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PREFACE

The invasion of blood-feeding ectoparasites, the poultry red mites (Dermanyssus
gallinae, PRMs), the northern fowl mites (Ornithonyssus sylviarum, NFMs), and the
tropical fowl mites (Ornithonyssus bursa, TFMs) is a significant threat to egg-laying hens
worldwide, causing considerable economic losses to the poultry industry. Among these
mite species, PRMs have been found across a large number of countries and regions,
particularly in European countries, Asian countries such as Iran, China, and Japan, and
the countries in Latin America including Brazil [Sparagano et al., 2014; Mirzaei et al.,
2016; Thomas et al., 2018]. The life cycle of PRMs consists of five stages: eggs, larvae,
protonymphs, deutonymphs, and adults. While larvae do not feed on blood, nymphs and
adults require blood meal for the development into subsequent stages and egg
development [Chauve, 1998]. Protonymphs and deutonymphs molt after blood feeding
and develop into the next life stages. In contrast, adult female PRMs feed blood several
times, and then, they lay 4-8 eggs and produce about 30 eggs in their lifetime [Chauve,
1998]. PRMs typically infest chickens every 2-4 days, and complete their life cycle, from
egg to adult, within 2 weeks [Sparagano et al., 2014]. PRMs infest chickens
predominantly in the darkness, and they usually stay on hosts for 0.5 to 1.5 hours for
blood feeding. After blood feeding, the majority of PRMs leave the hosts and stay in
cracks and crevices of the poultry houses during the daytime [Sparagano ef al., 2014].
Thus, PRMs efface themselves during the day, which make it hard to find them, whereas
they can rapidly increase their numbers in favorable conditions.

Currently, more than 80% of laying hen’s farm in several European countries and 85%
of those in Japan are contaminated with PRMs [Sparagano ef al., 2014]. Mass infestation
with PRMs causes various health problems in chickens, such as anemia, depression,
impaired immune responses, reduction in egg production, and sometimes causes death in
young chickens. A previous study reported a ten-fold increase in mortality rate of chickens
as a result of heavy infestation with PRMs [Cosoroaba, 2001]. The annual economic costs
associated with the loss of production and the control of PRMs was estimated to be
approximately €360 million for the EU egg industry in 2017
(https://coremi.eu/home.html) and €66.85 million in Japan [Mul ef al., 2009; Sparagano
et al., 2009]. In addition, PRMs occasionally infest mammalian species, including
humans, and cause skin lesions, pruritis, and dermatitis, implicating that PRM-infestation
could be an occupational hazard for poultry farm workers [Abdigoudarzi et al., 2014; D1
Palma et al., 2018]. Furthermore, several literatures showed that PRMs potentially

transmit several avian pathogens such as avian pox virus, avian influenza virus,
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Salmonella Gallinarum, and spirochetes [Moro et al., 2009; Huong et al., 2014; Sommer
et al., 2016; Pugliese et al., 2019] as well as zoonotic pathogens such as Erysipelothrix
rhusiopathiae [Eriksson et al., 2009]. Collectively, the infestation with PRMs could be
serious issues in both aspects of veterinary hygiene and public health, and therefore, the
control of PRMs is a crucial matter for the poultry industry.

Hematophagous ectoparasites secrete various effector molecules into their saliva that
modulate host physiological responses to maintain undisturbed blood feeding. Hemostatic
responses including blood clotting, platelet aggregation, and vasoconstriction are the
primal host defensive reaction against intrusion by mouthparts of parasites into the host
skin [Kotal et al., 2015]. These acute responses are accompanied by the activation of host
immune systems; keratinocytes, endothelial cells, and leukocytes, including dendritic
cells and macrophages, which are present in the sites of infestation, produce pro-
inflammatory chemokines and cytokines, such as interleukin (IL)-8, IL-1f3, and tumor
necrosis factor (TNF)-a, for the recruitment of inflammatory cells including neutrophils,
resulting in inflammatory responses [Wikel, 2013; Simo et al., 2017]. Moreover, during
secondary infestation, T and B cells produce cytokines and antibodies against salivary or
mouthpart-derived molecules to augment inflammation and activate complement, mast
cells, and basophils [Brossard and Wikel, 2004; Bowman and Nuttall, 2008; Wikel, 2013].
Meanwhile, several studies have demonstrated that salivary proteins of hematophagous
ectoparasites, such as serine protease inhibitors, interrupt host hemostasis and pain
signaling [Ribeiro and Mather, 1998; Champagne, 2005; Hughes, 2013; Ibelli et al., 2014].
Additionally, these ectoparasites produce a variety of immunosuppressants to mitigate
both innate and adaptive immune responses; for instance, tick saliva or salivary gland
extract (SGE) attenuates the production of nitric oxide (NO) and inflammatory cytokines
including TNF-a and IL-1pB from macrophages [Kuthejlova et al., 2001; Chen et al.,
2012], and impairs the proliferation and functions of dendritic cells [Oliveira ef al., 2008;
Skallova et al., 2008] and lymphocytes [Gillespie et al., 2001; Hannier et al., 2003]. These
immunosuppressive functions of salivary factors were also reported in mosquitoes [Cross
et al., 1994; Schneider et al., 2004]. Importantly, the suppressive modulation of host
immunity caused by the infestation is considered to be closely associated with pathogen
transmission [Schneider et al., 2004; Schneider and Higgs, 2008; Kazimirova and
Stibraniova, 2013; Liu and Bonnet, 2014; Nuttall, 2019; Guerrero et al., 2020].

These findings evoke the idea that the infestation with PRMs may modulate host
physiological states. Notably, since PRMs can rapidly expand their population in
favorable conditions, chickens raised at poultry houses severely contaminated would be

exposed to PRMs more heavily and chronically, compared to the hosts affected by ticks
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or mosquitoes. Therefore, PRM-infestation might cause immunosuppression and pose
increased risks of infection with avian pathogens. Indeed, a previous report demonstrated
that the protein composition in the plasmas of chickens was altered by the infestation with
PRMs, representing that PRM-infestation contributes to the attenuated humoral immunity
[Kowalski and Sokét, 2009]. The immunomodulatory effects of PRM-infestation were
further supported by decreased levels of antibody titers in PRM-infested chickens
vaccinated against avian infectious agents [Kaoud and El-Dahshan, 2010], and by the
reduced percentages of lymphocytes in chickens raised at PRM-eroded farms [Koziatek-
Sadtowska and Sokoét, 2020]. Collectively, consistent with the observations in ticks and
mosquitoes, PRMs could modulate host immunological states during infestation.
However, the details of immune reactions in chickens infested with PRMs, including
cytokine expression profiles, have yet to be elucidated.

Currently, the control of PRMs mainly depends on the exhaustive sanitary
management of the premises and the use of synthetic acaricides such as organic
phosphorus, carbamates, and pyrethroids. However, as PRMs have a trait to conceal
themselves in hideaways, they could escape from these treatments [Flochlay et al., 2017].
In addition, even All-In-All-Out production system is not enough to eradicate PRMs
because they can survive for a long period, up to 8 months, without a blood meal in severe
conditions [Chauve, 1998; Axtell, 1999; Sparagano et al., 2014], and infest new flocks.
Moreover, improper and continuous use of acaricides could cause various social
problems; for instance, in 2017, an “egg scandal”, the contamination of eggs with fipronil,
a broad-spectrum insecticide, broke out in at least 40 European countries, resulting in the
recall of millions of eggs and the loss of millions of dollars [Smulders et al., 2018; Tu et
al., 2019]. To avoid such social issues, the use of synthetic acaricides is strictly regulated
in many countries, especially in Europe [Sparagano ef al., 2014]. Furthermore, recently,
the emergence of acaricide-resistant PRMs has been reported worldwide [Thind and Ford,
2007; Murano et al., 2008, 2015; Marangi et al., 2009]. Although novel synthetic
acaricides are developed, the acquisition of the resistance in PRMs may be inevitable.
Indeed, a new synthetic acaricide, which is a phoxim-based product and was approved in
European countries in 2010, demonstrated tremendous acaricidal effect at the beginning
of its introduction. However, PRMs resistant to phoxim emerged within just 1 year after
the introduction [Meyer-Kiihling et al., 2007; Zdybel et al., 2011]. Collectively, current
countermeasures are insufficient to control PRMs in the poultry sector, and therefore, the
development of alternative control strategies are strongly aspired. To date, several non-
chemical approaches have been under consideration. These alternatives subsume

biological control including predatory species that feed on PRMs [Ali ef al., 2012; Lesna
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et al., 2012], or microbials, such as fungi, that are pathogenic for PRMs [Steenberg and
Kilpinen, 2003; Kaoud and El-Dahshan, 2010; Tavassoli et al., 2011]. In addition, some
non-chemical biopesticides, such as spinosad, which are more friendly to the environment,
showed toxicities on PRMs [George et al., 2010; Liebisch et al., 2011]. Nonetheless,
various problems need to be overcome to put these strategies into practice. Both predators
and fungi require specific environmental conditions to act [Ali ef al., 2012; Lesna et al.,
2012], which could cause the variation in their efficacies dependent on the climates.
Furthermore, it has been reported that the residual efficacies of biopesticides are shorter
than chemicals, and their safety on vertebrates and environment are still controversial
[Chauve, 1998; Abdel-Ghaffar et al., 2009]. Owing to these issues, most of the alternative
strategies hit setbacks and are yet to be ready for field application.

