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Abstract

Hematophagous arthropods are medically important disease vectors that transmit a variety of
pathogens. Unlike mammals that employ both innate and adaptive immunity to clear invading
pathogens, these vectors rely mainly on an innate immune system to combat pathogens.
Peptidoglycan recognition proteins (PGRPSs) are important components of innate immune
signaling pathways and are responsible for recognizing microbe-associated molecular patterns
(MAMPs), thus regulating host immune interactions with both harmful and helpful microbes. Here
we review a number of recent studies in different vectors that address the function of PGRPs in
immune regulation. Further, we discuss the variation of PGRPs between vectors and Drosophila.
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1.1 Introduction

Hematophagous arthropods such as mosquitoes, tsetse flies and ticks are of medical
significance as most of them transmit bacteria, viruses, and parasites that threaten human
and animal health (WHO, 2016). Nearly 82 % of the entire human population is at risk of
infection by at least one vector-borne disease; especially people in low-income areas
(Golding et al., 2015). The ability of these invertebrates to transmit pathogens is determined
by multiple factors, but the key to transmission is the vector’s innate immunity. Innate
immunity is the front line of defense against any non-self or foreign microbes (Cheng et al.,
2016; Clayton et al., 2014; International Glossina Genome, 2014; Kopacek et al., 2010;
Lehane et al., 2004). It is activated upon recognition of microbial molecules, termed
microbe-associated molecular patterns (MAMPS), by germline-encoded pattern recognition
receptors (PRRs) (Chu and Mazmanian, 2013). After activation, various immune responses
including cellular and humoral responses defend against pathogens. Cellular immune
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response is featured by phagocytosis and encapsulation that is mediated by hemocytes
(Lavine and Strand, 2002). Humoral immune response includes cascades that regulate
antimicrobial peptides synthesis, melanization, coagulation, and the production of reactive
intermediates of oxygen and nitrogen (Hoffmann, 2003). The production of antimicrobial
peptides is regulated by two signaling pathways; the Toll and the immune deficiency (Imd)
pathway are hallmarks of invertebrate humoral immune response (Hoffmann and Reichhart,
2002). The Toll pathway is responsible for recognition and elimination of most Gram-
positive (G*) bacteria and fungi. Whereas the Imd pathway is triggered by, and controls the
defense against, Gram-negative (G™) bacteria. These two pathways are also present in most
vector species and are vital in pathogen defense.

Peptidoglycan recognition proteins (PGRPs) are capable of recognizing bacteria cell wall
peptidoglycans and as such are the receptors and regulators of Toll and Imd signaling
pathway (Royet et al., 2011). Insect PGRPs are the largest and most versatile family of
PRRs for the recognition of microbial products. The first PGRP was identified in silkworm
(Bombyx mori) as binds peptidoglycans and initiates immune responses showing the critical
role of PGRPs in the defense against invading microbes (Yoshida et al., 1996). PGRPs were
then characterized in other insect species including moth, Drosophila, and mosquitoes, are
now studied in mammals (Royet and Dziarski, 2007). These proteins are highly conserved
between invertebrates and mammals. All of PGRPs have at least one PGRP domain, which
is responsible for peptidoglycan recognition (Royet et al., 2011). Peptidoglycan (PGN) is an
essential component of cell wall in almost all bacterial species. It is a polymer consisting of
B-(1,4) linked N-acetylglucosamine NAG and N-acetylmuramic acid NAM crosslinked by
short peptides (Schleifer and Kandler, 1972). PGN is classified into Lys-type PGNs if the 3™
amino acid of the short peptide is Lys and DAP-type PGN if the 3™ amino acid is
diaminopimelic acid (DAP). Lys-type PGNs are found in G* bacteria and DAP-type PGNs
are in all G™ bacteria and Bacillus. PGRPs are able to differentiate these two types of PGNs
and initiate corresponding downstream signaling pathways (Choe et al., 2002; Gottar et al.,
2002; Leulier et al., 2003; Michel et al., 2001; Ramet et al., 2002).

Emerging evidence shows that PGRPs in disease transmitting vectors are the key
participants in the immune response against invading pathogens. Thus PGRPs are essential
for maintenance of vector-pathogen homeostasis. In this review, we will summarize the
recent findings regarding PGRPs in hematophagous vectors and describe their effects on
immune defense.

