration 

should be addressed. 
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De bestrijding van bacteriële infectieziekten bij zowel mens als dier is afhankelijk 

van het gebruik van antibiotica. Sinds de jaren ’70 leidt resistentie van bacteriën 

tegen antibiotica tot groeiende problemen bij de behandeling van deze infecties. De 

Wereldgezondheidsorganisatie (WHO) heeft antibioticaresistentie dan ook benoemd 

als een van de voornaamste bedreigingen voor de gezondheidszorg in de 21e eeuw. 

Overmatig en onjuist gebruik van antibiotica worden als de belangrijkste oorzaken van 

resistentieontwikkeling gezien. In de diergezondheidszorg worden veel antibiotica 

gebruikt, zowel voor behandeling en preventie van infecties als voor het bevorderen van 

groei. Naar aanleiding van groeiend bewijs dat het gebruik van antibiotica bij dieren in 

verband kon worden gebracht met het voorkomen van resistente infecties bij mensen is 

het gebruik van antibiotica als groeibevorderaar sinds 2006 verboden in de Europese Unie. 

In grote delen van de wereld zijn er echter weinig regels voor het gebruik van antibiotica 

bij dieren en door de veranderende landbouw in ontwikkelingslanden wordt daarom zelfs 

een groei van het antibioticagebruik bij dieren voorspeld in de komende decennia.

Naar aanleiding van de resistentieproblematiek zijn de gezondheidszorg en wetenschap 

op zoek naar alternatieven voor deze middelen. Een veelbelovend alternatief zijn de 

afweerpeptiden van het aangeboren immuunsysteem (host defense peptides: HDPs). 

Deze korte eiwitten komen van nature voor in alle diersoorten waar ze een belangrijke 

rol spelen in de natuurlijke afweer tegen micro-organismen. In gewervelde dieren zijn 

er twee belangrijke groepen HDPs, de cathelicidines en defensines. In eerste instantie 

werden de HDPs antimicrobiële peptiden genoemd, omdat ze snel en effectief in staat 

zijn bacteriën en schimmels te doden. Tegenwoordig is het duidelijk dat dit niet de 

enige functie van de peptiden is, maar dat ze ook invloed hebben op veel processen in 

het immuunsysteem. Voorbeelden van deze zogenaamde immunomodulatie zijn het 

aantrekken van immuuncellen naar de plaats van infectie (chemotaxis), het remmen van 

ontstekingsprocessen en het sturen van de ontwikkeling (differentiatie) van immuuncellen. 

De laatste jaren is er veel onderzoek gedaan naar de mogelijkheid om HDPs te ontwikkelen 

tot medicijnen om infecties te behandelen of te voorkomen en een aantal peptiden is al in 

een gevorderd stadium van ontwikkeling.

Het doel van dit proefschrift was te onderzoeken of kippen HDPs, in het bijzonder 

cathelicidine 2 (CATH-2) gebruikt kunnen worden om infecties bij pluimvee te voorkomen. 

In Hoofdstuk 2 is de huidige kennis over HDPs in de kip en andere vogels op een rijtje gezet. 

Kippen hebben vier cathelicidines en daarnaast 14 defensines (subklasse β-defensines). 

Voor de meeste van deze peptiden is een antimicrobiële werking aangetoond. CATH-2 
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is bijvoorbeeld in staat zowel Gram-negatieve (bijv. E. coli) als Gram-positieve bacteriën 

(bijv. Staphylococcus aureus) en schimmels (bijv. Candida albicans) te doden. Over de 

immunomodulerende werking van kippen HDPs is minder bekend. Aangetoond is 

dat CATH-2 de productie van chemokines (stoffen die zorgen voor aantrekking van 

immuuncellen) kan verhogen en de productie van ontstekingsstimulerende stoffen kan 

remmen in cellen die gestimuleerd zijn met bacterieel endotoxine (LPS). 

Omdat bekend is dat jonge kuikens erg vatbaar zijn voor infecties, is in Hoofdstuk 3 

gekeken naar de aanwezigheid van het natuurlijke CATH-2 en het defensine AvBD9 in 

organen tijdens de ontwikkeling van kuikens, van het embryonale stadium tot 4 weken 

na uitkomst. Met behulp van antilichamen tegen CATH-2 en AvBD9 werden plakjes van 

verschillende organen gekleurd en werden de cellen geteld waar deze peptiden aanwezig 

waren. Hieruit bleek dat CATH-2 tijdens alle ontwikkelingsstadia alleen aanwezig was in 

de heterofielen, een type immuuncellen dat in zoogdieren neutrofielen wordt genoemd. 