The development of acaricide-resistance in ticks, such as Rhipicephalus (Boophilus)
microplus, is also a social issue threatening livestock industry as well as human health
[Abbas et al., 2014; Rodriguez-Vivas et al., 2018]. As a novel and non-chemical measure,
the anti-tick vaccine has been in the limelight because of its lower risk of the
contamination in the environment and of the development of acaricide-resistance [de la
Fuente and Kocan, 2006; de la Fuente and Contreras, 2015]. Anti-tick vaccines interfere
with the functions of tick molecules by antibodies produced in vaccinated hosts, resulting
in the disruption of homeostasis or interruption of physiological activities such as blood
feeding, digestion, or reproduction (Figure 1) [Willadsen, 2004]. Two types of molecules
can be considered as vaccine antigens based on their targets [Nuttall ef al., 2006]. The
first type of the targets includes proteins secreted into their saliva (“exposed” antigens)
that facilitate attachment to the host skin [Tsuda et al., 2001], suppression of host immune
reactions [Wikel, 1996; Mori ef al., 2010], and inhibition of coagulation [Narasimhan et
al., 2004], contributing to the maintenance of undisturbed blood feeding. The second
includes proteins expressed in the midgut (“concealed” antigens). Since the ingested
blood is accumulated in the midgut, antigens in midguts could be efficiently exposed to
antibodies contained in the blood sucked from vaccinated hosts [Willadsen ez al., 1989;
Willadsen, 2004]. Heretofore, a number of antigen candidates have been examined, and
the vaccine targeting Bm86, a plasma membrane protein expressed in the midgut of R.
microplus, exhibited tremendous efficacies and commercially used in the field [Willadsen
et al., 1995].

Of late years, researches on the development of vaccines against PRMs are getting
vigorous on the basis of the success in ticks [Arkle et al., 2008]. Several studies have
identified antigen candidates and examined their efficacies [Bartley et al., 2012; Wright

et al., 2016; Lima-Barbero et al., 2019]. However, efficacies of anti-PRM vaccine have
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yet to be sufficiently observed in practical application in the field [Bartley et al., 2017],
and no vaccine against PRMs is commercially available. Therefore, investigation of
antigens for more effective vaccines is necessary to establish the control strategies by
vaccination. Whilst ticks infest hosts and continue blood feeding for a longer period (3—
10 days or more [Ribeiro and Francischetti, 2003]), the period of blood feeding by PRMs
is much shorter than that by ticks. Hence, concealed antigens are expected to be more
suitable as vaccine antigens against PRMs. In addition, considering the mechanism of
vaccine described above, molecules that play essential roles in PRMs’ physiological
activities, such as blood digestion or egg development, are desirable as vaccine antigens.
Moreover, since antibodies produced in vaccinated hosts exert their effects after the
ingestion by PRMs, antigens should be highly expressed in PRMs, especially in blood fed
states. To investigate antigen candidates, therefore, biological characteristics including
gene expression profiles of PRMs should be analyzed in each feeding state. Notably,
previous reports have demonstrated that gene expression patterns of ticks were greatly
changed in response to blood feeding. For instance, gene expression profiles in the
midguts and ovaries of Ixodes ricinus were drastically altered after blood feeding
[Kotsyfakis et al., 2015]. Besides, the expressions of genes involved in metabolic
processes in the midguts of Ornithodoros erraticus and Haemaphysalis flava were
significantly upregulated after blood feeding [Xu et al., 2016; Oleaga et al., 2018]. In
PRMs, meanwhile, a previous study performed transcriptome analysis by RNA
sequencing (RNA-Seq) using RNA sample from mixed life stages, sexes, and feeding
states [Schicht et al., 2014]. However, transcriptome dynamics between blood-fed and
starved PRMs have yet to be investigated.

In this study, to scrutinize the host physiological responses against PRM-infestation
in detail and to develop a novel strategy for the control of PRMs by vaccination
approaches, in Chapter I, comprehensive transcriptome analysis was performed using
blood-fed and starved PRMs by RNA-Seq. The gene expression patterns were then
compared between each feeding state to investigate the biological characteristics of PRMs
in detail. In Chapter II, the immunological states of chickens infested with PRMs were
analyzed to assess the immunomodulatory effects of PRM-infestation on the hosts. Then,
in Chapter III, to develop the vaccination strategy as a novel method to control PRMs,
antigen candidates for the vaccine were explored from the data obtained by RNA-Seq
analysis conducted in Chapter I. Three newly-identified antigen candidates, cystatin-like
molecule (D. gallinae-cystatin: Dg-Cys), copper transporter 1-like molecule (D. gallinae-
copper transporter 1: Dg-Ctrl), and adipocyte plasma membrane-associated protein-like

molecule (D. gallinae-adipocyte plasma membrane-associated protein: Dg-APMAP)
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were characterized and evaluated for their potential as vaccine antigens in vitro.
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Figure 1. The mechanism of the vaccine against hematophagous ectoparasites.

(A) Hosts are immunized with parasite-derived antigens, including salivary proteins
(“exposed” antigens) that contribute to the maintenance of undisturbed blood feeding,
and midgut proteins (“concealed” antigens) that play essential roles in parasites’ lives.

(B) Antibodies produced in immunized hosts exert anti-parasite effects by interrupting

blood feeding or by disrupting homeostasis.
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CHAPTER I

Comparative analyses of transcriptomes in blood-fed and starved
poultry red mite, Dermanyssus gallinae
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INTRODUCTION

PRMs are one of the most noxious blood-feeding ectoparasites of chickens and are
prevalent in many countries, especially European countries and Asian countries including
Japan [Sparagano et al., 2014; Mirzaei et al., 2016; Thomas et al., 2018]. Massive PRM-
infestation initiates a variety of negative impacts on chickens, including anemia,
depression, and decrease in egg production and quality, resulting in significant economic
losses to the poultry industry [Cosoroaba, 2001]. Currently, the use of synthetic acaricides
is the most common strategy to protect poultry sector from PRM-invasion. However,
since PRMs are nocturnal and conceal themselves in hideaways during daytime [Chauve,
1998], they could survive acaricide treatment. Furthermore, the emergence of PRMs that
are resistant against acaricides has been widely reported [Thind and Ford, 2007; Murano
et al., 2008, 2015; Marangi et al., 2009]. Therefore, the development of novel control
methods is urgently required, and recently, anti-PRM vaccine has been spotlighted as a
promising strategy for the prevention of PRMs [Arkle ef al., 2008]. However, efficacies
of vaccines previously developed have been found to be insufficient for the practical
application in the field [Bartley et al., 2017], and thus, antigens for more effective
vaccines should be investigated.

Anti-PRM vaccines induce the disruption of homeostasis and/or reduction of
fecundity in PRMs by interrupting the functions of PRM-derived antigens by antibodies
produced in vaccinated chickens. Considering this mechanism, vaccine antigens should
be essential molecules for PRMs’ lives. Additionally, since antibodies produced by the
host would be ingested by PRMs along with blood feeding, molecules expressed in PRMs
constitutively or at least in a blood-fed state are desirable as vaccine antigens. Importantly,
several studies have demonstrated that the gene expression profiles of ticks,
hematophagous ectoparasites which are biologically related to PRMs, were dramatically
altered after blood feeding; for instance, the gene expression patterns in the salivary gland
and the midgut of 1. ricinus were exceedingly different between blood-fed and starved
states [Kotsyfakis et al., 2015]. Collectively, to search for antigen candidates, it is
important to understand the biological characteristics of PRMs in each feeding state.
Previously, researchers have conducted a transcriptome profiling of PRMs by RNA-Seq
analysis using mixed sexes and life stages of blood-fed PRMs, demonstrating that some
metabolic processes were active [Schicht ef al., 2014]. However, the dynamics of gene
expression patterns in response to blood feeding in PRMs have yet to be examined.
Therefore, in this chapter, to explore effective antigens for the development of anti-PRM

vaccines, the RNA-Seq analysis using each feeding state of PRMs was conducted, and
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the biological characteristics of PRMs was investigated by comparing the gene expression

patterns between blood-fed and starved PRMs.
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MATERIALS AND METHODS

PRM samples

Mixed life stages and sexes of PRMs were obtained from an egg-laying farm in Japan.
A part of the dark red, round PRMs were designated as “blood-fed PRMs” on
morphological observation and were isolated within 2 days of mite collection. The
remaining PRMs were maintained at 25°C in 70% humidity for a 2-week period, and

designated as “starved PRMs”. PRM samples were stored at —80°C until use.

RNA isolation and cDNA synthesis

Isolated PRM samples were washed twice with phosphate-buffered saline (PBS,
pH7.2) and thoroughly homogenized with a 1.5-mL homogenization pestle for a 1.5 mL
microcentrifuge tube (Scientific Specialties, Inc., Lodi, CA, USA) in 600 pL of buffer
RLT Plus (RNeasy Plus Mini Kit, Qiagen, Hilden, Germany). Total RNA was isolated

using the RNeasy Plus Mini Kit according to the manufacturer’s instructions.

RNA-Seq
RNA-Seq was conducted using the total RNA isolated from mixed life stages and
sexes of blood-fed and starved PRMs as described above. All the following procedures

were performed at Hokkaido System Science Co., Ltd., Hokkaido, Japan.