1.2 Feature and gene organization of PGRPs

Peptidoglycan recognition proteins are a family of pathogen recognition receptors with at
least one PGRP domain. The PGRP domain is homologous to bacteriophage and bacterial
type 2 amidases (Kang et al., 1998). Based on their transcript size, PGRPs are divided into 2
subfamilies: short PGRPs (PGRP-S) and long PGRPs (PGRP-L) (Werner et al., 2000). Short
PGRPs are secreted proteins with a signal peptide and one PGRP domain. Long PGRPs are
at least double the size of short PGRPs with a N-terminal sequence of variable length and
one or more PGRP domains. Long PGRPs can be secreted, transmembrane, or cytosolic
proteins. Additionally, PGRPs based on function, can be divided into 2 subfamilies: catalytic
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PGRPs and non-catalytic PGRPs (Mellroth et al., 2003). Catalytic PGRPs as the name
implies have enzymatic activity, these include PGRP-SB1, -SB2, -SC1, -SC2 and -LB in
Drosophila, which function as the modulators of immune signaling pathways by
sequestering PGN released by bacteria. The second group are PGRPs without amidase
activity, including PGRP-SA, -SD, PGRP-LC and -LE, these initiate a cascade of immune
responses by recognizing and binding to PGN. Another group of non-catalytic PGRPs,
including PGRP-LF and rPGRP-LCs, have no amidase activity but negatively regulate
immune response by interfering with the binding capacity of PGRP-LC to PGNs (Basbous et
al., 2011; Neyen et al., 2016; Persson et al., 2007).

With the completion of genome annotation of three vectors, Anopheles, Aedes mosquitoes
and tsetse fly, the genomic organization of PGRPs in these vectors becomes clear
(Christophides et al., 2002; International Glossina Genome, 2014; Nene et al., 2007) (Fig.
1). In comparison to Drosophilathat has 13 pgrp genes, encoding at least 22 PGRP proteins
(Kurata, 2014; Neyen et al., 2016), mosquito and tsetse genomes have a limited repertoire,
with only 7 and 6 genes present in each genome, respectively (Christophides et al., 2002;
International Glossina Genome, 2014; Wang and Beerntsen, 2015) (Fig.1). Angpheles
gambiae has 7 pgrp genes (pgrp-s1, -s2, -s3, -la, -1b, -Ic and -/a) that encode at least 10
PGRP proteins. Aedes aegypti has the same number of pgrp genes as Anopheles, but
different in family members with only 2 short pgrps, pgrp-s1 and -sc2, and 5 long pgrps
including pgrp-1a, -1b, -Ic, -Idand -/e. In tsetse fly, only six pgrp genes are identified, four in
the long subfamily (pgro-/a, -1b, -Ic, and -/d) and two in the short subfamily (pgrp-sa and -
sb). Both mosquitoes and tsetse lack orthologs of PGRP-LF found in Drosophila, but have
retained PGRP-LA, -LB, -LC and —-LD. The Phylogenic analysis of PGRPs in Drosophila
and vectors indicates that the same PGRP from different vectors are likely to cluster together
with the counterparts of Drosophila (Fig. 2).

Decreasing diversities of PGRP proteins in mosquito and tsetse fly compared to Drosophila
may be a result of their different life histories and reproductive physiologies. Drosophila eat
mainly rotten fruit that contains abundant environmental microbes. Both species of female
mosquitoes (Anopheles and Aedes) feed on plant nectar and need vertebrate blood for
reproduction. While tsetse flies are obligate blood sucking insects. The relatively aseptic
vertebrate blood may limit the opportunities of vectors to be in contact with environmental
microbes, which may decrease the variety of PGRPs. Drosophila and mosquitoes have
oviparous reproductive strategies, which allows their progeny (eggs and larva) to develop
externally in the environment, independent of the female. Alternatively, the tsetse fly has a
viviparous reproductive system such that offspring develop in the uterus of the mother, thus
further preventing their exposure to a diverse environmental fauna of microbes (Benoit et al.,
2015). Collectively, the diverse of PGRP organization may reflect the amount these insects
are exposed to environmental microbes.

