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ABSTRACT

The insect immune response demonstrates many similarities to the innate immune response of
mammals and a wide range of insects is now employed to assess the virulence of pathogens and
produce results comparable to those obtained using mammals. Many of the humoral responses in
insects and mammals are similar (e.g. insect transglutaminases and human clotting factor Xllla)
however a number show distinct differences. For example in mammals, melanization plays a role
in protection from solar radiation and in skin and hair pigmentation. In contrast, insect melaniza-
tion acts as a defence mechanism in which the proPO system is activated upon pathogen
invasion. Human and insect antimicrobial peptides share distinct structural and functional simila-
rities, insects produce the majority of their AMPs from the fat body while mammals rely on
production locally at the site of infection by epithelial/mucosal cells. Understanding the structure
and function of the insect immune system and the similarities with the innate immune response
of mammals will increase the attractiveness of using insects as in vivo models for studying host —
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pathogen interactions.

Introduction

The innate immune system is the first line of defence
against invading pathogens in both insects and mam-
mals. Although innate immune responses are non-
specific, they are widely distributed throughout the
body allowing them to play a crucial role in the
maintenance of homeostasis and the prevention of
disease and infection [1]. The insect and mammalian
innate immune systems consist of humoral and cel-
lular responses. The cellular response is mediated by
hemocytes in insects and myeloid cells in mammals
and involves the targeting of pathogens through pro-
cesses such as phagocytosis, superoxide production,
encapsulation and enzyme release. Insect hemocytes
display many structural and functional similarities to
neutrophils of the mammalian immune response [2-
4]. Insect and mammalian humoral responses involve
processes such as melanization, clotting and the
secretion of antimicrobial peptides. In addition,
mammals also possess an adaptive immune system
which first evolved in jawed fish 500 million years
ago after the divergence of vertebrates and inverte-
brates [5]. The adaptive immune system enables a
specific response to a pathogen and relies upon the
presence of lymphocytes with specific receptors that
recognize pathogenic antigens. The adaptive immune

system also has the ability to remember previous
pathogen attacks, resulting in a more effective
immune response to subsequent infection [6]. While
insects do not have an adaptive immune response
they display immunological priming as a result of
prior exposure which enhances survival to a subse-
quent insult as a result of increased humoral and
cellular responses [4,7,8].

A wide range of insects is now employed to
study the virulence of medically important patho-
gens and this is made possible by the similarities
between the insect immune response and the mam-
malian innate immune responses. Insects such as
Drosophila melanogaster [9-11], Galleria mellonella
[12-15], Manduca sexta [16,17], and Bombyx mori
[18] are now widely used to overcome the disad-
vantages associated with testing in mammalian sys-
tems (e.g. cost, housing, legal/ethical restrictions)
while generating comparable results. This develop-
ment has accelerated research and lead to a reduc-
tion in cost and in the use of mammals for these
types of experiments [19-22]. This review compares
the humoral immune response of insects and mam-
mals and demonstrates how these can be exploited
to validate the use of insects as alternatives to the
use of mammals.
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Humoral immune signalling pathways in
mammals and insects

The Toll and Toll-like pathway

Toll-like receptors (TLRs) are a group of type I transmem-
brane receptors that play a role in innate humoral immu-
nity in both insects and mammals. As Toll and TLRs are
conserved throughout evolution, they can be found in
mammals, invertebrates and plants. Homologies between
these receptors can be observed between the cytoplasmic
Toll/IL-1R (TIR) domain of both mammalian Toll-like
receptors and the Drosophilia Toll receptor. In addition
to a TIR cytoplasmic domain, toll receptors can be char-
acterized by an extracellular domain consisting of several
leucine-rich repeats (LRRs) [23]. Despite the conservation
of these domains in mammals and insects there are some
structural and functional differences observed in the indi-
vidual Toll receptors and genes. Structurally, mammalian
Toll-like receptors contain one cysteine cluster at the
C-terminal domain of their LRRs while insects contain
multiple cysteine clusters on both the C-terminal and
N-terminal domains of their LRRs [24]. Functionally, the
Toll genes are vital in Drosophilia embryogenesis where
they are involved in dorsal-ventral development. Insect
Toll-signalling is also essential in the production of AMPs
in response to pathogen invasion, in particular antifungal
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peptides such as drosomycin, highlighting its role in innate
humoral immunity [25]. Conversely, mammalian Toll-like
genes are involved in the production of cytokines and co-
stimulatory molecules upon pathogen recognition. The
production of these molecules results in the activation of
T-lymphocytes, thereby linking the mammalian innate and
adaptive immune responses [26].

Upon activation of Toll and Toll-like receptors a
series of similar signalling pathways is initiated in
insects and mammals which lead to activation of homo-
logous transcription factors; NF-kB in mammals and
Dorsal and Dif in insects (Figure 1). These transcrip-
tion factors are responsible for the resulting anti-micro-
bial response in both animal groups [27]. Toll pathway
activation in mammals occurs directly through binding
of microbial associated material to their specific Toll
receptor. In insects, activation occurs indirectly where
microbial invasion induces the production of a
cysteine-knot protein called Spatzle which can bind to
Toll receptors [28]. Upon Drosophilia Toll activation by
Spatzle the adaptor protein myeloid differentiation pri-
mary response protein (MyD88) is recruited to the TIR
domain of the Toll receptor. A hetero-trimeric complex
is formed with MyD88, the kinase Pelle and the protein
Tube. As a result of Pelle activation, the inhibitor
protein Cactus is phosphorylated and degraded. In its
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Figure 1. Diagramatic representation of the similarities between invertebrate Toll signalling and vertebrate toll-like signalling.

Upon activation of invertebrate toll receptor and the homologous toll-like receptor in vertebrates, a cascade is induced where the
homologous transciption facotors Nf-kB and Dif are activated in vertebrates and invertebrates, respectively. Upon translocation of these
transcription factors, AMPs are produced in invertebrates while co-stimulatory molecules and pro-inflammatory cytokines such as IL-18, IL-6

and IL-8 are produced in vertebrates.



inactive form Cactus is bound to the transcription
factors Dif or Dorsal. Therefore, upon Cactus degrada-
tion Dorsal or Dif are free to translocate to the nucleus
resulting in the transcription of anti-fungal AMPs [29].
A very similar proccess occurs in mammalian Toll-like
signalling (Figure 1). In mammals, upon binding of
microbial derived material such as peptidoglycan or
lipopolysaccharide to Toll-like receptor MyD88, which
is homologous to Drosophila MyD88, is recruited to the
TIR domain. This initiates the recruitment of IRAK
kinases which are homologous to Drosophila Pelle and
Tube. Kinase activation results in the phosphorylation
and degradation of I-kB, which is homologous to
Drosophila Cactus, thereby initiating the translocation
of the now unbound NF-kB (homologous to Drosophila
Dif and Dorsal) to the nucleus for transcription of co-
stimulatory molecules, cytokines and chemokines [30].

The IMD and TNF-a signalling pathways

In addition to Toll signalling, Drosophilia can induce
the IMD signalling pathway to produce AMPs. The
IMD pathway recognizes components of the bacterial
cell wall such as peptidoglycan, resulting in the activa-
tion of a cascade that ultimately produces AMPs. The
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IMD pathway displays some similiarities to the mam-
malian tumour necrosis factor-a (TNF-a) pathway as
well as the Toll-like pathway. Both the TNF-a and IMD
pathways ultimately result in the production of the
homologous transcription factors NF-kB and Relish,
respectively (Figure 2). In insects, the IMD pathway is
initiated by binding of peptidoglycan to peptidoglycan-
recognition proteins (PGRPs) while in mammals, the
TNF-a pathway is initiated through the binding of
TNF-a to tumor necrosis factor receptor 1 (TNFR1)
[31,32]. Peptidoglycan recognition in Drosophila results
in the recruitment of IMD, a death domain protein, the
adaptor protein dFADD, and DREDD to form a com-
plex. The activation of this complex promotes the cle-
vage of IMD from the complex and activation of the
Drosophila TAB2/TAK1 complex. As a result, the
Drosophila IKK complex is activated and phosphory-
lates Relish. Rel-68, the N-terminal domain of Relish,
can then translocate to the nucleus and initiate the
production of anti-bacterial AMPs such as diptericin
[33]. Conversely, TNFR1 activation in mammals initi-
ates the recruitment of RIPP, FADD and caspase 8
which are homologous to Drosophila IMD, dFADD
and DREDD, respectively. The formation of the RIPP/
FADD/caspase 8 complex activates TAK1 (homologous
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Figure 2. Comparision of insect IMD pathway and mammalian TNF-a pathway.