1. Construction of cDNA library and sequencing

The qualities of RNA samples were examined using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Boblingen, Germany). A cDNA library was prepared using the
TruSeq Stranded mRNA Sample Prep Kit (Illumina, Inc., San Diego, CA, USA),
according to the standard protocol. Paired-end sequencing was performed using HiSeq

(Illumina, Inc.), according to the manufacturer’s instructions.

2. Sequence assembly

The adaptor sequences added to construct the cDNA library (5'-AGA TCG GAA GAG
CAC ACG TCT GAA CTC CAG TCA C-3', 5'-AGA TCG GAA GAG CGT CGT GTA
GGG AAA GAG TGT-3") were removed from raw reads with cutadapt software v1.1
(https://cutadapt.readthedocs.org/en/stable/). The read sequences which indicated low
quality values (QV) were trimmed wusing Trimmomatic software v0.32
(http://'www.usadellab.org/cms/index.php ?page=trimmomatic). The regions in which
QVs were lower than 20 were excluded, and the read sequences that had more than 50 bp
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were used for further analyses. The trimmed reads were assembled to create contiguous
sequences (contigs) with Trinity software v2.4.0
(https://github.com/trinityrnaseq/trinityrnaseq/wiki). De novo sequence assembly was
conducted using the read sequences obtained from both mite-samples. Raw sequence data
were deposited in DDBJ/ENA/GeneBank (BioSample accessions: SAMD00228960,
SAMDO00229086).

3. Expression analyses

The expression intensities of each contig were analyzed and compared between
blood-fed and starved PRMs in accordance with the Trinity assembly and analysis
pipeline [Haas et al., 2013]. The trimmed reads were mapped to the contigs described
above using Bowtie2 software v2.3.2 (http://bowtie-
bio.sourceforge.net/bowtie2/index.shtml). The trimmed reads were also mapped to the
genome sequence of the chicken (Gallus gallus, NCBI: txid9031) using TopHat software
v2.0.14 (http://tophat.cbcb.umd.edu/), and chicken-derived contigs were removed. The
expected expression intensity (fragments per kilobase of exon per million reads mapped;
FPKM) of each contig was calculated both in blood-fed and starved PRMs using RSEM
package v1.3.0 for R (http://deweylab.biostat.wisc.edu/rsem/). FPKM values were
compared between blood-fed and starved PRMs using edgeR package v3.8.6 for R
(http://bioinf-wehi.edu.au/edgeR/). To minimize the rate of false positives, the genes with
a logarithmic value of their counts per millions (log2CPM, outputted by edgeR package)
less than 0 were excluded from analyses. The p-value and false discovery rate (FDR) were

adjusted using the edgeR package to estimate statistical significances.

4. Functional annotation

The contigs were converted into amino acid sequences using the ‘getorf’ program
from the EMBOSS package v6.6.0 (http.//emboss.sourceforge.net/) and applied to the
InterProScan (IPR) program v5.32-71.0 (https://www.ebi.ac.uk/interpro/) to add
functional annotations based on their amino acid motifs and domains. The contigs

considered as virus-derived products based on the IPR annotation were removed.

Bioinformatic analysis

A gene ontology (GO) and metabolic pathway enrichment analyses were conducted
using the contigs, except for virus-derived genes and ribosomal RNA genes, using Shiny
GO v0.61 (http://bioinformatics.sdstate.edu/go/) and according to Kyoto Encyclopedia
of Genes and Genomes (KEGG) [Kanehisa and Goto, 2000], in accordance with each
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transcript’s IPR annotation.
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RESULTS

Sequencing and de novo assembly

The numbers of reads obtained by RNA-Seq were summarized in Table I-1. In total,
168,996,962 reads from blood-fed PRMs and 165,252,914 reads from starved PRMs were
obtained. After read trimming, 167,594,546 reads (99.2%) and 163,337,310 reads
(98.8%) were acquired from blood-fed and starved PRMs, respectively. To restrain the
contamination with host-derived transcripts, the trimmed reads of blood-fed PRMs were
mapped to the genome sequence of chicken, and 86,194 reads (0.05%) were considered
as chicken-derived genes and excluded from the analysis (Table I-1). De novo sequence
assembly using the trimmed reads obtained from both feeding states of PRMs resulted in
the yield of 162,263 contigs. The average size of contigs was 1,013 bp (Table 1-2), and
92.12% and 87.75% of reads from blood-fed and starved PRMs were mapped to the
assembled contigs, respectively (Table I-1).

Expression analysis and functional annotation

Among the contigs acquired above, 40,642 contigs (24.9%) indicated detectable
expression intensities, of which logzCPM were no less than 0 (Table 1-3). In blood-fed
PRMs, 37,900 genes were highly expressed (FPKM > (), whereas the expression of
39,374 genes was observed in starved PRMs. Among them, 1,268 genes (3.1%) were
expressed only in blood-fed PRMs, while 2,742 genes (6.7%) were detected only in
starved PRMs. The contigs obtained were translated into their deduced amino acid
sequences and functionally annotated in accordance with their amino acid motifs and
domains. A total of 36,785 contigs (22.7%) were characterized for their functions, and
19,666 contigs (53.3%) were expressed with detectable intensities (log2CPM > 0). After
excluding the contigs derived from viruses and ribosomal RNA genes, 19,114 genes were
obtained and subjected to further analyses. The comparative analysis of gene expression
between blood-fed and staved PRMs revealed that 2,154 genes were significantly
upregulated in blood-fed PRMs, while the expression levels of 4,175 genes were higher
in starved PRMs (Figure I-1).

GO and metabolic enrichment analysis

PRM-derived genes that showed significant differences in their expression intensities
between the two feeding states were subjected to GO and metabolic enrichment analyses.
Each gene was codified into three GO categories, consisting of cellular components (CC),

molecular functions (MF), and biological processes (BP). Regarding the CC and MF
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terms, the GO terms annotated frequently were found to be similar between each feeding
state of PRMs, although there were some differences in the order of enrichment FDR
(Table I-4). The top 5 CC terms were ‘Intracellular organelle’, ‘Organelle’, ‘Membrane-
bounded organelle’, ‘Intracellular membrane-bounded organelle’, and ‘Cytoplasm’ in
blood-fed PRMs. These were almost identical to those in starved PRMs, except for the
difference in the order of the top 2 (Table I-4). In blood-fed PRMs, the top 5 categories
with respect to MF were ‘lon binding’, ‘Heterocyclic compound binding’, ‘Organic cyclic
compound binding’, ‘Protein binding’ and ‘Transferase activity’, whilst the top MF term
in starved PRMs was ‘Protein binding’, followed by ‘lon binding’, ‘Organic cyclic
compound binding’, ‘Heterocyclic compound binding’, and ‘Anion binding’ (Table I-5).
Conspicuous differences were observed in the BP terms. In blood-fed PRMs, the top 3
terms were associated with metabolic processes, ‘Cellular nitrogen compound metabolic
process’, ‘Heterocycle metabolic process’, ‘Organic cyclic compound metabolic process’
(Table I-6). In contrast, in starved PRMs, the majority of annotated BP terms
corresponded to ‘Biological regulation’, ‘Regulation of biological processes’, and
‘Regulation of cellular processes’ (Table 1-7). Additionally, within top 30 categories in
starved PRMs, the next 5 categories related to the regulation of biological activities
including metabolism were included, whereas these were not allocated to the categories
in blood-fed PRMs (Tables 1-6 and 7).

A metabolic pathway enrichment was also analyzed by mapping the contigs to the
KEGG pathways [Kanehisa and Goto, 2000]. Regardless of feeding states, the most major
pathway was that of ‘Metabolic pathway’, followed by ‘Oxidative phosphorylation” and
‘Carbon metabolism’ in blood-fed PRMs, and ‘Endocytosis’ and ‘Purine metabolism’ in
starved PRMs (Tables I-8 and 9). Notably, autophagy seemed to be more active in starved
PRMs (Table 1-9). To investigate the metabolic pathway active in each state, the contigs
classified into ‘Metabolic pathways’ in Tables I-8 and 9 were ranked in accordance with
their expression intensities, and the motifs/domains within the top 15 contigs were
predicted based on the IPR descriptions. In blood-fed PRMs, the contigs associated with
the phosphorylation of nucleotide diphosphates and adenosine triphosphate were
expressed with high expression intensities, indicating that energy synthetic processes are
highly active in blood-fed PRMs (Table I-10). In contrast, starved PRMs strongly
expressed genes involved in gluconeogenesis and the -oxidation of fatty acids (Table I-
10). Finally, to examine the differences in expressions of genes related to energy synthesis,
gluconeogenesis, and B-oxidation of fatty acids, the expression profiles of selected
contigs were summarized in Table I-11 and in the scatter plot visualizing the relationship

between statistical significance and relative changes in the expression levels (Figure I-2).
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The significant upregulation of the expression of contigs related to energy synthesis in
blood-fed PRMs was observed, while the downregulation of the expression of contigs
associated with gluconeogenesis and p-oxidation of fatty acids was confirmed.
Collectively, these data showed that gene expression patterns of PRMs, especially those

involved in metabolic pathways, are dramatically altered in response to blood feeding.
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Table I-1. The numbers of reads obtained in each process.

Blood-fed Starved
Raw data 168,996,962 165,252,914
Trimmed data 167,594,546 163,337,310

No. of reads mapped to chicken
86,194 (0.05)
genome sequence (%)

Trimmed data (host-removed) 167,508,352
No. of mapped reads (%) 154,386,218 (92.12)

No. of unmapped reads (%) 13,208,328 (7.88)

143,329,002 (87.75)

20,008,308 (12.25)
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Table I-2. Summary of the de novo assembly.