1.3 PGRPs in Drosophila

PGRPs are extensively studied using the Drosophila model system (Kurata, 2014; Royet and
Dziarski, 2007; Royet et al., 2011). Drosophila has 13 pgrp genes. Four of them encoding
recognition PGRPs, including PGRP-SA, -SD, -LC and LE, that act as receptors of immune
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signaling pathways; responsible for triggering immune responses. Five PGRPs encode
catalytic PGRPs, including PGRP-SB1, -SB2, -SC1, -SC2 and -LB, which prevent the over-
activation of immune signaling pathways via digestion of PGN into short, nonimmunogenic
fragments. Another regulatory PGRP, PGRP-LF, although having no PGN binding activity,
downregulates Imd pathway by antagonizing the ability of PGRP-LCa to bind to PGRP-
LCx. The classical function of PGRPs in Drosophila are discussed in detail elsewhere
(Kurata, 2014; Royet and Dziarski, 2007; Royet et al., 2011), so we will briefly discuss their
recent discovered function here.

PGRP-LC is a well-known receptor with 3 isoforms, PGRP-LCa, -LCx and -LCy, and is
responsible for the recognition of DAP-PGN and triggering signal transduction of the Imd
pathway (Kaneko et al., 2004; Mellroth et al., 2005; Werner et al., 2003). Recently, a new
regulatory approach has been found in PGRP-LC that is controlled by the insect steroid
hormone ecdysone. This occurs through several ecdysone inducible transcription factors,
including BR-C, Eip78C, Eip93F, Eip74EF, Eip75B, HR46, PNR and SRP (Rus et al.,
2013). In this way, immune induction of all AMP genes through the IMD pathway is tightly
controlled by both humoral and environmental factors. The complex interplay between
innate signaling and steroid signaling pathway further ensures the proper function of
immune system during development. PGRP-LC also functions as a receptor for retrograde,
trans-synaptic signaling in nervous system (Harris et al., 2015). It participates in maintaining
homeostasis of synaptic plasticity possibly through binding of Endostatin, a small peptide
that is necessary for presynaptic homeostasis. Thus, PGRP-LC has dual roles in Drosophila,
one of initiating immune defense against invading pathogens and the other of regulating
homeostatic synaptic plasticity in the absence of infection. Three novel PGRP-LC
alternative transcripts, rPGRP-LCX, -LCy and -LCa have been recently identified (Neyen et
al., 2016). They have the same extracellular domain corresponding to PGRP-LCx, -LCy and
-LCa but distinct intracellular domain. These rPGRP-LCs specifically recognize polymeric
PGN released from dead bacteria and mediate endocytosis of PGRP-LC, thus terminate
immune response via the endocytic pathway. Another recognition PGRP, PGRP-LE, is
known as an intracellular receptor of the Imd pathway, which detects PGN within the cell
(Kaneko et al., 2006; Yano et al., 2008). It is enriched in the larval and adult enterocytes
(Neyen et al., 2012). PGRP-LE mediates the induction of intestinal peptidase expression
upon colonization of Lactobacillus plantarum, a commensal bacterium in germ free
Drosophila (Erkosar et al., 2015). This colonization promotes dietary protein digestion and
increases host amino acid levels, which sustains systemic growth and maturation on a low
nutrient diet. Mutation of PGRP-LE strongly impairs the induction of peptidases, Jon66Cii
and CG18179 (Erkosar et al., 2015). As such PGRP-LE in addition to being an immune
receptor may be involved in metabolic pathways, in the presence of commensal bacteria.
PGRP-SD was originally characterized responsible for triggering Lys-type PGN mediated
Toll signaling pathway by forming a complex with Gram-negative binding protein 1
(GNBP1) and PGRP-SA (Bischoff et al., 2004; Gobert et al., 2003; Wang et al., 2008).
However, this PGRP has recently been identified to sense DAP-PGN and enhance PGRP-LC
mediated Imd signaling activity (latsenko et al., 2016). It is highly possible that the binding
affinity of PGRP-SD to Lys-PGN and DAP-PGN varies in different conditions allowing
PGRP-SD to have multiple functions in regulating the immune activation. Altogether, these
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results suggest that PGRPs are key components of immune signaling pathways. PGRPs have
evolved, to sense multiple factors, not limited to PGNs, to ensure the proper immune, neural,
and metabolic functions.