The IMD pathway is activated by binding of peptidoglycan (PGN) to peptidoglycan-recognition proteins (PGRPs) which results in recruitment
and formation of a IMD, dFADD and DREDD complex and results in IMD cleavage and subseqeunt activation of TAB2/TAK1. This results in
Relish phosphorylation and ultimately the production of AMPs (e.g cecropin). Alternatively in mammals, TNF-a is bound by the tumor
necrosis factor receptor 1 (TNF-R1) which results in recuirment of RIPP, FADD and caspase 8. This complex activates TAK1 which activates
the IKK complex resulting in phosphoylation and degradation of the inhibitor protein IkB. NF-kB is released for translocation to the nucleus

resulting in pro-inflammatory cytokine production.
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Figure 3. Sequence comparison between human (h) von Willebrand factor and Drosophila (d) Hemolectin protein sequences using
emboss needle pairwise sequence alignment. Highlighted in yellow are conserved cysteine residuals. hVWF and dHemolectin are up
to 30.9% similar protein sequences. * (asterics); indicates a single, fully conserved residue,: (colon); indicates conservation between
groups of strongly similar properties, . (full stop); denotes conservation between groups of weak similar properties).

to Drosophila TAK1). TAK1 activates the IKK complex
(homologous to Drosophila IKK complex) which phos-
phoylates and degrades the inhibitor protein IkB. Upon
IxB degradation, NF-«B is released for translocation to
the nucleus [34]. In mammals, TNF pathways are
involved in the production of pro-inflammatory cyto-
kines as well as cell survival and apoptosis pathways,
therefore also linking the innate and adaptive immune
responses [35].

The blood/hemolymph clotting system in
insects and mammals

The role of clotting systems

Clotting is an essential component of the innate immune
system and promotes hemostasis by inducing the formation
of an insoluble matrix/clot in the insect hemolymph or
mammalian blood. The formation of a clot also aids in
the sealing of wounds and prevention of pathogen entry
and infection [36]. Due to insects having an open circula-
tory system, clotting plays a vital role in the insect immune
system. The insect clotting system is extremely efficient in
order to prevent loss of hemolymph and the spread of
infection, and for hemocoel compartmentalisation.
Additionally, clotting helps to limit potential tissue damage
caused by other immune responses by localising activity to
wounding/pathogen entry sites. In contrast, mammals have
a closed circulatory system and an adaptive immune

response which lessens their reliance on such an efficient
clotting system, especially since thrombosis (clot forma-
tion) is costly [37].

Similarities between insect and mammalian
clotting factors

Similarities between insect and mammalian clotting
cascades can be observed in the family of transglutami-
nases which are involved in the hardening of a clot.
Insect transglutaminases are homologous to human
clotting factor XIIla; one of eight transglutaminases
found in humans. Factor XIIIa is involved in the final
hardening of the clot in humans while insect transglu-
taminase is believed to contribute to the clotting cas-
cade at a much earlier stage [38,39]. Additionally,
homologies have been observed between domains of
the Drosophila clot fibers constituent hemolectin and
domains of human clotting factors V and XIII.
Similarities in protein sequence have also been
observed between insect hemolectin and human von
Willebrand factor (vWE), a glycoprotein involved in
hemostasis, (Figure 3) [40,41].

Despite the conservation of structure and functions of
some clotting factors, greater variation in clotting cascades
and clotting factors has been observed between insects and
mammals. Drosophlia clotting cascades involve a number
of clotting factors in three clotting steps to form a hardened



clot. Firstly, a primary clot is formed through hemocyte
degranulation where an aggregate is formed consisting of
hemocytes, cell debris and extracellular matrix [42,43].
Secondly, the prophenoloxidase system (see: “The insect
prophenoloxidase activating (proPO) system”) and trans-
glutaminases are activated which contribute to the cross-
linking and hardening of the clot [44]. This also highlights
the link in evolution of melanization and clotting in insects,
a process that occurs independently in mammals. Finally,
plasmatocytes are recruited to seal the clot [45]. In
Drosophila, a number of clotting factors have been identi-
fied. Hemolectin is the most abundant protein found in the
insect clot but many other factors contribute to the forma-
tion of a stable clot [46]. Activated transglutaminase (as a
result of wounding or infection) interacts with its substrates
Fondue and Eig71Ee, causing their subsequent covalent
cross linkage and the formation of a hardened clot,
(Figure 4) [47]. Lipophorin, which is analogous to mam-
malian lipid carrrier, is also involved in the polymerisation
of the insect clot. Additionally, the activation of phenolox-
idase by the proPO system works alongside transglutami-
nase through its involvement in the final crosslinking of the
clot in addition to having a primary function in the direct
killing of pathogens through melanization [46].
Mammalian clotting systems are better understood and
more clotting factors have been identified. Firstly, primary
hemostasis in humans occurs where a platelet plug in
formed at the site of bleeding. Secondly two different path-
ways can be activated both of which lead to fibrinogen
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being converted to fibrin; the extrinsic tissue factor (TF)
system or the intrinsic contact system. The contact system
involves activation of factor XII by collagen exposure in the
bleeding vessel. Subsequently, the activation of the factors
XI, IX, VIII and X takes place, respectively. Factor X (in the
presence of lipids, platelets, calcium and factor V) initates
the conversion of prothrombin to thrombin which then
converts fibrinogen to fibrin. The production of fibrin
finally stabilizes the fibrin network/clot [48,49]. TF is con-
stitutively expressed smooth muscle cells, pericytes and
fibroblasts. Upon vessel injury platelets bind to vWEF. This
event then initiates the binding of TF to factor VIIa result-
ing in platelet activation via PARI and PAR4 receptors.
Platelet activation ultimately leads to the conversion of
prothrombin to thrombin and finally fibrinogen to fibrin,
as in the contact system (Figure 4) [50,51].

Melanization in insects and mammals

Melanins are a group of pigmented biopolymers dervived
from phenolic compounds such as tyrosine. Melanins are
believed to have evolved over 500 million years ago and can
be found in both insects and mammals despite having a
different primary role in both groups. In mammals, the
production of melanin pigments is an important compo-
nent in the colouration of hair, eyes and skin but also
contributes to protection from solar radiation [52]. In
insects, melanin production plays a vital role in the innate
immune system, colouration of the exoskeleton,
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Figure 4. Schematic comparison of the hemolymph/blood clotting system in insects versus mammals.

Hemolymph clotting in insects involves co-ordination between plasmatocytes, transgluatimase mediated activation of hemolectin, eig71Ee
and fondue as well as phenoxidase activation. During the mammalian blood clotting a series of enzymatic reactions result in the formation
of thrombin and subsequently the conversion of fibrinogen to fibrin. Activations of the complement cascade also feeds into mammalian
coagulation in the same way as phenoloxidase activation in insects. Similarities can be seen in both systems in that TG is homologous to
factor Xllla. Both factors contribute to the formation of a hemolymph/fibrin network.
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sclerotization and healing of wounds. There are three types
of melanin in mammals; pheomelanin which are the yel-
low-red pigments found in red hair/fur/feathers, eumelanin
which are the black to brown pigments and neuromelanin
which consists of polymeric components derived from
dopamine and produced by the substantia niagra in the
brain [53,54].

The insect prophenoloxidase activating (proPO)
system

In insects melanin production depends upon the activation
of the prophenoloxidase activating (proPO) system which
is rapidly triggered upon pathogen invasion or injury to the
cuticle. Upon activation of the proPO system, a pathogen
can be killed directly through the production of toxic com-
pounds. Alternatively, phagocytosis and encapsulation of
the invading pathogen or hemolymph coagulation may also
be induced by this system [55]. The proPO system cascade
leading to the production of melanin is catalysed by the
redox enzyme phenoloxidase. Mammalian melanin pro-
duction is also catalysed by a redox enzyme called tyrosi-
nase and this has similar activity to insect phenoloxidase
although they share little homology. These enzymes also
differ in where they are located; tyrosinase is membrane-
bound within the melanosome of mammals while pheno-
loxidase is produced by the insect hemocytes and secreted
into the hemolymph upon activation [56].

Melanization in insects involves a number of cascades
that must be carefully regulated due to the production of
toxic and reactive intermediates which may be detrimental
to the host. ProPO activation can be triggered by pathogen
associated molecular patterns (PAMP) such as bacterial
lipopolycaccharide and peptidoglycan or fungal p-1,3 glu-
can binding to their respective pathogen recognition recep-
tors. ProPO activation can also occur independently of
PAMPs such as in the case of wounding and the presence
of cells with altered apoptosis [55,57]. Activation of the
proPO system results in the induction of a serine protease
cascade but PO is activated by apolipophorin IIT and inhib-
ited by lyzozyme and anionic peptide-2 in G. mellonella
[58]. Consequently, the phenoloxidase activating system is
initiated when prophenoloxidase-activating enzyme is con-
verted from its inactive pro form (pro-ppA), to its active
form (ppA). PpA can catalyse the proteolytic cleavage of
prophenoloxidase (proP) to phenoloxidase (PO) (Figure 5).
Active PO is involved in hydroxylation of monophenols.
Hydoxylation is followed by the oxidation of phenols to
form quinines. Finally, quinine polymerization is catalyzed
by phenoloxidase-monophenyl-L-dopa to form melanin
[59,60]. Excluding the final step in which melanin is pro-
duced, the proPO system displays similarities to the com-
plement system of vertebrates. In both the complement

system of mammals and the proPO system of insects,
there is production of cytotoxic and opsonic components
as summarized in Figure 5 [56]. Furthermore, there is some
similarity between the sequences of insect proPO and the
mammalian complement proteins C3 and C4 [61].