. Total length Average contig Largest contig  N50 contig
No. of contigs
(bp) length (bp) length (bp) length (bp)?
162,263 164,301,068 1,013 17,417 1,888

¥The minimum contig required to cover 50% of the genomes.
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Table I-3. Summary of the expression analysis and functional annotation.

Gene expression metrics No. of contigs (logo2CPM > 0) 40,642
Genes expressed in blood-fed PRMs 37.900
(log2CPM > 0, FPKM > 0) ’
Genes expressed in starved PRMs
39,374

(log2CPM > 0, FPKM > 0)

Genes expressed both in blood-fed

and starved PRMs 36,632
(log2CPM > 0, both FPKM > 0)

Functional annotation metrics Total no. of annotated contigs 36,785
No. of annotated contigs
19,666
(log2CPM > 0)
No. of annotated contigs
logCPM > 0,
(log:CPM 2 19,114

excluded virus-derived
and ribosomal RNA genes)
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Figure I-1. Differences in gene expression patterns between blood-fed and starved
PRMs.

The differences in gene expression pattern between blood-fed and starved PRMs were
visualized, by displaying the fold change versus the averages of expression intensities
(MA plot). The red dots indicate the genes expressed higher in blood-fed PRMs while the
blue dots show those expressed higher in starved PRMs, representing a total of 2,154 and

4,175, respectively. The false discovery rate cut-off value was set to 0.01.
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Table I-4. Top 10 GO categories with respect to “Cellular component”.

No. of GO terms

Total no. of GO

Enrichment ted with terms classified Functional cat
FDR 222{})10(1;::2 : ;:; to each unctional category
category

Blood-fed mites
1 7.16E-95 572 4,051 Intracellular organelle
2 7.66E-95 574 4,082 Organelle
3 8.17E-93 533 3,645 Membrane-bounded organelle
4 1.34E-91 521 3,534 Intracellular membrane-bounded organelle
5 6.61E-87 499 3,380 Cytoplasm
6 7.35E-70 375 2,361 Cytoplasmic part
7 7.70E-59 336 2,166 Intracellular organelle part
8 1.62E-57 338 2,215 Organelle part
9  6.79E-54 321 2,110 Protein-containing complex
10 1.17E-37 276 1,989 Nucleus
Starved mites
1 1.67E-101 762 4,082 Organelle
2 1.67E-101 758 4,051 Intracellular organelle
3 1.04E-97 701 3,645 Membrane-bounded organelle
4 3.34E-91 674 3,534 Intracellular membrane-bounded organelle
5 7.22E-88 648 3,380 Cytoplasm
6 7.15E-63 466 2,361 Cytoplasmic part
7 9.11E-58 422 2,110 Protein-containing complex
8 1.91E-56 403 1,989 Nucleus
9 1.98E-43 396 2,166 Intracellular organelle part
10 131E-42 400 2215 Organelle part

GO terms were listed in descending order of statistical significance (FDR value).
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Table I-5. Top 10 GO categories with respect to “Molecular function”.

No. of GO terms

Total no. of GO

?%Ig hment 22;):(’13&;&22 c\):r;th it;1£1za<:clﬁssiﬁed Functional category
category

Blood-fed mites
1 1.32E-28 302 2,506 Ion binding
2 220E-23 346 3,251 Heterocyclic compound binding
3 2.74E-23 346 3,262 Organic cyclic compound binding
4 841E-21 270 2,405 Protein binding
5 1.11E-19 247 2,168 Transferase activity
6 6.08E-16 166 1,342 Small molecule binding
7 6.08E-16 161 1,284 Metal ion binding
8  7.30E-16 163 1,312 Cation binding
9 2.56E-15 96 609 RNA binding
10 481E-15 153 1,228 Nucleotide binding
Starved mites
1 5.07E-72 493 2,405 Protein binding
2 8.12E-45 444 2,506 Ion binding
3 6.43E-33 499 3,262 Organic cyclic compound binding
4 8.37E-33 497 3,251 Heterocyclic compound binding
5 1.25E-30 257 1,323 Anion binding
6 4.46E-30 258 1,342 Small molecule binding
7 1.87E-28 357 2,168 Transferase activity
8 3.10E-24 228 1,228 Nucleotide binding
9 3.10E-24 228 1,228 Nucleoside phosphate binding
10 141E-23 237 1,312 Cation binding

GO terms were listed in descending order of statistical significance (FDR value).



Table I-6. Top 30 GO categories with respect to “Biological process” (Blood-fed mites).

No. of GO Total no. of
terms GO terms

Eg}l: hment as.sociated .classiﬁed Functional category
with each  into each
category category
1 1.20E-73 407 2,601 Cellular nitrogen compound metabolic process
2 1.07E-66 355 2,191 Heterocycle metabolic process
3 6.05E-66 357 2,229 Organic cyclic compound metabolic process
4 3.20E-65 352 2,193 Cellular aromatic compound metabolic process
5 6.31E-65 345 2,128 Nucleobase-containing compound metabolic process
6 3.91E-51 518 4,498 Macromolecule metabolic process
7 5.42E-42 403 3,330 Cellular macromolecule metabolic process
8 3.88E-41 270 1,826 Nucleic acid metabolic process
9 3.96E-39 261 1,776 Gene expression
10 6.27E-39 298 2,186 Biosynthetic process
11  3.23E-38 293 2,149 Organic substance biosynthetic process
12 2.95E-37 286 2,096 Cellular biosynthetic process
13 1.22E-35 404 3,554 Organonitrogen compound metabolic process
14 1.65E-32 220 1,495 RINA metabolic process
15 1.20E-28 156 929 Small molecule metabolic process
16  4.59E-27 220 1,629 Cellular component organization or biogenesis
17 4.72E-27 214 1,564 Cellular nitrogen compound biosynthetic process
18 2.65E-25 78 307 Nucleobase-containing small molecule metabolic
process
19  197E-24 211 1,602 Macromolecule biosynthetic process
20 4.14E-24 208 1,578 Cellular macromolecule biosynthetic process
21 351E-22 97 498 RNA processing
22 3.63E-22 257 2,210 Cellular protein metabolic process
23 1.14E-21 76 332 NcRNA metabolic process
24 2.61E-21 67 268 Nucleoside phosphate metabolic process
25 2.70E-21 165 1,185 Heterocycle biosynthetic process
26 2.70E-21 205 1,629 Macromolecule modification
27 2.70E-21 167 1,206 Organic cyclic compound biosynthetic process
28  1.77E-20 86 430 Organophosphate metabolic process
29  1.92E-20 65 263 Nucleotide metabolic process
30 2.48E-20 37 87 Nucleoside triphosphate metabolic process

GO terms were listed in descending order of statistical significance (FDR value).
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Table I-7. Top 30 GO categories with respect to “Biological process” (Starved mites).

No. of GO Total no. of

Enrichment terms_ GO tgrms .
EDR as_socmted f:lasmﬁed Functional category
with each  into each
category category
1 3.45E-88 608 3,035 Biological regulation
2 6.87E-74 533 2,681 Regulation of biological process
3 1.68E-65 496 2,534 Regulation of cellular process
4 3.10E-65 594 3,330 Cellular macromolecule metabolic process
5 1.07E-63 500 2,601 Cellular nitrogen compound metabolic process
6 1.07E-63 725 4,498 Macromolecule metabolic process
7 1.66E-61 442 2,191 Heterocycle metabolic process
8 4.31E-61 446 2,229 Organic cyclic compound metabolic process
9 5.09E-61 441 2193 Cellular aromatic compound metabolic process
10 6.25E-60 430 2,128 Nucleobase-containing compound metabolic process
11 2.72E-53 423 2,186 Biosynthetic process
12 2 38E-52 416 2,149 Organic substance biosynthetic process
13 5.29E-51 406 2,096 Cellular biosynthetic process
14 7.53E-49 312 1,434 Regulation of metabolic process
15 3.58E-48 317 1,480 Cellular component organization
16 4.07E-47 355 1,776 Gene expression
17 7.64E-45 297 1,387 Regulation of macromolecule metabolic process
18 1.06E-44 321 1,564 Cellular nitrogen compound biosynthetic process
19 1.06E-44 356 1,826 Nucleic acid metabolic process
20 2 85E-44 270 1,206 Organic cyclic compound biosynthetic process
21 5.15E-44 310 1,495 RNA metabolic process
22 5.94E-44 328 1,629 Cellular component organization or biogenesis
23 1.22E-43 264 1,174 Aromatic compound biosynthetic process
24 2.18E-43 562 3,554 Organonitrogen compound metabolic process
25 2.22E-43 265 1,185 Heterocycle biosynthetic process
2% 6.23E-43 758 1143 Nucleobase-containing compound biosynthetic
process
27 1.38E-42 245 1,059 Organelle organization
28 7.00E-41 279 1,321 Regulation of cellular metabolic process
29 1.17E-40 231 990 Regulation of gene expression
30 3.15E-39 274 1,311 Regulation of primary metabolic process

GO terms were listed in descending order of statistical significance (FDR value).
GO terms associated with the regulation of biological activities were shown in bold.
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Table I-8. Top 30 functional categories of the predicted KEGG pathways (Blood-fed mites).