1.4 PGRPs in mosquitoes

Mosquitoes, including Anopheles, Aedesand Culex, as the deadliest animals in the world,
transmitting a variety of pathogens that threaten human and animal health. Emerging
evidence shows that PGRPs in Angpheles and Aedes mosquitoes are critical in regulating
immune activities in response to both invading pathogens and residential microbes.

Anopheles genus mosquitoes are the primary vector of malaria causing over 429 000 deaths
globally in 2015, most of which, are children under 5 (WHO, 2016). PGRP-LC with 3
splicing isoforms, PGRP-LCL1, -LC2 and -LC3, is the first PGRP characterized in Anopheles
gambiae (Meister et al., 2009). The PGRP domain of each PGRP-LC isoform is encoded by
a common exon 4 and an additional two other variable exons. Among these isoforms,
PGRP-LC3 plays a major role in helping Anopheles defend against both invading bacteria
and malaria parasites, Plasmodium. Knock-down of PGRP-LC not only increases the
susceptibility of mosquito to malaria parasite infection, but also induces the proliferation of
gut microbiota. In mosquitoes that native microbes are depleted by antibiotic treatment,
knock-down of PGRP-LC has no influence on vector competence. These results suggest that
PGRP-LC, through binding PGNs released from gut microbiota, primes the Imd signaling
pathway then to clear invading Plasmodium. PGRP-LA has 2 isoforms, PGRP-LA1 and
PGRP-LA2 (Gendrin et al., 2017). Both of the isoforms function similarly as PGRP-LC in
that they inhibit Plasmodium infection by initiating the synthesis of downstream immune
effectors of the Imd pathway. PGRP-LB was initially identified as being induced by gut
microbiota (Dong et al., 2009). Depletion of PGRP-LB results in an increase in the number
of the gut microbiota, suggesting a role of this protein in controlling gut microbial
homeostasis. Recently, PGRP-LB has been shown to promote Plasmodium infection by
negatively regulating systemic immune responses (Gendrin et al., 2017). Other PGPRs
including PGRP-S2/S3 and -LD are also involved in parasite elimination, but mechanisms of
how this occurs are still unknown (Gendrin et al., 2017).

Genome wide comparison between Angpheles and Drosophila reveals that the major
components of Toll and Imd pathways are conserved in these two insects (Christophides et
al., 2002). These two pathways are regulated by PGRPs and are of considerable importance
for parasite defense (Clayton et al., 2014). Activation of the Toll and Imd pathways leads to
the nuclear translocation of NF-xB transcription factors, Rell and Rel2, respectively, which
initiates the synthesis of downstream anti-parasite immune effectors. Unlike in Drosophila
where Toll responds specifically to G */fungi and Imd specifically senses G~ bacteria, the
same Anopheles immune signaling pathway can be activated by both G*/G~ bacteria and
parasites (Frolet et al., 2006; Garver et al., 2012; Meister et al., 2005). Silencing either Rell
or Rel2 abolishes resistance of Angphelesto Plasmodium. Upregulation of immune
activities of either pathway, by knock-down of their respective negative regulators, Cactus or
Caspar, confers almost complete resistance to malaria parasites (Frolet et al., 2006; Garver et
al., 2009).
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Aedes genus mosquitoes transmit viral diseases including dengue fever, chikungunya, and
Zika fever. They are a continual global health threat putting billions of people at risk of
infection causing large number of deaths (Bhatt et al., 2013; Caraballo and King, 2014).
PGRPs mediated immune defense in Aedes mosquitoes, playing vital roles in viral and
bacterial clearance (Cheng et al., 2016). Both G* and G~ bacterial infection induce the
expression of 3 PGRPs, PGRP-S1, -SC2 and -LB, indicating these PGRPs respond directly
to bacterial stimuli. Knock-down of PGRP-LC significantly reduces the survival rate of Ae.
aeqyptiwhen challenged with both G* and G~ bacteria. PCRP-LC reduction also suppresses
the synthesis of several antimicrobial peptides, including defensin, cecropin and gambicin.
This strongly suggests that PGRP-LC mediates Aedes defense against both G* and G~
bacteria by positively regulating immune activities (Wang and Beerntsen, 2015). In Ae.
aegypti, PGRP-LE, an intracellular receptor, is induced upon artificial colonization of
Wolbachia, an insect endosymbiont (Pan et al., 2017). RNA. of this gene results in
decreasing number of Wolbachia. While upregulation of immune signaling pathways, leads
to elevated Wolbachia growth. These results suggest that PGRP-LE is involved in sensing
intracellular Wolbachia and then mediates immune signaling pathways that facilitate
colonization by this bacterium. PGRP-LA, -S1 and -LD also participate in the activation of
immune responses, but their influence is marginal in response to bacterial infection (Wang
and Beerntsen, 2015). PGRP-LB and -SC2 are the negative regulators of immune signaling
pathways as knock-down of these genes significantly increases expression of defensin,
cecropinand gambicin (Wang and Beerntsen, 2015).