Although melanization is a vital component of the insect
immune system, it must be tightly regulated by specific
protease inhibitors to allow for accurate melanin deposition
and to reduce the toxicity associated with melanin over-
production. One such example can be seen in Drosophila
where the activation of the gene spn27A results in the
production of a serpin [62]. This particular serpin functions
by inhibiting the activation of the proPO system and there-
fore melanization [55]. There has been some debate on the
role of melanization in Drosphila, however a comprehen-
sive study by Binggeli et al. (2014) outlines the importance
of PPO1 and PPO2 in dealing with Gram-positive bacteria
and fungal infection [63].

In contrast, melanization in mammals plays quite a
different role. Melanins (pheomelanin, eumelanin and
neuromelanin) are produced by mammalian melanocytes
in specific tissues including the brain, skin, hair and eyes.
Melaninization plays a particularly important role in the
skin where melanins protect the skin from UV by absorb-
ing UVB rays and facilitates the production of Vitamin
D3. Mammalian melanin production is a complex process
that depends upon the levels of the antioxidant glu-
tathione. At high glutathione levels, pheomelanin is pro-
duced while glutathione is not required for the production
of eumelanin [64]. In insects injury or PAMP recognition
initiates melanization, while in mammals melanization is
initiated by either the hydroxylation of L-phenylalanine to
L-tyrosine or direct hydroxylation of L-tyrosine to
L-dihydroxyphenylalanine (L-DOPA), the precursor of
both eumelanin and pheomelanin. After a number of
oxidoreductions, the reaction intermediates dihydroxyin-
dole and DHI carboxylic acid are produced before being
polymerized to form eumelanin. Alternatively, pheomela-
nin is produced through the binding of dopaquinone to
cysteine or gluthione producing cysteinyldopa and glu-
tathionyldopa, respectively, before a series of reactions
that eventually yield pheomelanin [65]. Overall, insect
melanization displays more similarities to the mammalian
complement system than to mammalian melanization due
to insect melanization and complement playing an impor-
tant role in microbial mediated innate immune responses,
while mammalian melanization primarily plays a role in
pigmentation and UV protection.

Antimicrobial peptides in insects and mammals

Antimicrobial peptides (AMPs) are a group of widely
expressed molecules that are produced as an early
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Figure 5. Schematic diagram of the proPO-system for melanin production in insects.

PAMPs such as B-1,3 glucan, LPS and peptidoglycan amongst others bind pathogen recognition receptors such as B-1,3 glucan-binding
protein (BG-bp), lipopolysaccharide-binding protein (LPD-BP) and peptidoglycan-binding protein (PG-BP), respectively. This results in the
activation of the serine protease cascade which initates the conversion of prophenoloxidase-activating enzyme from its pro-form (pro-ppA)
to its active form (ppA). PpA then catalyzes the conversion of prophenoloxidase (proPO) to phenoloxidase (PO). PO in combination with
phenols and O, results in the formation of quinones which polymerize to form melanin. Similarily, the alternative complement pathway
generates C3b by C3 convertase which with other proteins froms the C5 convertage. This enzyme cleaves C5 to C5a and C5b, the latter of
which recuits and assembles C6, C7, C8 and multiple C9 molecules to form a pore forming membrane attack complex which is deposited on

the microbial cell surface ultimately resulting in cell lysis.

defence mechanism by multicellular organisms such
as plants and animals. These peptides are produced in
response to a broad spectrum of pathogens including
bacteria, viruses, fungi and parasites but have also
been found to target cancer cells [66,67]. Most of
the identified AMPs share some common character-
istics including a size of 12-50 amino acids, a net
positive charge and an amphipathic
Furthermore, AMPs can be classified based on their
secondary structure. These secondary peptide struc-
tures include a-helical, B-sheets, a mixture of a-heli-
cal and B-sheet structures or extended loop structures
[68,69]. Depending on the particular AMP and its
target pathogen, AMPs can target and kill pathogens
using two distinct modes of action (Figure 6). Upon
binding the microbial membrane, AMPs may induce
cell lysis through disruption of the membrane.
Alternatively, the peptide may induce pore formation
through electrostatic interactions, allowing the AMP
to target intracellular components of the pathogen
such as DNA and RNA. Through binding intracellu-
lar proteins, the synthesis of DNA, RNA, proteins

structure.

and the cell wall integrity may be altered resulting
in cell death [70]. Additionally, AMPs have a chemo-
tactic role in mammals which links the innate and
adaptive immune response through recruiting and/or
activating immune cells including T cells, dendritic
cells and monocytes. For example human LL-37
induces chemotaxis of human neutrophils [71].

In mammals, AMPs are secreted from parts of the
body that are subject to microbial infections including
keratinocytes of the skin, the oral mucosa, gastrointest-
inal tract, lungs, eyes and the reproductive tract [72]. In
insects, AMPs are predominantly synthesized in the fat
body (equivalent to the mammalian liver) but also in
small amounts by hemocytes before being secreted into
the hemolymph [73-75]. As in mammals, the secretion
of tissue-specific AMPs may also occur in the insect gut
epithelia [66].

Lysozyme

AMPs are extremely diverse with certain AMPs being
found in particular animal species or groups while
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Both insect and mammalian AMPs display direct microbicidal activity by initiating cell lysis at the cell surface or interfering with intracellular
targets. Some AMPs possess anti-biofilm activity (e.g. LL-37), inhibit protein synthesis (e.g. apidaecin) or inhibit microbial proteases (e.g.
Histatin-5). Some AMPs also possess pleotropic cell-modulatory activities such as angiogenesis, re-epithelization, chemotaxis, anti-inflam-

matory and growth effects depending on cell type.

other AMPs may be conserved throughout different
groups of species. One such example of an AMP con-
served throughout different animal groups are lyso-
zymes. Lysozymes are cationic proteins that target and
kill Gram-positive bacteria through hydrolysing the
peptidoglycan B-(1,4) glycosidic bonds in the bacterial
cell wall [76]. Many lysozymes in insects and mammals
also display chitinase activity which contributes to their
antimicrobial function. Lysozymes are a diverse group
and can be classified into six main sub-groups based on
their activity, structure and source. These groups
include chicken-type lysozyme (c-lysozyme) which is
present in vertebrates and insects, goose-type lysozyme
(g-lysozyme) which is mainly found in vertebrates and
some molluscs, invertebrate-type lysozyme (i-lyso-
zyme), plant lysozyme, bacterial lysozyme and phage
lysozyme [77]. Lysozyme is found in the midgut and
hemocytes of insects and the neutrophils, macrophages,
monocytes, tears and saliva of mammals [78]. In mam-
mals, lysozyme is expressed constitutively while expres-
sion is usually upregulated upon pathogen entry in
insects [79]. Insect lysozymes are small proteins of
approximately 14 kDa that display both functional
and sequence similarities to mammalian lysozymes
[80]. In particular, human lysozyme is a c-lysozyme
consisting of a 130 amino acid polypeptide of approxi-
mately 14.7 kDa [81]. The G. mellonella transcriptome
possesses four c-lysozyme and one i-lysozyme homo-
logues, its protein is present in unstimulated larvae, is
augmentable during infection, possesses antifungal

activity, induces apoptosis in Candida albicans cells,
acts in synergy with apolipophorin III and possesses
immunomodulatory activity [82-86]. Upon compara-
tive analysis, the c-lysozyme of Musca domestica was
found to contain a 122-amino acid long polypeptide
with a 38% sequence identity to human lysozyme [87].
Therefore, there are both structural and functional
similarities found between insect and mammalian lyso-
zymes. Although both mammalian and insect lyso-
zymes have a role in immune defence, insect
lysozymes may also have an additional digestive role
in some insects due to its enzymatic properties in the
midgut [87]. Pepsin mediated cleavage of lysozyme
yields peptides which possess potent anti-inflammatory
action on macrophages via interactions with TLR-4
[88]. This exemplifies the pleotropic activities of and
cross talk between AMPs/proteins and the cellular
immune response.