No. of GO Total no. of
Enrichment terms_ _ GO tferms _ Functional category
FDR associated with classified into i
each category each category

1 5.82E-37 181 1,022 Metabolic pathways
2 9.25E-10 25 83 Oxidative phosphorylation
3 2.63E-05 22 109 Carbon metabolism
4 0.000106 23 129 Protein processing in endoplasmic reticulum
5 0.000178 6 10 Thiamine metabolism
6 0.000231 15 68 Ribosome biogenesis in eukaryotes
7 0.000294 12 47 RNA degradation
8 0.000726 10 37 Nucleotide excision repair
9 0.000954 11 46 Aminoacyl-tRNA biosynthesis
10 0.001248 9 33 Basal transcription factors
11 0.001405 16 92 Purine metabolism
12 0.0017 9 35 Fanconi anemia pathway
13 0.001835 11 52 Pyrimidine metabolism
14 0.001835 8 29 RNA polymerase
15 0.001835 8 29 Homologous recombination
16 0.002168 8 30 DNA replication
17 0.003236 7 25 Galactose metabolism
18 0.003236 7 25 Base excision repair
19 0.005515 17 119 RNA transport
20 0.006342 6 21 Terpenoid backbone biosynthesis
21 0.007869 6 22 Starch and sucrose metabolism
22 0.007951 10 55 Biosynthesis of amino acids
23 0.008149 5 16 Fructose and mannose metabolism
24 0.008149 7 30 Fatty acid degradation
25 0.008149 10 56 mRNA surveillance pathway
26 0.008149 6 23 Notch signaling pathway
27 0.009113 13 87 Glutathione metabolism
28 0.009113 11 67 Amino sugar and nucleotide sugar metabolism
29 0.009584 15 109 Spliceosome
30 0.009584 13 88 Ubiquitin mediated proteolysis

GO terms were listed in descending order of statistical significance (FDR value).
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Table I-9. Top 30 functional categories of the predicted KEGG pathways (Starved mites).

No. of GO Total no. of

Enrichment terms_ _ GO t_erms _ Functional category
FDR associated with classified into i
each category each category

1 1.51E-29 213 1,022 Metabolic pathways
2 1.89E-09 39 134 Endocytosis
3 2.35E-07 28 92 Purine metabolism
4 2.31E-06 21 63 FoxO signaling pathway
5 1.58E-05 29 119 RNA transport
6 1.71E-05 11 22 Starch and sucrose metabolism
7 1.74E-05 27 109 Carbon metabolism
8 1.74E-05 18 56 mRNA surveillance pathway
9 2.00E-05 11 23 Notch signaling pathway
10 0.000116 20 76 Wat signaling pathway
11 0.000168 12 33 Basal transcription factors
12 0.000168 21 85 Autophagy
13 0.000286 10 25 Galactose metabolism
14 0.000642 6 10 Thiamine metabolism
15 0.000912 24 117 Peroxisome
16  0.001482 9 25 Base excision repair
17 0.001778 10 31 Propanoate metabolism
18 0.001973 12 43 Lysine degradation
19 0.002006 18 82 MTOR signaling pathway
20 0.002881 6 13 One carbon pool by folate
21 0.003313 12 46 Aminoacyl-tRNA biosynthesis
22 0.003562 10 35 Citrate cycle (TCA cycle)
23 0.003562 12 47 Valine, leucine and isoleucine degradation
24 0.003562 12 47 RNA degradation
25 0.003562 21 109 Spliceosome
26 0.004292 13 55 Biosynthesis of amino acids
27 0.004292 10 36 iﬁiﬁ?ﬁ(ﬁi?@almg pathway in diabetic
28 0.004952 7 20 Autophagy
29 0.004952 10 37 TGF-beta signaling pathway
30 0.005481 11 44 Alanine, aspartate and glutamate metabolism

GO terms were listed in descending order of statistical significance (FDR value).
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Table I-10. Motifs/domains predicted by IPR IDs in the top 15 contigs that indicated high
expression intensities and were associated with “Metabolic pathways” in tables I-8 and 9.

IPRID FPKM Predicted motifs/domains
Blood-fed mites
1 IPRO01564 1,591.02 Nucleoside diphosphate kinase
2 TPR019344 1,121.97 Mitochondrial F1-F0O ATP synthase subunit F, predicted
3 IPRO0O06&08 1,051.95 ATP synthase, FO complex, subunit G, mitochondrial
4 IPR0O24571 719.13 ERAPI1-like C-terminal domain
5 IPR000194 574,04 ?;ETE; (folnfl\; iIIiAI complex, alpha/beta subunit, nucleotide-
6  IPRO08386 560.47 ATP synthase, FO complex, subunit E, mitochondrial
7 IPRO0O8387 559.59 ATP synthase-coupling factor 6, mitochondrial
8§ IPROO8181 559.27 Deoxyuridine triphosphate nucleotidohydrolase
9 IPR006721 492.98 ATP synthase, F1 complex, epsilon subunit, mitochondrial
10 IPR004205 427.30 Cytochrome b-¢c1 complex subunit 8
11 IPR000793 324.92 ATP synthase, alpha subunit, C-terminal
12 TPR002347 305.25 Short-chain dehydrogenase/reductase SDR
13 IPR0O06424 295.71 Glyceraldehyde-3-phosphate dehydrogenase, type I
14 IPRO029055 258.72 Nucleophile aminohydrolases, N-terminal
15 IPR000711 255.54 ATPase, OSCP/delta subunit
Starved mites
1 TPR0O08209 558.95 Phosphoenolpyruvate carboxykinase, GTP-utilizing
2 IPR0O04046 522.48 Glutathione S-transferase, C-terminal
3 IPR0O06089 280.24 Acyl-CoA dehydrogenase, conserved site
4 IPR0O00644 251.53 CBS domain
5  IPR0O24571 223.29 ERAPI1-like C-terminal domain
6  IPR002347 182.58 Short-chain dehydrogenase/reductase SDR
7 IPR0O00183 145.65 Ornithine/DAP/Arg decarboxylase
8  IPR004839 137.06 Aminotransferase, class I/classII
9  IPRO00836 113.69 Phosphoribosyltransferase domain
10 TPR033469 107.19 CYTH-like domain superfamily
11  IPRO01805 101.38 Adenosine kinase
12 TPR003033 98.18 SCP2 sterol-binding domain
13 IPRO00573 95.52 ?;S;Iéiltifg Iﬁ;;’ ii;opropyhnalate dehydratase small subunit,
14 IPR001085 90.85 Serine hydroxymethyltransferase
15 IPRO15590 90.71 Aldehyde dehydrogenase domain
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Table I-11. The expression profiles of the representative genes associated with energy synthesis,
gluconeogenesis, and the B-oxidation of fatty acid.

FPKM value
Contig No. logFC*  -log;,[FDR] BLAST top hit (Accession No.)
Blood-fed Starved
DN45047 nucleoside diphosphate kinase B-like
1,591.02  458.05 0 ‘1 i 2.15 2.24 (NDKB-like) [FVarroa destructor]
8L (XP 022653377.1)
DN42035 ATP synthase subunit g, mitochondrial-like
1,051.95  202.66 ol o ii - 277 3.38 (ATPSG-like) [FVarroa destructor]
5= (XP_022653165.1)
ATP synthase-coupling factor 6,
550 50 175.48 DN430$6_ 505 508 mitochondrial-like (ATPSCF6-like) [Varroa
c0 g2 il destructor|
(XP_022643748.1)
DN40018 ubiquinol-cytochrome C reductase complex
427.30 107.62 2 el il 2.34 2.57 (UCCR) [Ixodes scapularis]
-8 (AAY66915.1)
glyceraldehyde-3-phosphate
29571 11.05 DN421§8_ 5.08 870 dehydrogenase-like (GAPDH-like) [Farroa
c2 gl il destructor|
phosphoenolpyruvate carboxykinase,
20,18 558.05 DN418§3_ 247 )81 cytosolic [GTP]-like (PPCK-like) [Varroa
c2 g3 i3 destrictor]
(XP_022663562.1)
DN39874 isobutyryl-CoA dehydrogenase (IBCD)
119.74 280.24 ol ol il -0.89 0.62 [Tropilaelaps mercedesae)
& (OQR74842.1)
inosine-5'-monophosphate dehydrogenase
14.38 25153 DN449§7_ 379 561 1-like isoform X1 (ISMD1-like) [Varroa
c0 gl i3 destructor|

(XP_022660176.1)

*log2[fold changes] of FPKM values (blood-fed/starved).
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Figure I-2. Dynamics of gene expression patterns in response to blood feeding.

The relationship between the statistical significances (false discovery rate, FDR) and the
fold change was visualized. The gray dots indicate the genes with significant differences
in gene expression. The red dots indicate the representative genes involved in energy
synthesis, whereas the blue dots reflect the representative genes associated with
gluconeogenesis and [-oxidation. The FDR cut-off value was set to 0.01. NDKB:
nucleoside diphosphate kinase B, ATPSG: ATP synthase subunit g, ATPSCF: ATP
synthase-coupling factor, UCCR: ubiquinol-cytochrome C reductase, GAPDH:
glyceraldehyde-3-phosphate dehydrogenase, PPCK: phosphoenolpyruvate
carboxykinase, IBCD: isobutyryl-CoA dehydrogenase, I5MDI1: inosine-5'-
monophosphate dehydrogenase 1.
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DISCUSSION

PRMs are obligatory blood-feeding ectoparasites [Chauve, 1998], evoking the idea
that blood feeding would alter their physiology. Here, the comparative analysis of PRMs’
transcriptome was performed between different feeding states to shed light on the
dynamics in their gene expression after blood feeding.