Ook werd duidelijk dat in de milt en de bursa tijdens de embryonale ontwikkeling heel veel 

heterofielen aanwezig waren, maar dat deze aantallen sterk afnamen na het uitkomen. 

In minder sterke mate was deze afname ook te zien in de dunne darm, terwijl in de long 

juist het hoogste aantal heterofielen te zien was op één dag na uitkomen. Het defensine 

AvBD9 werd voornamelijk gevonden in de darm en dan specifiek in zogenaamde 

entero-endocriene cellen. Deze cellen staan voornamelijk bekend als regulatoren van 

de spijsvertering, maar de laatste jaren worden er ook aanwijzingen gevonden dat deze 

cellen een rol spelen in het immuunsysteem. Onze resultaten lijken te wijzen op een 

vergelijkbare rol voor deze cellen in de kip.

In Hoofdstuk 4 en 5 worden twee infectie-experimenten beschreven waarbij is onderzocht 

of toediening van CATH-2 kan beschermen tegen bacteriële infecties in kuikens. Hiervoor 

werd het peptide D-CATH-2 gebruikt; deze CATH-2 variant is opgebouwd uit zogenaamde 

D-aminozuren die verhinderen dat het peptide wordt afgebroken. D-CATH-2 werd drie 

dagen voor het uitkomen van het ei toegediend (in ovo). Bij een deel van de dieren werd na 

uitkomen D-CATH-2 in de dijbeenspier geïnjecteerd. In ovo injectie wordt bij kippen veel 

toegepast om vaccins toe te dienen. In ovo toegediende stoffen komen in het vruchtwater 

van het embryo terecht wat door het embryo wordt opgeslokt. Om te kijken waar ons 

peptide terecht kwam na in ovo toediening, werden eieren geïnjecteerd met fluorescent 

gemerkt CATH-2 (Hoofdstuk 4). Na injectie kon het gemerkte peptide na 24 uur worden 

teruggevonden in zowel het ademhalingsapparaat (longen) als het maag-darmkanaal van 

de embryo’s. Hetzelfde resultaat werd gevonden door radioactief gemerkt CATH-2 in ovo 

toe te dienen en de eieren vervolgens na verschillende tijdstippen met een gecombineerde 

PET/CT scan te analyseren (Hoofdstuk 5). Opname van het peptide in het embryo, vooral 
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in de maag, werd al na 4 uur waargenomen. Op latere tijdstippen (24 en 48 uur na injectie) 

werd het peptide in de longen en de darmen gevonden. 

In de infectie-experimenten werden de kuikens na uitkomen geïnfecteerd met E. coli of 

Salmonella, twee bacteriën die bij jonge kuikens voor veel problemen kunnen zorgen. E. 

coli werd 7 dagen na uitkomen in de trachea toegediend (Hoofdstuk 4) en Salmonella 

werd drie dagen na uitkomen ingespoten onder de huid (Hoofdstuk 5). In beide gevallen 

zorgde in ovo toediening van D-CATH-2 voor een vermindering van sterfte en de ernst van 

schade aan weefsels één week nadat de dieren geïnfecteerd werden. Na E. coli infectie 

werden ook lagere aantallen bacteriën gevonden in de luchtzakken in de groep die in 

ovo was behandeld met D-CATH-2. Toediening van D-CATH-2 in de spier na uitkomen 

(dag 1 en 4) was minder succesvol in het voorkomen van de E. coli-infectie dan in ovo 

injectie. In het experiment met Salmonella werd in één groep kuikens in ovo toediening 

gecombineerd met toediening in de spier na uitkomen. Deze behandeling was niet beter 

dan in ovo injectie alleen; het gunstige effect op het voorkomen van sterfte leek zelfs iets 

te zijn verminderd. Om te onderzoeken wat het effect was van D-CATH-2 toediening en 

infectie op het immuunsysteem, werden twee dagen na infectie bij beide experimenten 

bloeduitstrijkjes gemaakt en werden de immuuncellen geteld. Bij beide experimenten 

was een toename van het totaal aantal immuuncellen (leukocyten) en van het aantal 

heterofielen te zien in de groep dieren die in ovo waren behandeld met D-CATH-2. In het 

experiment met E. coli zorgde de infectie voor een afname van het aantal lymfocyten, 

maar in de dieren die in ovo D-CATH-2 toegediend hadden gekregen, was het aantal 

lymfocyten even hoog als in niet-geïnfecteerde dieren.