Defensins

Defensins are an abundant group of AMPs found in
insects and mammals and are characterized by a group
of cysteine-rich cationic peptides that contain several
disulfide bridges. Defensins are also small, ranging
from 28-44 amino acids in size and display antimicro-
bial activity against a range of pathogens including
bacteria (particularly Gram-positive bacteria), fungi
and viruses [89,90]. Defensins function by targeting



microbial cytoplasmic membranes and induce the for-
mation of voltage-dependent ion channels. The forma-
tion of these ion channels alters the cell’s permeability
therefore initiating the loss of cytoplasmic ions such as
potassium. Ion loss ultimately results in microbial lysis
[91,92]. In vertebrates, defensins are categorized into
three groups based on their structure; a-defensins are
present in neutrophils, macrophages and Paneth cells of
mammals, B-defensins are present in mammalian neu-
trophils and epithelial cells while 0-defensins are
believed to be exclusively present in primate neutro-
phils [93]. Interestingly, vertebrate (-defensins are
more structurally similar to insect defensins than verte-
brate a-defensins and 0-defensins, highlighting the con-
servation of defensins through evolution [66]. Human
B-defensin 2 has a similar 3-D folded shape to insect
defensin despite their differences in disulfide-bond dis-
tribution. Insect defensins, like mammalian defensins,
have six cysteine residues involved in disulfide bond
formation but are unique in that they have a protruding
a-helical segment and are linked to the c-terminal of
the B-sheet by two disulfide bridges [94-96]. In mam-
mals, the PB- defensin structure consists of cysteine
residues that form three disulfide bonds from C1-C5,
C2-C4 and C3-C6 [90].

Other antibacterial peptides are more specific and
can only target either Gram-positive or Gram-negative
bacteria, such as the invertebrate defensin isolated from
Formica rufa (the red wood ant), which is active against
Gram-positive bacteria [97]. Many AMPs display anti-
fungal activity, some of which can also target bacteria,
others only have activity against fungi [98]. Lebocin B,
a proline-rich peptide from the insect Manduca sexta,
shows antibacterial and antifungal properties.

Proline-rich AMPs

Proline-rich AMPs can be isolated from mammals and
insects and share common structural and functional
characteristics. They possess unusually high amounts
of proline residues, and often contain high levels of
arginine producing a strong net positive charge and
most target Gram-negative bacteria [99,100]. In bees
such as Apis mellifera and the cicada killer bee Sphecius
speciousus, apidaecins refer to a family of small, pro-
line-rich peptides. These 18-20 residue peptides typi-
cally consist of two regions, a C-terminal conserved
region that is responsible for the antimicrobial activity
of the peptide, and an N-terminal variable region,
which plays a role in extending the antibacterial spec-
trum of the peptide as seen in other AMPs. In this
peptide, proline makes up 33% of the residues. Its
amino nitrogen is cyclised with the side chain terminal
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carbon, restricting the structure of the peptide, such
that it forms a polyproline helical type II conformation,
which is an extended left handed helix with three
residues per turn. The addition of multiple arginine
residues in the conserved region creates a more posi-
tively charged molecule, possibly affecting its antibac-
terial activity [100]. In mammals, all short proline-rich
AMPs belong to the cathelicidin family of AMPs [101].
The mammalian proline-rich peptides tend to be longer
in contrast to those found in insects. PR-39 isolated
from porcine small intestine and neutrophils, is a 39
residue long antibiotic peptide, composed of 49% pro-
line and 24% arginine [102]. Similar to other Pro-
AMPs, the presence of proline inhibits the peptide
from adopting an alpha-helical conformation. Due to
this it forms a polyproline helical type II, similar to
apidaecins, but may undergo some slight conforma-
tional changes following binding to a lipid membrane
[103]. Some studies suggest that PR-39 is the mamma-
lian equivalent of apidaecins due to the similarity of
their amino acid sequence and mode of action, however
this view is still controversial [104]. Interestingly, pro-
line-rich AMP Bac7(1-35) kills MRD Pseudomonas
aeruginosa by disrupting their cell membranes, while
it mode of action on Escherichia coli and Salmonella
enterica serovar Typhimurium is primarily intracellular
[105]. Furthermore, both insect oncocin and apidaecins
have been demonstrated to bind to different regions of
bacterial ribosomes, leading to inhibition of protein
synthesis [106-108]. The fact these peptides act on
multiple cellular targets makes bacterial resistance to
their microbicidal activity difficult.

Drosophila melanogaster AMPs

Although there is conservation of some AMPs such as
defensins and lysozyme between insects and mammals
there is far more variability between the two groups. At
present over 290 AMPs have been identified in insects
therefore it may be more informative to discuss insects
AMPs in two species: Drosophila melanogaster and
Galleria mellonella, (Table 1) [109]. In addition to
defensins and lysozyme which predominantly target
Gram-positive bacteria, D. melanogaster also express
several AMPs that are not produced in mammals. For
example, cecropins, drosocin, attacins, diptericin and
maturated-pro-domain of attacin C (MPAC) are AMPs
that target bacteria (mostly Gram-negative) while dro-
somycin and metchnikowin are AMPs that mostly tar-
get fungi in Drosophila [110].

Cecropins are amphipathic a-helical AMPs of 11
amino acids in length that have the ability to target
and kill bacteria and filamentous fungi [94,111]. In
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Table 1. A comparison of the antimicrobial peptides present in insects and humans.

Drosophila melanogaster

Galleria mellonella

Human

Name Characteristic Name

Cecropins a helical Cecropins
Drosomycin Cysteine rich Gallerimycin
Metchnikowin Proline rich Galliomicin

Attacins Glycine rich Moricin-like peptides
Drosocin Proline rich Gloverin-like peptides

Characteristic Name Characteristic
a helical Cathelicidin a helical
Cysteine rich Defensin Cysteine rich
Cysteine rich Histatin-5 Histidine rich

a helical Dermcidin Anionic peptide
Glycine rich

insects, members of this family can be isolated from the
hemolymph of moths and flies following bacterial
infection [112-115]. These cecropins are 35-40 resi-
dues long, possess a C-terminal helical stretch and dis-
play a broad spectrum of activity against Gram-positive
and Gram-negative bacteria, as well as some fungi
[116]. Under aquatic solutions, these peptides typically
adopt a random coil structure, but switch to an a-
helical conformation in a hydrophobic environment.
In  Gram-negative  bacteria, the hydrophobic
C-terminal of cecropin interacts with the phospholipid
membrane of the bacteria leading to membrane disrup-
tion and bacterial cell death [117]. It demonstrates
antibacterial activity against multidrug resistant A. bau-
manii and P. aeruginosa, induces C. albicans apoptosis
and recently has been shown to possess immunomodu-
lary effects on macrophages [118,119]. There is evi-
dence of cecropins in bovine adrenal glands and pig
intestines, but they are more prominent in insects [80].

Metchnikowin is a proline-rich peptide consisting of
26 amino acid residues that has the ability to target
both fungi and Gram-positive bacteria [120].
Metchnikowin specifically targets pathogenic fungi of
the phylum Ascomycota such as Fusarium species. In
the case of Fusarium graminearum strains, metchniko-
win displays its fungicidal activity by targeting B (1,3)-
glucanosyltransferase Gell, an essential enzyme in cell
wall biosynthesis. As a result, f(1,3)-glucan chain elon-
gation is inhibited, disrupting cell wall synthesis and
thus, initiating fungal cell death [121].

Attacins are glycine-rich AMPs of approximately 190
amino acids with a helical conformation and a random coil
structure. In Drosophila species four genes, namely atfA, B,
C and D encode attacins [122]. Attacins kill Gram-negative
bacteria by targeting lipopolysaccharide in the membrane
resulting in an inhibition of protein synthesis. Attacins may
also increase the permeability of the bacterial cell by creat-
ing ion channels in the membrane bilayer, initiating cell
death [123].

Galleria mellonella AMPs

G. mellonella larvae are now widely employed to study
the virulence of a range of microbial pathogens [124-
126] and to assess the immune responses of larvae to

infection [127-130]. Their low cost, large size and ease
of use, make them an ideal model system to overcome
the disadvantages associated with mammalian testing
and to generate comparable results in a short space of
time [131]. G. mellonella produces at least 18 putative
AMPs and their humoral response to a range of bacter-
ial and fungal pathogens has been well documented in
recent years with advances in transcriptomics and pro-
teomic technologies [132,133].

Gallerimycin is a cationic 57 amino acid inducible
cysteine-rich defensins peptide with anti-filamentous
fungi activity against Metarhizium anisopliae and is indu-
cible during bacterial infection [134-136]. Gallerimycin
alone does not possess anti-bacterial activity but displays
synergistic activity with cecropin A which expands the
antimicrobial spectrum of gallerimycin by causing exten-
sive non-lytic depolarization of E. coli membrane resulting
in inhibition of growth [137].