The GO enrichment analyses revealed that the genes related to metal ion binding were
more frequently expressed in blood-fed PRMs that are consistent with the results of a
previous study on the transcriptome of the midguts of a tick H. flava [Xu et al., 2016],
suggesting either that the transport, uptake, or storage of host blood-derived metal ions
including ferrous or copper ion were promoted, or that PRMs responded to pro-oxidant
agents, such as iron, which are released during blood digestion to protect themselves from
oxidative tissue damage [Mohr and Killilea, 2018]. Thus, interruption of metal ion biding
molecules could induce the breakdown of PRM homeostasis, leading to these molecules
as targets for novel control strategies against PRMs, as exemplified by the potential of
ferritin 2, the iron-storage protein, as a vaccine antigen in ticks [Hajdusek et al., 2010].

With respect to BP categories, a prominent difference in their frequencies was
observed between blood-fed and starved PRMs. In starved PRMs, the terms associated
with the regulation of various biological activities were comprised in the majority of the
annotated terms, whilst these were not assigned in blood-fed PRMs. Although PRMs are
dependent on nutrients exclusively from host-derived blood meal for the development
and reproduction [Pritchard ef al., 2015], they can survive for a long period of time
without blood feeding [Nordenfors et al., 1999]. The present study showed that biological
processes including metabolism are abrogated in starved PRMs in order to reduce the
energy consumption to maintain their lives in the absence of sufficient nutrients. These
differences in the metabolisms were further supported by the metabolic pathway
enrichment analysis in this study. Energy synthetic processes including ATP synthesis
were highly active in blood-fed PRMs. In contrast, starved PRMs predominantly
expressed genes associated with [-oxidation of fatty acids, autophagy, and
gluconeogenesis, and these responses were considered to be adaptive changes in
metabolism during starvation [Cahill Jr, 2006; Miiller ef al., 2015].

Taken together, physiological conditions of PRMs, especially energy synthetic and
metabolic processes, were drastically divergent among different feeding states. In this
study, however, the probability that environmental contaminants on the PRMs’ surface
may have biased the results could not be excluded, albeit the expression intensities of

genes derived from such contaminants were not significant. Besides, the data in the
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present study may contain the transcripts from microbial symbionts. These symbionts
play crucial roles in the physiology of arthropods, and their population would also be
altered in response to blood feeding [Hunter et al., 2003; Zchori-Fein and Perlman, 2004].
Of note, in the present study, RNA-Seq was performed using Poly (A)-RNA; the
transcripts derived from prokaryotes such as bacteria were mostly removed from the
obtained data. Therefore, symbionts-derived transcripts would not significantly affect the
data, although they cannot be excluded completely. Additionally, single samples from
blood-fed and starved PRMs were examined. To verify the data, analyses using multiple
samples would be desirable, or further experiments including the quantification of the
expression levels of the PRM transcripts by quantitative reverse transcription polymerase

chain reaction (QRT-PCR) [Ariizumi et al., 2021] are required.
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SUMMARY

PRMs are one of the most harmful blood-feeding ectoparasites of avian species. Since
blood meal is the only source of nutrients required for the development and reproduction
of PRMs, the dynamics of their physiological status elicited by blood feeding are crucial
information for better understanding of their biological characteristics. In this chapter, the
transcriptomes of PRMs in blood-fed and starved states were comprehensively analyzed
and compared. The expression of genes associated with energy synthesis and metabolic
processes was drastically higher in a blood-fed state. In contrast, transcripts involved in
the regulation of biological processes, fatty acid oxidation, autophagy, and
gluconeogenesis were markedly expressed in a starved state. These data provide valuable
information for investigating the targets of alternative PRM control methods, as well as
for exploring their novel biological pathways related to blood digestion, molting, and

reproduction.
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CHAPTER 11

Suppressive modulation of host immunological states caused by
Dermanyssus gallinae infestation
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INTRODUCTION

Infestation by hematophagous ectoparasites including tick species induces various
host physiological responses. At the sites of infestation, hemostasis including blood
coagulation is initially activated in response to mechanical injury caused by stings [Kotal
etal.,2015]. Following this acute reaction, pro-inflammatory chemokines and cytokines,
such as IL-8, IL-1pB, and TNF-a, are produced by keratinocytes, endothelial cells, and
immune cells which have a contact to parasites’ saliva, and facilitate the recruitment of
inflammatory cells [Wikel, 2013; Simo et al., 2017]. Meanwhile, bugs secrete various
effector molecules into their saliva, including immunosuppressants, to maintain an
environment suitable for blood feeding; for instance, in tick species, SGE of I. ricinus
impairs superoxide and NO production, phagocytic activities, and the production of Thl
cytokines including interferon (IFN)-y and TNF-a by monocytes [Kuthejlova et al., 2001,
Kyckova and Kopecky, 2006]. In addition, functions of lymphocytes as well as innate
immune cells are also modulated by tick-derived molecules, as manifested by their
reduced proliferation by SGE of R. appendiculatus and Dermacentor andersoni, and
saliva of I. ricinus [Wikel, 1982; Ramachandra and Wikel, 1992; Rolnikova et al., 2003].
Moreover, SGE from a mosquito Aedes aegypti attenuates the production of Thl
cytokines and IFNs [Cross ef al., 1994; Schneider et al., 2004]. Notably, several studies
have indicated that these immunosuppression by salivary factors are closely related to
arbovirus transmission [Schneider et al., 2004; Schneider and Higgs, 2008; Guerrero et
al., 2020].

In PRMs, previous studies demonstrated that chronic exposure to PRMs alters protein
composition in the plasmas of infested chickens [Kowalski and Sokét, 2009], and that
PRM-infestation reduces the levels of antibody productions in chickens immunized with
vaccines against avian pathogens [Kaoud and El-Dahshan, 2010], suggesting that PRM-
infestation contributes to the impairment of host humoral immunity. Besides, there was a
non-significant negative correlation between the percentage of helper T cells and B cells
in chickens raised at PRM-eroded cages and the number of PRMs, whilst the percentage
of cytotoxic T cells was positively correlated with the number of PRMs [Koziatek-
Sadlowska and Sokot, 2020]. These findings suggest that PRMs could modulate host
immunity during blood feeding. However, details of immune responses, such as cytokine
profiles, in chickens infested with PRM remain unclear.

In Chapter II, to investigate the immunological states of PRM-infested chickens, the
expression of chicken-derived transcripts in blood-fed PRMs was initially analyzed using
the dataset of RNA-Seq obtained in Chapter 1. The RNA-seq data, obtained from blood-
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fed PRMs in Chapter I, contained chicken-derived transcripts that were originated from
chicken blood ingested by PRMs, and its profiles may reflect some of the responses in
peripheral blood of PRM-infested chickens. In addition, the expression of representative
cytokines and other molecules related to immune responses were compared between
PRM-infested and non-infested chickens. Finally, to assess the direct effect of PRM-
derived molecules on functional phenotypes of chicken immune cells, chicken peripheral
blood cells or a macrophage-like cell line were stimulated with PRM-derived soluble
extracts and gene expressions of cytokines and other immunomodulatory molecules were

analyzed.
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MATERIALS AND METHODS

RNA-Seq and data analysis

The data obtained from RNA-Seq analysis performed in Chapter I were used to
analyze the expression intensities of chicken-derived genes in blood-fed PRMs. The
adaptor sequences and the reads with low QV's were trimmed from raw reads as described
in Chapter 1. Trimmed reads were mapped to the genome sequence of the chicken (Gallus
gallus, NCBI: txid9031) using TopHat software v2.0.14 (http.://tophat.cbcb.umd.edu/),
and the expected counts and FPKM of the transcripts were calculated using Cufflinks
package v2.2.1 (http://cufflinks.cbcb.umd.edu/). All of the procedures were conducted at
Hokkaido System Science Co., Ltd.

Plasma and peripheral blood mononuclear cells (PBMCs) of chickens

Heparinized fresh blood samples were collected from non-infested healthy chickens
raised at the Field Science Center for Northern Biosphere, Hokkaido University (non-
infested experimental (NIE) chickens) and a commercial egg-laying farm that is free from
PRMs in Japan (non-infested commercial (NIC) chickens), or from an egg-laying farm
eroded by PRMs in Japan (“Infested”). Additionally, blood samples were collected from
non-infested chicks raised at a PRM-free coop (before exposure, b.e.) and from infested
chickens that were transferred from a PRM-free coop to a PRM-eroded coop (after
exposure, a.e.). Blood samples of b.e. and a.e. samples were collected from the same flock.
Plasma was isolated from the blood by the centrifugation at 2,000 x g for 10 min, and
PBMCs were isolated by density gradient centrifugation on Percoll solution (GE
Healthcare, Chicago, IL, USA). Plasma and PBMCs were isolated within 48 h of blood

sample collection.

RNA isolation and cDNA synthesis

Total RNA of PBMCs was isolated using TRI reagent (Molecular Research Center,
Inc., Cincinnati, OH, USA) according to the manufacturer’s instructions. Remaining
DNA was removed from the isolated RNA with DNase I treatment (amplification grade;
Thermo Fisher Scientific, Waltham, MA, USA) for 10 min at 65°C. cDNA synthesis from
isolated RNA was performed with PrimeScript reverse transcriptase (TaKaRa Bio Inc.,
Shiga, Japan) using 200 pmol of oligo (dT) 18 primer (Hokkaido System Science Co.,
Ltd.).