So far no PGRPs in Aedes mosquitoes have been linked to direct virus recognition or
defense, however, PGRP mediated signaling pathways play important roles in fighting
against viral infection (Cheng et al., 2016). The Toll pathway is triggered upon dengue virus
infection. Upregulation of the Toll immune signaling pathway by RNAi mediated knock-
down of its negative regulator, Cactus, reduces viral infection (Xi et al., 2008). This
protective role relies on the presence of gut microbiota. In Aedes aegypti the Toll pathway is
also activated by Wolbachia controlled induction of reactive oxygen species (ROS) (Pan et
al., 2012). The induction of the Toll pathway reduces oxidative stress caused by Wolbachia
and the Toll pathway is also responsible for inhibition of DENV proliferation in these
mosquitoes. Final stages of Dengue infection, in salivary glands, elicits both Toll and Imd
pathway (Luplertlop et al., 2011). One of the downstream antimicrobial peptides, Cecropin
which is induced by Dengue virus, shows both antibacterial and anti-viral activities
(Luplertlop et al., 2011). The Imd pathway also influences Sindbis virus infection indirectly,
by controlling the proliferation of gut microbiota (Barletta et al., 2017). In addition,
autophagy regulated by intracellular PRRs is crucial in elimination of intracellular virus,
bacteria, and parasites in both insects and mammals (Yano and Kurata, 2011). In Drosophila,
intracellular bacterium, Listeria monocytogenes infection induces PGRP-LE mediated
autophagy, which in turn prevents its intracellular growth (Yano et al., 2008). It is probable
that autophagy is also involved in viral clearance in Aedes mosquitoes, however, this needs
to be further investigated.

In comparison to Drosophila, the function of PGRPs in mosquitoes, is generally conserved.
PGRP-LC is the main receptor of Imd signaling pathway. PGRP-LA is also involved in
initialing downstream antimicrobial synthesis, but its role is redundant in both mosquitoes
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and Drosophila. PGRP-LB is a negative regulator of the Imd signaling pathway although its
catalytic activity needs further investigation in mosquitoes. In contrast to PGRPs that in
Drosophilasense G* and G~ bacteria specifically, the same PGRP, such as PGRP-LC, in
mosquitoes recognizes both G* and G~ bacteria, and regulating the synthesis of
antimicrobial peptides downstream of both Toll and Imd pathways (Meister et al., 2009;
Wang and Beerntsen, 2015). These two pathways work synergistically to protect Anopheles
mosquito against G*, G~ bacteria as well as Plasmodium infection (Clayton et al., 2014).
PGRPs in Drosophilathat recognize and digest of PGN are well studied, however the
interaction between mosquito PGRPs and pathogens is far from complete. As in Angpheles,
PGRPs mediated immune defense against malarial parasites still relies on the presence of
gut microbiota (Gendrin et al., 2017; Meister et al., 2009). Clearance of gut microbiota
through antibiotics treatment abolishes the protection of the immune response against
parasites. It is highly possible that Plasmodium mediated immune signaling activation is via
the recognition of PGNs, released from gut microbiota, by PGRPs. It is also possible that
PGRPs in both Angpheles and Aedes mosquitoes adapted to have a broad recognition
spectrum during a long term co-existence with pathogens.