Bioactivated galliomicin is a 43 amino acid AMP which
contains 6 cysteine residues and exhibits anti-filamentous
activity [135], is induced by C. albicans [138], physical stress
[139] and extremes (4°C and 37°C) in temperature [140],
indicating it is induced indiscriminately in times where
infection may be likely. Other invertebrate a-helical
AMPs include the moricins, isolated exclusively from the
Ledipoteran insects. Moricins are 42-residues long a-helical
peptides with 8 turns along the peptide. The N-terminal
residues (5-22) are amphipathic and responsible for bac-
terial membrane permeability, while the C-terminal resi-
dues (23-36), are hydrophobic and needed for full
antimicrobial activity [97]. Moricins are secreted as pro-
peptides under the control of (NF-kB)/Rel and GATA
transcription factors and are activated via proteolysis and
increase the permeability of bacterial and fungal mem-
branes. G. mellonella which has seven moricin-like peptides
in its transcriptomics and these are highly active against
yeasts and filamentous fungi [141]. Gloverins are glycine
rich, heat stable antibacterial polypeptides believed to bind
LPS and possibly components of the fungal cell wall. It was
previously demonstrated that E. coli induces gloverin
expression in Bombyx mori [142]. The abundance of both
moricin-like peptides and gloverins are increased early
during infection with C. albicans and A. fumigatus in G.
mellonella larvae [128,143]. Larvae may also induce the
expression/abundance of other humoral factors such as



anionic peptide-1, Cecropin D-like peptide, hemolin,
27 kDa G. mellonella hemolymph protein, Hdd11 in
order to curtail microbial growth before activation of the
cellular immune response. With the recent release of the G.
mellonella genome, there is much opportunity to study the
role of individual humoral immune proteins/peptides dur-
ing the infection process in larvae [144].

Conclusion

The humoral component of the innate immune system of
mammals shows many similarities to the insect immune
response (Table 2). However there are also significant
differences in processes and components of each
response. The activation of NF-«kB and its homologs in
mammals and insects plays a very important role in
immunity. In mammals, NF-kB is involved in production
of cytokines and co-stimulatory molecules as well as cell
survival and apoptosis signalling through the activation of
Toll-like and TNF-a signaling pathways. In contrast, in
Drosophila the NF-kB homologs (Dif, Dorsal and Relish)
are activated by Toll and IMD pathways and are directly
involved in innate humoral immune responses through
initiating the transcription of AMPs. Blood/hemolymph
clotting plays a vital role in both insect and mammalian
immunity although clotting in insects is more important
due to their open circulatory system. There are homolo-
gous clotting factors observed in both systems, particu-
larly between insect transglutaminases and human
clotting factor XIIIa. Specific clotting factors have also
been identified such as hemolectin and Fondue in
Drosophila and factors XII, XI, IX, VIII, X and V in
humans. In mammals melanization plays a role in pig-
mentation and protection of the skin from solar radiation

Table 2. A comparison of humoral receptors, anti-microbial
peptides, cascades and enzymes in mammalian and insect
humoral immune responses.

INSECT MAMMALIAN
Toll, IMD, $-1,3 glucan, TLRs, TNFq, $-1,3

IL-1R, Calreticulin, glucan, IL-1R,
Hemolin, Lectins, Calreticulin, C-type

RECEPTORS

Hemocytin lectins, Macrophage
mannose receptor
TRANSCRIPTION NF-kB, I-kB NF-kB, I-kp
FACTORS
COAGULATION Transglutaminase, Factor Xllla, vVWF
CASCADE Hemolectin
IMMUNE CASCADES Prophenoxidase Complement cascade,
cascade Melanization of skin
METALLOPROTEINASE IMPI Collagenase,
INHIBITORS Gelatinase
AM-PEPTIDES Defensins, cecropins,  Defensins, LL-37,
moricins, gloverins, Dermcidin
attacins
AM-PROTEINS Lysozyme, Sarcotoxin  Lysozyme, Histatin-5
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while in insects melanization plays a direct role in innate
humoral immunity through activation of the proPO sys-
tem by PAMPs. Defensins and lysozyme are two groups
of AMPs found in both mammals and insects and mam-
malian c-lysozyme and B-defensins display structural and
functional similarities to their insect counterparts.
Furthermore, there are a variety of AMPs unique to
particular animal groups including mammalian cathelici-
dins and insect metchnikowin, cecropin and attacins.

While there are many significant differences between the
humoral component of the insect immune system and the
innate immune system of mammals the similarities that are
present are sufficient to allow the use of insects as models
for studying microbial virulence. The increased use of
insects as in vivo models for studying microbial virulence
[12-14,124] or disease development [127-129,143,145] is
to be welcomed. An enhanced understanding of the simila-
rities and differences between the immune responses of
insects and mammals will increase the attractiveness of
using insects as in vivo models with a concomitant reduc-
tion in the use of mammals.

Abbreviations

AMP antimicrobial peptide

dFADD  Fas-associated death domain-containing protein
DHI dehydrocholesterol

Gel glucanosyltransferase

HNP human neutrophil peptide

IL Interleukin

IMD immune deficiency

IMPI insect metalloproteinase inhibitor
IRAK interleukin-1 receptor-associated kinase
L-DOPA L-dihydroxyphenylalanine

LRRs leucine rich repeats

MPAC  Maturated-Pro-domain of Attacin C
MyD88  Myeloid differentiation primary response 88
NF-kf nuclear factor kappa B

PAMP  athogen-associated molecular pattern
PAR Protease-activated receptor

PGRP peptidoglycan recognition proteins

PO phenoloxidase

PPA prophenoloxidase-activating enzyme
TAB TAKI1 binding proteins

TAK TGEF- P -activating kinase

TF tissue factor

TIR Toll/interleukin-1 receptor

TLR Toll-like receptor

TNFa Tumor necrosis factor alpha

Uv ultraviolet
vWF Von Willebrand factor.

Acknowledgments

Gerard Sheehan is the recipient of a Maynooth University
Doctoral studentship.



1636 (&) G.SHEEHAN ET AL.

Disclosure statement

No potential conflict of interest was reported by the authors.

References

[1] Riera Romo M, Pérez-Martinez D, Castillo Ferrer C.
Innate immunity in vertebrates: an overview.
Immunology. 2016;148:125-139.

[2] Bergin D, Reeves EP, Renwick J, et al. Superoxide produc-
tion in galleria mellonella hemocytes : identification of
proteins homologous to the NADPH oxidase complex of
human neutrophils superoxide production in galleria mel-
lonella hemocytes : identification of proteins homologous
to the NADPH Ox. Infect Immun. 2005;73:4161-4170.

[3] Renwick J, Reeves EP, Wientjes FB, et al. Translocation
of proteins homologous to human neutrophil p47phox
and p67phox to the cell membrane in activated hemo-
cytes of Galleria mellonella. Dev Comp Immunol
2007;31:347-359.

[4] Browne N, Heelan M, Kavanagh K. An analysis of the
structural and functional similarities of insect hemocytes
and mammalian phagocytes. Virulence. 2013;4:597-603.

[5] Flajnik MF, Kasahara M. Origin and evolution of the
adaptive immune system: genetic events and selective
pressures. Nat Rev Genet. 2010;11:47-59.

[6] Cooper MD, Alder MN. The evolution of adaptive
immune systems. Cell. 2006;124:815-822.

[7] Mowlds P, Coates C, Renwick J, et al. Dose-dependent
cellular and humoral responses in Galleria mellonella
larvae following B-glucan inoculation. Microbes Infect.
2010;12:146-153.

[8] Cooper D, Eleftherianos I. Memory and specificity in
the insect immune system: current perspectives and
future challenges. Front Immunol. 2017;8:539.

[9] Cox CR, Gilmore MS. Native microbial colonization of
Drosophila melanogaster and its use as a model of
Enterococcus faecalis pathogenesis. Infect Immun.
2007;75:1565-1576.

[10] Erickson DL, Lines JL, Pesci EC, et al. Pseudomonas
aeruginosa relA contributes to virulence in drosophila
melanogaster. Infect Immun. 2004;72:5638-5645.

[11] Lau GW, Goumnerov BC, Walendziewicz CL, et al.
The Drosophila melanogaster toll pathway participates
in resistance to infection by the gram-negative human
pathogen Pseudomonas aeruginosa. Infect Immun.
2003;71:4059-4066.

[12] Brennan M, Thomas DY, Whiteway M, et al
Correlation between virulence of Candida albicans
mutants in mice and Galleria mellonella larvae. FEMS
Immunol Med Microbiol. 2002;34:153-157.

[13] Reeves EP, Messina CGM, Doyle S, et al
Correlation between gliotoxin production and viru-
lence of Aspergillus fumigatus in Galleria mello-
nella. Mycopathologia. 2004;158:73-79.