Preparation of soluble mite extract (SME)

42



Approximately 500 mg of starved PRMs prepared as described in Chapter I were
suspended in 5 mL of PBS supplemented with 200 U/mL of penicillin and 200 pg/mL of
streptomycin (Thermo Fisher Scientific) and incubated at 37°C for 1 h. After washing
twice with 10 mL of cold PBS, PRMs were suspended in 1 mL of cold PBS and
homogenized by sonicating four times for 15 s on ice using an ultrasonic homogenizer
UX-050 (Mitsui Electric, Chiba, Japan). The homogenate was then centrifuged at 20,000
x g for 20 min at 4 °C. The supernatant was collected as SME and filtrated with a 0.22
um filter (Nihon Pall Ltd., Tokyo, Japan). SME was stored at —~80°C until use.

Cell culture and stimulation

Chicken PBMC:s isolated from NIE chickens as described above and the chicken HD-
11 macrophage-like cell line transformed by a myc-containing MC29 retrovirus [Beug et
al., 1979] were suspended in RPMI1640 medium (Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10% heat-inactivated fetal bovine serum (Cell Culture Technologies
LLC, Gravesano, Switzerland). PBMCs or HD-11 cells (2.0 x 10° cells) were cultured at
39°C and 5% CO: for 24 h in the presence of 1% of SME or sterilized PBS. The cells
were collected and suspended with TRI reagent (Molecular Research Center, Inc.). RNA

isolation and cDNA synthesis from the cells were conducted as described above.

qRT-PCR

Specific primer sets for the chicken cytokines, chemokines, and f-actin genes were
designed and used (Table II-1). qRT-PCR was conducted using cDNA samples from
chicken PBMCs or HD-11 cells using LightCycler480 System II (Roche Diagnostics,
Mannheim, Germany) with TB Green Premix DimerEraser (TaKaRa Bio Inc.) according
to the manufacturer’s protocols. The cycling conditions consisted of initial denaturation
at 95°C for 30 s, followed by 45 cycles of 95°C for 5 s, each annealing temperature listed
in Table II-1 for 30 s, and 72°C for 30 s. To analyze primer pairs for their specificities, a
melting curve analysis was subsequently conducted from 65°C to 95°C at arate of 0.1°C/s.
To construct the standard curves for quantification, serial dilutions of T-vector pMD20
(TaKaRa Bio Inc.) or pPGEM-T Easy Vector (Promega Corporation, Madison, WO, USA)
inserted with each amplicon were used. The mRNA expression of each target was
presented as the ratio obtained by dividing the concentration of the target mRNA by that
of f-actin mRNA.

Enzyme-linked immunosorbent assay (ELISA)
The concentrations of IL-1f, IL-10, and transforming growth factor (TGF)-f1 in the
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plasma samples were analyzed by ELISA using the Chicken Interleukin 1 ELISA kit
(CUSABIO TECHNOLOGY LLC, Wuhan, China), chicken IL-10 Do-It-Yourself ELISA
(Kingfisher Biotech Inc., Saint Paul, MN, USA), and Chicken Transforming Growth
factor 1 ELISA kit (CUSABIO TECHNOLOGY LLC), respectively, according to the

manufacturer’s instructions.

Statistics

Differences were analyzed using the Mann-Whitney U test for gene expression and
ELISA analyses using samples from infested and non-infested chickens. For multiple
comparisons, the Steel-Dwass test was performed. Wilcoxon signed rank test or Student’s
t-test was performed to analyze the difference in qRT-PCR analyses using PBMCs and

HD-11 cells, respectively. For all tests, p < 0.05 was considered statistically significant.

Ethics statement
1. Genetic recombination experiments

All genetic recombination experiments were performed in accordance with the
Manual for Safety Management on Genetic Recombination Experiments in Hokkaido
University (Approval number: 2019-024).

2. Blood sample collection

The chicken blood samples used in this study were obtained with informed consent
from the farm owners. Sample collection was performed in accordance with the
procedures and guidelines of the Ethics Committee of the Faculty of Veterinary Medicine,

Hokkaido University.
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Table T1-1. Primers used in real time quantitative RT-PCR.

Target gene

CCR5
IL-153
1L-2
1L-6
1L-8
IL-12
IFN-g
IFN-y
INF-a
1L-10
IGF-plI
IGF-p4
CD25
CTLA-4
PD-1
PD-L1
IRF4
IRFS
Arg?

Fractin

Primer sequences (5' - 3")
: forward; R: reverse

23]

: GAAGATGATGGCAGGCTTTGAG
GTGGTCAACTGCAAAAAGCA

: GCCCGTTCAACTGTGTCG
CGCTCACAGTCCTTCGACATC

: CCGCTCATCACACACGACATGT
TTGGAAAATATCAAGAACAAGATTCATC
: TCCCAGGTAACACTGCAGAGTTT
CTGTTCGCCTTTCAGACCTACC

: CATGGTGATTTTCTCTATCCAGTCC
CTGCGGTGCCAGTGCATTAG
:AGCACACCTCTCTTCCATCC
TGTCTCACCTGCTATTTGCCTTAC
: CTGGTGTCTCATCGTTCCACTC
CCAGCACCTCGAGCAAT

: GGCGCTGTAATCGTTGTCT
CTCCCGATGAACGACTTGAG

: CTGAGACTGGCTCCTTTTCC
CGCTCAGAACGACGTCAA

: GTCGTCCCACACCAACGAG
CATGCTGCTGGGCCTGAA

: CGTCTCCTTGATCTGCTTGATG
TGAGTATTGGGCCAAAGAGCTG
:ACACGAAGAAGATGCTGTGG
AGGATCTGCAGTGGAAGTGGAT

: CCCCGGGTTGTGTTGGT
CGAAGCAAGCAAACAATTCA

: ATGGTGCCAGTGGTAGGAAG
CCACTGCCGAAGTAATGGAA
:TTGTCGCCTGTCTGTTTGAG
GGACTACGGTGTGCTGGAGTT
:TCTTTCCTCGCTCTGGTGTG
TTCAGGGACGGATAAAGCTG

: CGTCTCTGAGCTTCACGTTG
AGCAGCCTGGAACAAGTCAT
:AGAGGCCCATCCCAGTAGAT
GAGGGAGAGGAGGATCCAAG

: GACAGCTCCCCTGAGAACAG
GTTGAGGGATGTGGATCCTG

: GCATCGATGTCAAAGCTCAA

: CCAACTGGGATGATATGGAGAAG
R: AGGCATACAGGGACAGCACA

AT OEOO O odoOd O dD OO O™ R T R ™E

ey

Annealing

60
58
60
60

60

Accession no.

_temperature (°C) "~

NM 001271141
NM 204628
AJ224516
AJ309540

NM 205498
AY262752
ABO021153
NM_205149
MF801626

NM 001004414
J1Q423909
M31160

NM 204596
NM 001040091
XM422723
XM424811

NM 204299
NM 001031587
NM 001199704

NM 205518
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RESULTS

A pro-inflammatory chemokine C-C chemokine ligand (CCL) 4 was highly
expressed in the blood of chickens infested with PRMs

To investigate the immunological states of PRM-infested chickens, the expression
intensities of chicken-derived transcripts originated from chicken blood ingested by
PRMs were analyzed based on their FPKM values. With respect to the molecules related
to the immune reactions, high expression of CCL4, encoding C-C chemokine ligand 4,
was observed (Table II-2). Although the transcripts of other cytokines and chemokines
were also detected, their FPKM values were lower than the limit of quantification (FPKM
= 0, Table II-3). To examine whether CCL4 expression was higher in PRM-infested
chickens than non-infested chickens, expression levels of CCL4 mRNA and protein were
assessed and compared in blood samples from PRM-infested chickens raised at a PRM-
contaminated commercial egg-laying farm and NIE chickens maintained at a PRM-free
experimental farm. In addition, considering that other extrinsic factors such as
vaccination may affect immunological states, plasma from NIC chickens raised at a PRM-
uncontaminated commercial laying hen’s farm were also tested. The expressions of CCL4
mRNA and protein were higher in PBMCs of PRM-infested chickens compared to those
of NIE and NIC chickens, while CCL4 was undetectable in the plasmas of NIE chickens
(Figures II-1A and B). To further confirm that CCL4 expression was upregulated in
response to PRM-infestation, the concentration of CCL4 in the plasmas collected from
the same flock before and after exposure to PRMs (b.e. and a.e., respectively) was also
examined. Although statistical analysis was not conducted because the concentration of
CCLA4 in 1 out of 8 b.e. samples was lower than the quantification limit, the concentration
of CCL4 in a.e. samples was higher than that in b.e. samples (Figure II-1C). Collectively,

PRM-infestation upregulates CCL4 expression in chickens.