Na in Hoofdstuk 4 en 5 te hebben gezien dat toediening van D-CATH-2 kuikens 

gedeeltelijk kan beschermen tegen infecties door E. coli en Salmonella, hebben we in 

Hoofdstuk 6 de eerste stappen gezet naar het begrijpen hòe het peptide werkt. Om dit te 

onderzoeken werd D-CATH-2 in ovo toegediend aan kuikens en werd het immuunsysteem 

van deze dieren op 7 dagen na uitkomen op verschillende punten geanalyseerd. In drie 

afzonderlijke experimenten werden geen consequente verschillen gevonden in het aantal 

aanwezige immuuncellen in het bloed en ook niet in enkele functies van deze cellen, 

zoals fagocytose, de productie van zuurstofradicalen en de stimulatie van de deling van 

andere immuuncellen. Ook in de genexpressie van de immuuncellen was weinig verschil 

te zien tussen cellen uit onbehandelde kuikens en uit dieren die behandeld waren met 

D-CATH-2. Het lijkt er dus op dat het effect van D-CATH-2 op het immuunsysteem in niet-

geïnfecteerde dieren niet gemakkelijk te meten is. 
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Naast het immuunsysteem werden in de 7 dagen oude kuikens ook de darmen en de 

darmflora (microbiota) onderzocht. In drie afzonderlijke experimenten werd geen 

verschil gevonden in de zogenaamde villus:crypte verhouding in de dunne darm, 

een maat voor functionaliteit en ontwikkeling van de darmmucosa. Wel werd in de 

D-CATH-2 behandelde dieren een kleine toename gezien in de grootte van de mucus-

producerende slijmbekercellen, hetgeen zou kunnen wijzen op een effect van het peptide 

op mucusproductie. De samenstelling van de microbiota van de dunne darm (ileum) en 

blindedarm (cecum) werd in twee afzonderlijke experimenten geanalyseerd. In beide 

experimenten waren er grote verschillen te zien tussen de microbiota van de twee 

groepen kuikens, maar deze verschillen kwamen slechts gedeeltelijk overeen tussen het 

eerste en tweede experiment. De invloed van de groep en de huisvesting lijkt dus in deze 

experimenten sterker te zijn dan de invloed van de D-CATH-2 behandeling. Maar, in beide 

experimenten was wel een verandering te zien bij een klein aantal groepen bacteriën 

waaronder een afname van het geslacht Escherichia/Shigella in zowel het ileum als het 

cecum en een afname van de familie Ruminococcaceae in het cecum. D-CATH-2 lijkt dus 

wel in staat de microbiota van jonge kuikens te veranderen.

Dit proefschrift presenteert belangrijke stappen in het onderzoek naar het ontwikkelen 

van op CATH-2 gebaseerde peptiden als potentiële nieuwe antimicrobiële middelen. We 

hebben kunnen laten zien dat na in ovo toediening van D-CATH-2 kuikens tot 10 dagen 

lang gedeeltelijk beschermd zijn tegen infecties met E. coli en Salmonella, tot nu toe de 

langst beschreven preventieve werking van een HDP. Daarnaast hebben wij de kennis 

vergroot over de natuurlijke aanwezigheid van HDPs als CATH-2 en AvBD9 in het zich 

ontwikkelende kuiken. Ten slotte is er een eerste aanzet gegeven tot het ontrafelen van 

het werkingsmechanisme van D-CATH-2. 
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bij te wonen, waar ik erg veel van geleerd heb. 

Natuurlijk verdient ook mijn copromotor Albert heel veel dank. We zeggen weleens 
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vol belangstelling en vragen. Sommigen van jullie zijn zelfs mee geweest naar het lab of 

naar de stal, hartstikke leuk! In het bijzonder veel dank aan Marjo, Lena, Maartje, Jeltsje 

en Lysbeth: jullie zijn geweldig! Natuurlijk ook de ‘zwaardvechtclub’ bedankt voor de 

broodnodige ontspanning op donderdagavond. En niet te vergeten mijn huisgenoten, die 

ik in de keuken en de gang vast gek heb gemaakt met mijn soms onsmakelijke verhalen. 

Tenslotte, lieve mem, Fogelina en Andrew, ik ben erg blij met jullie als familie en dankbaar 

voor jullie steun! Foog, bedankt voor het ontwerpen van de prachtige cover en mem, 

bedankt voor alle telefoongesprekken met goede raad.

‘Mijn hulp komt van de HEER, die hemel en aarde gemaakt heeft’ (Psalm 121:2)
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