[14] Mylonakis E, Moreno R, El Khoury JB, et al. Galleria
mellonella as a model system to study Cryptococcus neo-
formans pathogenesis. Infect Immun. 2005;73:3842-3850.

[15] Mukherjee K, Hain T, Fischer R, et al. Brain infection and
activation of neuronal repair mechanisms by the human
pathogen Listeria monocytogenes in the lepidopteran
model host Galleria mellonella. Virulence. 2013;4:324-332.

[16] Leger RJS, Durrands PK, Charnley AK, et al. Role of
extracellular chymoelastase in the virulence of
Metarhizium anisopliae for Manduca sexta. ]
Invertebr Pathol. 1988;52:285-293.

[17] Cowles KN, Goodrich-Blair H. Expression and activity
of a Xenorhabdus nematophila haemolysin required
for full virulence towards Manduca sexta insects. Cell
Microbiol. 2005;7:209-219.

[18] Iiyama K, Chieda Y, Lee JM, et al. Effect of superoxide
dismutase gene inactivation on virulence of Pseudomonas
aeruginosa PAO1 toward the silkworm, Bombyx mori.
Appl Environ Microbiol. 2007;73:1569-1575.

[19] Kavanagh K, Reeves EP. Exploiting the potential of
insects for in vivo pathogenicity testing of microbial
pathogens. FEMS Microbiol Rev. 2004;28:101-112.

[20] Tannenbaum J, Bennett BT. Russell and Burch’s 3Rs
then and now: the need for clarity in definition and
purpose. ] Am Assoc Lab Anim Sci. 2015;54:120-132.

[21] Yang H-F, Pan A-], Hu L-F, et al. Galleria mellonella as
an in vivo model for assessing the efficacy of antimi-
crobial agents against Enterobacter cloacae infection. ]
Microbiol Immunol Infect. 2014;50:55-61.

[22] Barnoy S, Gancz H, Zhu Y, et al. The Galleria mello-
nella larvae as an in vivo model for evaluation of
Shigella virulence. Gut Microbes. 2017;8:335-350.

[23] Zhang G, Ghosh S. Toll-like receptor-mediated NF-
kB activation: a phylogenetically conserved para-
digm in innate immunity. J Clin Invest.
2001;107:13-19.

[24] Imler J-L. Biology of Toll receptors: lessons from
insects and mammals. ] Leukoc Biol. 2003;75:18-26.

[25] Lemaitre B, Hoffmann J. The host defense of Drosophila
melanogaster. Annu Rev Immunol. 2007;25:697-743.

[26] Akira S, Hemmi H. Recognition of pathogen-asso-
ciated molecular patterns by TLR family. Immunol
Lett. 2003;85:85-95.

[27] Silverman N, Maniatis T. NF-«xB signaling pathways in
mammalian and insect innate immunity. Genes Dev.
2001;15:2321-2342.

[28] Govind S. Innate immunity in Drosophila: pathogens
and pathways. Insect Sci. 2008;15:29-43.

[29] Valanne S, Wang J-H, Ramet M. The Drosophila toll
signaling pathway. ] Immunol. 2011;186:649-656.

[30] Ganesan S, Aggarwal K, Paquette N, et al. Nf-kB/Rel
proteins and the humoral immune responses of
Drosophila melanogaster. Curr Top Microbiol
Immunol. 2011;349:25-60.

[31] Kleino A, Silverman N. The Drosophila IMD pathway in
the activation of the humoral immune response. Dev
Comp Immunol. 2014;42:25-35.

[32] Liu ZG. Molecular mechanism of TNF signaling and
beyond. Cell Res. 2005;15:24-27.

[33] Ertiirk-Hasdemir D, Broemer M, Leulier F, et al. Two
roles for the Drosophila IKK complex in the activation
of Relish and the induction of antimicrobial peptide
genes. Proc Natl Acad Sci USA. 2009;106:9779-9784.

[34] Myllyméki H, Ramet M. JAK/STAT pathway in
Drosophila immunity. Scand ] Immunol. 2014;79:377-385.

[35] Ting AT, Bertrand MJM. More to life than NF-«xB in
TNFRI signaling. Trends Immunol. 2016;37:535-545.

[36] Dushay MS. Insect hemolymph clotting. Cell Mol Life
Sci. 2009;66:2643-2650.



[37] Haine ER, Rolff J, Siva-Jothy MT. Functional conse-
quences of blood clotting in insects. Dev Comp
Immunol. 2007;31:456-464.

[38] Theopold U, Krautz R, Dushay MS. The Drosophila
clotting system and its messages for mammals. Dev
Comp Immunol. 2014;42:42-46.

[39] Wang Z, Wilhelmsson C, Hyrs] P, et al. Pathogen entrap-
ment by transglutaminase - A conserved early innate
immune mechanism. PLoS Pathog. 2010;6:e1000763.

[40] Loof TG, Schmidt O, Herwald H, et al. Coagulation
systems of invertebrates and vertebrates and their roles
in innate immunity: the same side of two coins? ]
Innate Immun. 2011;3:34-40.

[41] Goto A, Kumagai T, Kumagai C, et al. Drosophila haemo-
cyte-specific protein, hemolectin, similar to human von
Willebrand factor. Biochem J. 2001;359:99-108.

[42] Rowley AF, Ratcliffe NA. The granular cells of Galleria
mellonella during clotting and phagocytic reactions in
vitro. Tissue Cell. 1976;8:437-446.

[43] Cerenius L, Soderhill K. Coagulation in invertebrates. |
Innate Immun. 2011;3:3-8.

[44] Eleftherianos I, Revenis C. Role and importance of
phenoloxidase in insect hemostasis. ] Innate Immun.
2011;3:28-33.

[45] Li D, Scherfer C, Korayem AM, et al. Insect hemolymph
clotting: evidence for interaction between the coagulation
system and the prophenoloxidase activating cascade. Insect
Biochem Mol Biol. 2002;32:919-928.

[46] Scherfer C, Karlsson C, Loseva O, et al. Isolation and
characterization of hemolymph clotting factors in
Drosophila melanogaster by a pullout method. Curr
Biol. 2004;14:625-629.

[47] Lindgren M, Riazi R, Lesch C, et al. Fondue and trans-
glutaminase in the Drosophila larval clot. J Insect
Physiol. 2008;54:586-592.

[48] Palta S, Saroa R, Palta A. Overview of the coagulation
system. Indian ] Anaesth. 2014;58:515-523.

[49] Smith SA, Travers R], Morrissey JH. How it all starts:
initiation of the clotting cascade. Crit Rev Biochem
Mol Biol. 2015;50:326-336.

[50] Tanaka KA, Key NS, Levy JH. Blood coagulation:
hemostasis and thrombin regulation. Anesth Analg.
2009;108:1433-1446.

[51] Mackman N, Tilley RE, Key NS. Role of the extrinsic
pathway of blood coagulation in hemostasis and
thrombosis. ~ Arterioscler =~ Thromb  Vasc  Biol
2007;27:1687-1693.

[52] Brenner M, Hearing V]J. The protective role of melanin
against UV damage in human skin. Photochem
Photobiol. 2008;84:539-549.

[53] Sugumaran M, Barek H. Critical analysis of the mela-
nogenic pathway in insects and higher animals. Int ]
Mol Sci. 2016;17. pii: E1753.

[54] Waisberg M, Vickers BK, Yager SB, et al. Testing in
mice the hypothesis that melanin is protective in
malaria infections. PLoS One. 2012;7:€29493.

[55] Cerenius L, Lee BL, Soderhill K. The proPO-system:
pros and cons for its role in invertebrate immunity.
Trends Immunol. 2008;29:263-271.

[56] Cerenius L, Kawabata SI, Lee BL, et al. Proteolytic
cascades and their involvement in invertebrate immu-
nity. Trends Biochem Sci. 2010;35:575-583.

VIRULENCE (&) 1637

[57] Chen YY, Chen JC, Lin YC, et al. Endogenous mole-
cules induced by a Pathogen-Associated Molecular
Pattern (PAMP) elicit innate immunity in shrimp.
PLoS One. 2014;9:e115232.

[58] Park SY, Kim CH, Jeong WH, et al. Effects of two hemo-
lymph proteins on humoral defense reactions in the wax
moth, Galleria mellonella. Dev Comp Immunol
2005;29:43-51.

[59] Zhao P, Li ], Wang Y, et al. Broad-spectrum antimi-
crobial activity of the reactive compounds generated in
vitro by Manduca sexta phenoloxidase. Insect Biochem
Mol Biol. 2007;37:952-959.

[60] Lu A, Zhang Q, Zhang ], et al. Insect prophenoloxidase: the
view beyond immunity. Front Physiol. 2014;5:252.