1.5 PGRPs in Tsetse fly

The tsetse fly is the sole vector of African trypanosome that causes human African
trypanomiasis (HAT) and animal African trypanosomiasis (AAT), a neglected tropical
disease endemic in sub-Sahara African. PGRP-LC and -LB are the two PGRPs which
functions are well characterized. PGRP-LC is the receptor of the Imd signaling pathway
similar to what is observed in Drosophila (Wang et al., 2009). However, unlike Drosophila
PGRP-LC which has 6 isoforms, no isoforms has been identified so far. Knock down of
PGRP-LC abolishes the induction of downstream antimicrobial peptides which in turn
increases susceptibility to trypanosome infection (Wang et al., 2009). Similar results are
found in tsetse flies where the Imd pathway is blocked by the knock-down of Relish, the NF-
xB transcription factor (Hu and Aksoy, 2006). PGRP-LB acts as both a negative regulator
and an effector of Imd signaling pathway (Wang and Aksoy, 2012; Wang et al., 2009). Like
Drosophila PGRP-LB, tsetse PGRP-LB is an amidase that degrades PGN, released from
native microbes, and prevents the overactivation of immune responses. As a negative
regulator of the Imd pathway, PGRP-LB protects the tsetse mutualistic symbiont,
Wigglesworthia, from immune damage. This symbiont in turn stimulates the proper immune
system development. Additionally, it evolved to have both bactericidal and trypanocidal
activities that work synergistically with other antimicrobial peptides. PGRP-LB is also
vertically transmitted from mother to offspring via milk secretion to ensure the proper
development of immune system and symbionts colonization in next generation. Due to the
limited PGRP repertoire and long term coexistence with trypanosome, PGRP-LB in tsetse
flies has adapted to have both amidase and anti-pathogen activity to ensure a healthy
symbiont community at the same time excluding harmful parasites. Although it is unclear
how PGRP-LC and -LB recognize trypanosomes, these results suggest that the immune
response mediated by the two PGRPs are vital in maintaining the fine tuned balance between
tsetse fly, native microbes and trypanosomes. In comparison to Drosophila, tsetse flies lack
the intracellular receptor, PGRP-LE. Possibly due to the relatively sterile environment
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during tsetse fly development. Functions of other PGRPs, PGRP-LA, -LD, -SA and -SB are
still unknown. Further studies of these PGRPs will shed light on interactions between tsetse
immune responses and trypanosomes.

1.6 PGRPs in other hematophagous vectors

Ticks are a large group of medically important vectors that transmit a variety of pathogens
including viruses, bacteria and other parasites. Most disease transmitting ticks belong to
suborder Ixodida that have a distinct life style compared to hematophagous insects (e.g.,
mosquitoes and tsetse flies). They only feed once at each developmental stage (larva, nymph
and adult), when they feed they spend a prolonged period of time on a host. In addition,
many bacteria that are transmitted by ticks are evolutionarily distinct and possess unique cell
wall structures. For example, the peptidoglycan in Borrelia burgdorferi, which causes Lyme
disease, is structurally different from regular bacteria as the third amino acid of the short
peptide is L-ornithine instead of DAP (Schleifer and Kandler, 1972). Anaplasma
phagocytophilum, the causative agent of Anaplasmosis lacks most of the genes for
peptidoglycan biosynthesis (Rikihisa, 2010). The unique life cycles of ticks and the distinct
cell wall structure of pathogens ticks transmit make the knowledge of PGRPs in other model
insects difficult to apply to ticks. However, multiple PGRPs have been identified in several
tick species (Rosa et al., 2016; Smith and Pal, 2014). For example, 9 PGRPs have been
identified in /. Ricinus, 5 PGRPs in /. scapularis, and 4 PGRPs in R. pulchellus (Rosa et al.,
2016). The role of the PGRPs mediated signaling pathways, Toll and Imd has also been
examined in several tick species, including /. scapularis and Rhipicephalus microplus
(Capelli-Peixoto et al., 2017; Rosa et al., 2016; Shaw et al., 2017; Smith and Pal, 2014).
Ticks have a relatively conserved Toll pathway compared to Drosophila, alternatively ticks
lack central components of the Drosophila Imd pathway (Oliva Chavez et al., 2017).
Interfering with the signaling transduction of Imd pathway by silencing its regulatory
component, Relish, Bendless or Uevla, renders both R. microplus and I. scapularis
increasingly susceptible to Anaplasmaand Borreliainfection (Capelli-Peixoto et al., 2017;
Severo et al., 2013; Shaw et al., 2017). These results suggest that ticks may have an
evolutionarily divergent but functional Imd pathways. However, how PGRPs regulate
humoral immune responses need to be further investigated.