[61] Shokal U, Eleftherianos I. Evolution and function of
thioester-containing proteins and the complement sys-
tem in the innate immune response. Front Immunol.
2017;29;8:759.

[62] Nappi A]J, Frey F, Carton Y. Drosophila serpin 27A is a
likely target for immune suppression of the blood cell-
mediated melanotic encapsulation response. ] Insect
Physiol. 2005;51:197-205.

[63] Binggeli O, Neyen C, Poidevin M, et al. Prophenoloxidase
activation is required for survival to microbial infections in
Drosophila. PLoS Pathog. 2014;10:1-15.

[64] Galvan I, Alonso-Alvarez C, Negro JJ. Relationships
between hair melanization, glutathione levels, and
senescence in wild boars. Physiol Biochem Zool.
2012;85:332-347.

[65] Slominski A. Melanin pigmentation in mammalian
skin and its hormonal regulation. Physiol Rev.
2004;84:1155-1228.

[66] Zhang L], Gallo RL. Antimicrobial peptides. Curr Biol.
2016;26:R14-9.

[67] Wiesner ], Vilcinskas A. Antimicrobial peptides: the
ancient arm of the human immune system. Virulence.
2010;1:440-464.

[68] Lai Y, Gallo RL. AMPed up immunity: how antimicro-
bial peptides have multiple roles in immune defense.
Trends Immunol. 2009;30:131-141.

[69] Van Der Weerden NL, Bleackley MR, Anderson MA.
Properties and mechanisms of action of naturally
occurring antifungal peptides. Cell Mol Life Sci.
2013;70:3545-3570.

[70] Maréti Gergely G, Kereszt A, Kondorosi E, et al.
Natural roles of antimicrobial peptides in microbes,
plants and animals. Res Microbiol. 2011;162:363-374.

[71] De Y, Chen Q, Schmidt AP, et al. LI-37, the neutrophil
granule-and epithelial cell-derived cathelicidin, utilizes
formyl peptide receptor-like 1 (Fprll) as a receptor to
chemoattract human peripheral blood neutrophils,
monocytes, and T cells. ] Exp Med. 2000;192:1069-1074.

[72] Bals R. Epithelial antimicrobial peptides in host defense
against infection. Respir Res. 2000;1:141-150.

[73] Boman HG. Antibacterial peptides: basic facts and
emerging concepts. ] Intern Med. 2003;254:197-215.

[74] Zasloff M. Antimicrobial peptides of multicellular
organisms. Nature. 2002;415:389-395.

[75] Mylonakis E, Podsiadlowski L, Muhammed M, et al.
Diversity, evolution and medical applications of insect
antimicrobial peptides. Philos Trans R Soc B Biol Sci.
2016;371(1695). pii:20150290.



1638 (&) G.SHEEHAN ET AL.

[76] Ragland SA, Criss AK. From bacterial killing to
immune modulation: recent insights into the functions
of lysozyme. PLoS Pathog. 2017;21;13(9):e1006512.

[77] Callewaert L, Michiels CW. Lysozymes in the animal
kingdom. J Biosci. 2010;35:127-160.

[78] Hultmark D. Insect lysozymes. EXS. 1996;75:87-102.

[79] Gandhe AS, Janardhan G, Nagaraju J. Immune upregula-
tion of novel antibacterial proteins from silkmoths
(Lepidoptera) that resemble lysozymes but lack murami-
dase activity. Insect Biochem Mol Biol. 2007;37:655-666.

[80] Vilmos P, Kurucz E. Insect immunity: evolutionary
roots of the mammalian innate immune system.
Immunol Lett. 1998;62:59-66.

[81] Yang B, Wang J, Tang B, et al. Characterization of
bioactive recombinant human lysozyme expressed in
milk of cloned transgenic cattle. PLoS One. 2011;6:
€17593.

[82] Zdybicka-Barabas A, Mak P, Jakubowicz T, et al.
Lysozyme and defense peptides as suppressors of phe-
noloxidase activity in galleria mellonella. Arch Insect
Biochem Physiol. 2014;87:1-12.

[83] Mak P, Zdybicka-Barabas A, Cytrynska M. A different
repertoire of Galleria mellonella antimicrobial peptides
in larvae challenged with bacteria and fungi. Dev
Comp Immunol. 2010;34:1129-1136.

[84] Vogel H, Altincicek B, Glockner G, et al. A compre-
hensive transcriptome and immune- gene repertoire of
the lepidopteran model host Galleria mellonella. BMC
Genomics. 2011;12:308.

[85] Sowa-Jasilek A, Zdybicka-Barabas A, Staczek S, et al.
Galleria mellonella lysozyme induces apoptotic changes in
Candida albicans cells. Microbiol Res. 2016;193:121-131.

[86] Zdybicka-Barabas A, StaCzek S, Mak P, et al. Synergistic
action of Galleria mellonella apolipophorin III and lyso-
zyme against Gram-negative bacteria. Biochim Biophys
Acta - Biomembr. 2013;1828:1449-1456.

[87] Ito Y, Nakamura M, Hotani T, et al. Insect lysozyme
from house fly (Musca domestica) larvae: possible
digestive function based on sequence and enzymatic
properties. ] Biochem. 1995;118:546-551.

[88] Ibrahim HR, Inazaki D, Abdou A, et al. Processing of
lysozyme at distinct loops by pepsin: a novel action for
generating multiple antimicrobial peptide motifs in the
newborn stomach. Biochim Biophys Acta - Gen Subj.
2005;1726:102-114.

[89] Evans EW, Harmon BG. A review of antimicrobial
peptides: defensins and related cationic peptides. Vet
Clin Pathol. 1995;24:109-116.

[90] Gallo RL, Murakami M, Ohtake T, et al. Biology and
clinical relevance of naturally occurring antimicrobial
peptides. J Allergy Clin Immunol. 2002;110:823-831.

[91] Ganz T. Defensins: antimicrobial peptides of innate
immunity. Nat Rev Immunol. 2003;3:710-720.

[92] Pazgier M, Hoover DM, Yang D, et al. Human beta-
defensins. Cell Mol Life Sci. 2006;63:1294-1313.

[93] Yang D, Biragyn A, Kwak LW, et al. Mammalian
defensins in immunity: more than just microbicidal.
Trends Immunol. 2002;23:291-296.

[94] Faruck MO, Yusof F, Chowdhury S. An overview of
antifungal peptides derived from insect. Peptides.
2016;80:80-88.

[95] Hoffmann JA, Hetru C. Insect defensins: inducible anti-
bacterial peptides. Immunol. Today 1992;13: 411-415.

[96] Koehbach J. Structure-activity relationships of insect
defensins. Front Chem. 2017;12;5:45.

[97] Yi H-Y, Chowdhury M, Huang Y-D, et al. Insect anti-
microbial peptides and their applications. Appl
Microbiol Biotechnol. 2014;98:5807-5822.

[98] Li Y, Xiang Q, Zhang Q, et al. Overview on the recent study
of antimicrobial peptides: origins, functions, relative
mechanisms and application. Peptides. 2012;37:207-215.

[99] Li W, Tailhades J, O’Brien-Simpson NM, et al. Proline-
rich antimicrobial peptides: potential therapeutics
against antibiotic-resistant bacteria. Amino Acids.
2014;46:2287-2294.

[100] Li WF, Ma GX, Zhou XX. Apidaecin-type peptides:
biodiversity, structure-function relationships and
mode of action. Peptides. 2006;27:2350-2359.

[101] Mishra AK, Choi J, Moon E, et al. Tryptophan-rich
and proline-rich antimicrobial peptides. Molecules.
2018;23:815.

[102] Veldhuizen EJA, Schneider VAF, Agustiandari H,
et al. Antimicrobial and immunomodulatory activ-
ities of PR-39 derived peptides. PLoS One. 2014;9:
€95939.

[103] Cabiaux V, Agerberth B, Johansson J, et al. Secondary
structure and membrane interaction of PR-39, a Pro
+Arg-rich antibacterial peptide. Eur ] Biochem.
1994;224:1019-1027.

[104] Otvos L. The short proline-rich antibacterial peptide
family. Cell Mol Life Sci. 2002;59:1138-1150.

[105] Runti G, Benincasa M, Giuffrida G, et al. The
mechanism of killing by the proline-rich peptide
Bac7 (1-35)against clinical strains of Pseudomonas
aeruginosa differs from that against other gram-
negative bacteria. Antimicrob Agents Chemother.
2017;61. pii:e01660-16.

[106] Krizsan A, Prahl C, Goldbach T, et al. Short proline-
rich antimicrobial peptides inhibit either the bacterial
70S Ribosome or the assembly of its large 50S subunit.
ChemBioChem. 2015;16:2304-2308.

[107] Roy RN, Lomakin IB, Gagnon MG, et al. The mechanism
of inhibition of protein synthesis by the proline-rich pep-
tide oncocin. Nat Struct Mol Biol. 2015;22:466-469.

[108] Mardirossian M, Grzela R, Giglione C, et al. The host
antimicrobial peptide Bac71-35 binds to bacterial ribo-
somal proteins and inhibits protein synthesis. Chem
Biol. 2014;21:1639-1647.

[109] Wang G, Li X, Wang Z. APD3: the antimicrobial pep-
tide database as a tool for research and education.
Nucleic Acids Res. 2016;44:D1087-93.

[110] Imler J-L, Bulet P. Antimicrobial peptides in
Drosophila: structures, activities and gene regulation.
Chem Immunol Allergy. 2005;86:1-21.

[111] André J, Berninghausen O, Leippe M. Cecropins, anti-
bacterial peptides from insects and mammals, are
potently fungicidal against Candida albicans. Med
Microbiol Immunol. 2000;189:169-173.

[112] Qu X-, Steiner H, Engstrom A, et al. Insect immunity:
isolation and structure of cecropins B and D from
Pupae of the Chinese oak silk moth, antheraea pernyi.
Eur ] Biochem. 1982;127:219-224.



[113] Mukherjee K, Mraheil MA, Silva S, et al. Anti-Listeria
activities of Galleria mellonella hemolymph proteins.
Appl Environ Microbiol. 2011;77:4237-4240.

[114] Kim CH, Lee JH, Kim I, et al. Purfication and cDNA
cloning of a cecropin-like peptide from the great wax
moth, Galleria mellonella. Mol Cells. 2004;17:262-266.

[115] Mak P, Chmiel D, Gacek GJ. Antibacterial peptides of
the moth Galleria mellonella. Acta Biochim Pol.
2001;48:1191-1195.

[116] Bulet P, Hetru C, Dimarcq JL, et al. Antimicrobial
peptides in insects; structure and function. Dev Comp
Immunol. 1999;23:329-344.

[117] Lee J, Lee DG. Antimicrobial peptides (AMPs) with
dual mechanisms: membrane disruption and apoptosis.
] Microbiol Biotechnol. 2014;25:759-764.

[118] Yun JE, Lee DG. Cecropin A-induced apoptosis is regu-
lated by ion balance and glutathione antioxidant system in
Candida albicans. IUBMB Life. 2016;68:652-662.

[119] Lee E, Shin A, Kim Y. Anti-inflammatory activities of
cecropin A and its mechanism of action. Arch Insect
Biochem Physiol. 2015;88:31-44.

[120] Levashina EA, Ohresser S, Bulet P, et al. Metchnikowin, a
novel immune-inducible proline-rich peptide from droso-
phila with antibacterial and antifungal properties. Eur ]
Biochem. 1995;233:694-700.

[121] Moghaddam MRB, Gross T, Becker A, et al. The selective
antifungal activity of Drosophila melanogaster metchniko-
win reflects the species-dependent inhibition of succinate-
coenzyme Q reductase. Sci Rep. 2017;15;7:8192.

[122] Wang ], Hu C, Wu Y, et al. Characterization of the
antimicrobial peptide attacin loci from Glossina mor-
sitans. Insect Mol Biol. 2008;17:293-302.

[123] Bang K, Park S, Yoo JY, et al. Characterization and
expression of attacin, an antibacterial protein-encoding
gene, from the beet armyworm, Spodoptera exigua
(Hiibner) (Insecta: Lepidoptera: Noctuidae). Mol Biol
Rep. 2012;39:5151-5159.

[124] Jander G, Rahme LG, Ausubel FM. Positive correlation
between virulence of Pseudomonas aeruginosa mutants
in mice and insects. ] Bacteriol. 2000;182:3843-3845.

[125] Slater JL, Gregson L, Denning DW, et al. Pathogenicity of
Aspergillus fumigatus mutants assessed in Galleria mello-
nella matches that in mice. Med Mycol. 2011;49(Suppl 1):
S107-13.

[126] Senior NJ, Bagnall MC, Champion OL, et al. Galleria
mellonella as an infection model for campylobacter
jejuni virulence. ] Med Microbiol. 2011;60:661-669.

[127] Mukherjee K, Altincicek B, Hain T, et al. Galleria mello-
nella as a model system for studying Listeria pathogenesis.
Appl Environ Microbiol. 2010;76:310-317.

[128] Sheehan G, Kavanagh K. Analysis of the early cellular and
humoral responses of Galleria mellonella larvae to infec-
tion by Candida albicans. Virulence. 2018;9:163-172.

[129] Maurer E, Browne N, Surlis C, et al. Galleria mellonella as a
host model to study Aspergillus terreus virulence and
amphotericin B resistance. Virulence. 2015;6(6):1-8.

[130] Wojda I. Immunity of the greater wax moth Galleria
mellonella. Insect Sci. 2017;24:342-357.

[131] Ramarao N, Nielsen-Leroux C, Lereclus D. The insect
Galleria mellonella as a powerful infection model to

VIRULENCE (&) 1639

investigate  bacterial
2012211;70:e4392.

[132] Brown SE, Howard A, Kasprzak AB, et al. A peptido-
mics study reveals the impressive antimicrobial peptide
arsenal of the wax moth Galleria mellonella. Insect
Biochem Mol Biol. 2009;39:792-800.

[133] Browne N, Surlis C, Maher A, et al. Prolonged pre-
incubation increases the susceptibility of Galleria mel-
lonella larvae to bacterial and fungal infection.
Virulence. 2015;6:37-41.

[134] Schuhmann B, Seitz V, Vilcinskas A, et al. Cloning and
expression of gallerimycin, an antifungal peptide
expressed in immune response of greater wax moth
larvae, Galleria mellonella. Arch Insect Biochem
Physiol. 2003;53:125-133.

[135] Lee YS, Yun EK, Jang WS, et al. Purification, cDNA
cloning and expression of an insect defensin from the
great wax moth, Galleria mellonella. Insect Mol Biol.
2004;13:65-72.

[136] Seitz V, Clermont A, Wedde M, et al. Identification
of immunorelevant genes from greater wax moth
(Galleria mellonella) by a subtractive hybridization
approach. Dev Comp Immunol. 2003;27:207-215.

[137] Bolouri Moghaddam MR, Tonk M, Schreiber C, et al.
The potential of the Galleria mellonella innate immune
system is maximized by the co-presentation of diverse
antimicrobial peptides. Biol Chem. 2016;397:939-945.

[138] Bergin D, Murphy L, Keenan J, et al. Pre-exposure to
yeast protects larvae of Galleria mellonella from a sub-
sequent lethal infection by Candida albicans and is
mediated by the increased expression of antimicrobial
peptides. Microbes Infect. 2006;8:2105-2112.

[139] Mowlds P, Barron A, Kavanagh K. Physical stress
primes the immune response of Galleria mellonella
larvae to infection by Candida albicans. Microbes
Infect. 2008;10:628-634.

[140] Mowlds P, Kavanagh K. Effect of pre-incubation tem-
perature on susceptibility of Galleria mellonella larvae
to infection by Candida albicans. Mycopathologia.
2008;165:5-12.

[141] Brown SE, Howard A, Kasprzak AB, et al. The
discovery and analysis of a diverged family of
novel antifungal moricin-like peptides in the wax
moth Galleria mellonella. Insect Biochem Mol Biol.
2008;38:201-212.

[142] Yi H-Y, Deng X-J, Yang W-Y, et al. Gloverins of the
silkworm Bombyx mori: structural and binding prop-
erties and activities. Insect Biochem Mol Biol
2013;43:612-625.

[143] Sheehan G, Clarke G, Kavanagh K. Characterisation of
the cellular and proteomic response of Galleria mello-
nella larvae to the development of invasive aspergillo-
sis. BMC Microbiol. 2018;18.

[144] Lange A, Beier S, Huson DH, et al. Genome sequence
of Galleria mellonella (Greater Wax Moth). Genome
Announc. 2018;6:e01220-17.

[145] Harding CR, Schroeder GN, Reynolds S, et al
Legionella pneumophila pathogenesis in the Galleria
mellonella  infection model. Infect Immun.
2012;80:2780-2790.

pathogenesis. ] Vis Exp.



	Abstract
	Introduction
	Humoral immune signalling pathways in mammals and insects
	The Toll and Toll-like pathway
	The IMD and TNF-α signalling pathways

	The blood/hemolymph clotting system in insects and mammals
	The role of clotting systems
	Similarities between insect and mammalian clotting factors

	Melanization in insects and mammals
	The insect prophenoloxidase activating (proPO) system

	Antimicrobial peptides in insects and mammals
	Lysozyme
	Defensins
	Proline-rich AMPs
	Drosophila melanogaster AMPs
	Galleria mellonella AMPs

	Conclusion
	Abbreviations
	Acknowledgments
	Disclosure statement
	References