Consistent with these observations in ticks, Rhodnius prolixus, a major vector of Chagas
disease caused by American trypanosomes ( 7rypanosoma cruzi), also lacks the key
components of Imd pathway. Specifically these bugs lack the IMD, Fas-associated protein
with death domain (Fadd), death-related ced-3/Nedd2-like caspase (Dredd), and Caspar, but
retains the relatively conserved Toll pathway (Mesquita et al., 2015). Multiple PGRPs have
been identified in Rhodnius prolixus, although their function is unknown. Perturbing the
activity of either the Toll or the Imd pathway fails to influence the vector competence of this
bug, but significantly increases proliferation of its symbiont, Rhodococcus rhodnii. In
contrast to the tsetse fly and mosquitoes whose humoral immune responses control both
symbiotic homeostasis and pathogens infection, PGRP mediated signaling pathways in
Rhoadnius prolixus contribute primarily to symbiont regulation.
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Taken together, results in other hematophagous vectors suggest an atypical but functional
immune signaling pathway may exist such that PGRPs in these vectors may have distinctive
functions in limiting pathogen infection.

2. Conclusion

In this review we summarize the current state of knowledge regarding PGRPs on
hematophagous arthropods. In comparison to Drosophila, functions of PGRPs in both
mosquito species, An. gambiae and Ae. Aegyptias well as the tsetse fly display a high
degree of conservation as PGRPs all participate in the regulation of host immune signaling
pathways. In contrast, the PGRP gene families are relatively small among these vectors,
likely due to the different levels of microbial exposures during the different species’ life
cycle. Although the knowledge of PGRP functions in other vectors including ticks and
reduviid bugs is limited, they still do have all the functional humoral immune signaling
pathways similar to those of Drosophila. The presence of PGRPs in these vectors indicates
that they might play roles in immune regulation.

Hematophagous vectors pose serious public health threats by transmitting a variety of
disease causing agents. Most of these diseases lack effective vaccines and rely on vector
control to prevent pathogen transmission. Our knowledge of interactions between vectors
and pathogens, especially vector immune responses to pathogens, has been advancing at an
accelerating pace. However, mechanisms underlining interactions between pathogens and
PGRPs are not fully studied. Thus, expanding the knowledge of PGRPs, the major PRRs
involved in pathogen recognition, will provide fundamental information about vectors-
pathogens interaction, and thus contribute to development of improved vector associated
disease treatments.
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Highlights

. Summarize the latest findings of PGRPs in Drosophila

. Summarize the latest findings of PGRPs in major disease transmitting vectors
. Compare the organization and functions of PGRPs between vectors and
Drosophila
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Glossina morsitans

PGRP-LA PGRP-LD PGRP-LC
— I e 1
PGRP-LB PGRP-SA PGRP-SB
GMOY006730 GMOY009549  GMOY012025

Organization of PGRPs in Drosophila (Drosophila melanogaster) (A), mosquitoes
(Anopheles gambiae (B), Aedes aegypti (C)) and tsetse fly (Glossina morsitans) (D). Non-
catalytic PGRP domain is in black. Catalytic PGRP domain is in pink. Transcriptional
isoforms that have been characterized are listed below of each gene.
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Figure 2.
Phylogenic analysis of PGRPs in Drosophila (Dm), Anopheles gambiae (AQ), Aedes aeqypti

(Ae) and tsetse fly (Gmm) using neighbor-joining estimations. The tree was constructed
using the MEGA program (v5) (http://www.megasoftware.met/mega.php) with default
settings and 1000 bootstraps. PGRP-LAs (LA) from four insects were colored in black,
PGRP-LBs (LB) were in blue, PGRP-LCs (LC) were in red, PGRP-LDs (LD) were in
yellow, PGRP-LEs (LE) were in orange, PGRP-LF (LF) was in green, short PGRPs were in
purple. Accession number of each sequence was indicated in Figure 1.
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