Expression levels of inflammatory cytokines and interferons were not dramatically
changed in response to PRM-infestation

Given that CCL4, a pro-inflammatory chemokine, was highly expressed in chickens
from a PRM-contaminated farm, it was hypothesized that PRM-infestation induces
inflammatory responses in chickens. Thus, the gene expression of pro-inflammatory
cytokines, Th1l cytokines, and a type I IFN was examined in PBMCs of the infested and
NIE chickens. While the expressions of /L-/ and IL-8 mRNA were higher in the infested
chickens than in NIE chickens, no difference in the mRNA expression of other pro-
inflammatory cytokines, IL-6, IL-12, and TNF-a, was observed (Figure I1-2A). In
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addition, there was no significant difference in the expression levels of Th1 cytokines, /L-
2 and [FN-y, and a type I IFN, IFN-« between the two groups (Figures 1I-2B and C).
Notably, the infested chickens tended to exhibit lower expression of C-C chemokine
receptor 5 (CCRY), a receptor of CCL4, compared to NIE chickens (Figure I1-2D),
although no statistical significance was observed. These results suggest that PRM-
infestation downregulates the expression of CCRS5 to inhibit the recruitment of

inflammatory cells driven by CCL4 in chickens.

Expression levels of immunosuppressive factors were higher in PRM-infested
chickens

Next, the expression of anti-inflammatory cytokines, IL-10, TGF-B1, and TGF-p4,
and other immunosuppressive molecules was examined in PBMCs of PRM-infested and
NIE chickens. The mRNA expressions of /L-10 and TGF-f1 were significantly higher in
the infested chickens than in NIE chickens, while there was no difference in the
expression of TGF-f4 between the infested and NIE chickens (Figure I1I-3A). In addition,
the mRNA expression of CD25, a marker for regulatory T (Treg)-like cells in chickens
[Shanmugasundaram and Selvaraj, 2011], and immune checkpoint molecules, cytotoxic
T-lymphocyte antigen 4 (CTLA-4), programmed death (PD)-1 and PD-ligand 1 (PD-L1),
was examined. The expression levels of CD25, CTLA-4, and PD-1 were significantly
higher in the infested chickens than in NIE chickens, whereas no difference in the

expression of PD-L1 was observed (Figure I1-3B).

PRM-infestation potentially upregulated the expressions of anti-inflammatory
cytokines

To evaluate protein levels of cytokines whose gene expression was upregulated in
infested chickens, the concentrations of IL-1f3, IL-10, and TGF-B1 in plasma samples
collected from PRM-infested, NIE, and NIC chickens were compared. No difference in
IL-1B concentration between the NIE and infested groups was observed, whereas IL-1[3
concentration in NIC chickens was significantly higher than that in NIE and PRM-
infested chickens (Figure 1I-4). Although IL-10 was not detected in both NIE and NIC
chickens, it was detectable in 8 out of 11 infested chickens (Figure I1-4), indicating that
the plasma concentration of IL-10 in infested chickens was high, consistent with the
kinetics of mRNA expression observed in PBMCs from the infested chickens. The
concentration of TGF-B1 in the plasma from the infested chickens tended to be higher
than that in NIE chickens, although NIC chickens tended to have higher concentrations
of TGF-B1 than NIE chickens (Figure 11-4). However, statistical differences were not
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determined among the three groups, as NIE and NIC chickens included samples that were
below the quantitation limit. These data suggest that chickens chronically infested with
PRMs are in an immunosuppressive state.

To further examine whether PRM-infestation modulates cytokine expressions, the
concentrations of IL-1p3, IL-10, and TGF-B1 in the plasmas collected from b.e. and a.e.
chickens were examined. Statistical analyses were not applicable because samples that
were below the quantitation limit were included in each analysis. IL-1 concentrations in
a.e. chickens were lower than those in b.e. chickens, and 3 out of 8 a.e. samples showed
values less than the quantitation limit (Figure II-5). In contrast, the concentrations of IL-
10 and TGF-B1 were higher in a.e. chickens than in b.e. chickens, as expected. The
numbers of samples exhibited values less than quantitation limit were 6 out of 8 b.e.
samples and 1 out of 8 a.e. samples in the assay for IL-10, and 6 out of 7 b.e. samples and
1 out of 7 a.e. samples in the assay for TGF-B1 (Figure 1I-5). Taken together, following
exposure to PRMs, the production of anti-inflammatory cytokines, IL-10 and TGF-B1, is
increased, whereas the plasma concentration of IL-1f3 is reduced in blood of the infested
chickens.

PRM-derived soluble extracts modulated the expression of cytokines in chicken
PBMCs

To investigate the direct effects of PRM-derived molecules on chicken immune cells,
PBMC:s from NIE chickens were cultured in the presence of soluble extract derived from
PRM (SME). Remarkably, the mRNA expression of /FN-¢, a representative cytokine that
contributes to the innate immune response, was significantly decreased in response to
SME exposure (Figure I11-6A). In contrast to the results observed in Figures I1I-2A and B,
the mRNA expression of several Thl cytokines was significantly upregulated in the
presence of SME (/L-2 and IFN-y, Figure II-6A). Consistent with the results of infested
and NIE samples, /L-1/ expression was upregulated whereas CCR5 expression was
significantly downregulated in SME-stimulated cells, while there was no difference in
CCL4 expression (Figures II-6A and B). Regrading anti-inflammatory cytokines, the
treatment with SME drastically upregulated the expression of [L-10, whereas the
expression level of TGF-f1 was not affected (Figure II-6C). As higher expressions of
other immunosuppressive molecules, CD25, CTLA-4, and PD-1, in PBMCs from PRM-
infested chickens were observed (Figure 11-3B), the effect of SME on the expressions of
these molecules was assessed. The mRNA expressions of CD25 and CTLA-4 were
significantly downregulated by SME stimulation (Figure II-6D). On the other hand, the
treatment with SME significantly upregulated the mRNA expressions of PD-1 and PD-
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L1 (Figure II-6E). Thus, PRM-derived SME activated certain subsets of chicken immune
cells, perhaps mainly T cells, and upregulated the expression of pro-inflammatory and
Th1 cytokines, whilst decreased the expression of /FN-« and upregulated the expression
of IL-10 and immune checkpoint molecules, PD-1 and PD-LI. These data suggest that
PRM-derived molecules have the potential to suppress host immune responses, although

the inflammatory response could be activated by PRM-infestation.

PRM-derived SME polarized macrophages to the M2-like phenotype

In chickens raised at a commercial farm chronically infested with PRMs, the mRNA
expressions of CD25, a marker for Treg-like cells in chickens, and immune checkpoint
molecules, CTLA-4 and PD-1, were upregulated (Figure II-3B), while treatment with
SME did not stimulate the expression of CD25 and CTLA-4 in chicken PBMCs (Figure
I1-6C). These data show that the suppressor cells which are different from Treg-like cells,
may be responsible for the expression of immunosuppressive cytokines during the initial
phase of infestation. To examine this hypothesis, the gene expression of cytokines and
related molecules were analyzed in HD-11, a chicken macrophage-like cell line, in the
presence of SME. The mRNA expressions of TNF-a, IFN-a, IFN-y, and CCRS5 were
significantly downregulated by the treatment with SME, while /L-1/ expression was
upregulated (Figures I1-7A and B). In contrast, SME exposure significantly increased the
expressions of /L-10 and PD-LI (Figure II-7C), whilst TGF-fI expression was
downregulated. Finally, to characterize the functional phenotype of HD-11 cells
stimulated with SME, the expression levels of interferon regulatory factor (IRF)-5, which
regulates inflammatory M1 macrophage polarization [Krausgruber et al., 2011], and IRF4
and arginase 2 (Arg2), which are considered markers for M2 macrophages [Satoh et al.,
2010; Hardbower et al., 2016] were examined. The mRNA expression of /RF5 was
significantly downregulated in SME-exposed HD-11 cells, whereas /RF'4 and Arg2 were
highly expressed in response to SME-stimulation (Figure II-7D). Taken together, PRM-
derived molecules seemed to suppress inflammation in chickens by mediating the
polarization of macrophages into the M2-like phenotype. The hypothetical mechanism of

host immune modulation caused by PRM-infestation was summarized in Figure II-8.
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Table II-2. Top 20 chicken-derived transcripts in PRMs.

Rank Gene ID Genes FPKM value
1 HBAI Haemoglobin subunit alpha 1 6,679.91
2 HBBA Haemoglobin beta, subunit A 2,055.28
3 ATP6 ATP synthase FO subunit 6 1,308.59
4 colIl Cytochrome ¢ oxidase subunit 2 1,017.79
5 GABARAP GABA type A receptor-associated protein 788.36

6 FTHI Ferritin heavy chain 1 770.68

7 CCL4 C-C motif chemokine ligand 4 514.07

8 NDI NADH dehydrogenase subunit 1 482.68

9 COX3 Cytochrome ¢ oxidase subunit 3 441.17
10 B2M Beta-2-microgloblin 372.99
11 COX7B Cytochrome ¢ oxidase subunit 7B 341.00
12 HBM Haemoglobin subunit alpha-D 33253
13 LAMTORS Il\,;;% ?igfizgigi/lgsosomal adaptor and MAPK and 331,58
14 BF1 MHC class I alpha chain 1 308.63
15 ITM2B Integral membrane protein 2B 302.77
16 COXI Cytochrome ¢ oxidase subunit 1 294.16
17 C26HGorf106  Uncharacterized 284.68
18  RHOA RhoA 270.93
19  PEXI6 Peroxisomal membrane protein PEX16 250.57
20 UBB Polyubiquitin-B 236.88

Spliceosomal and ribosomal RNA genes are not included.
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Table I1-3. Chicken-derived transcripts related to immune responses detected in blood-fed

PRMs that are present within top 1,000.

Rank Gene ID
103 IRFS

145 IL2RA

254 ILI7REL
373 IFNG

3714 IL26

375 IL22

555  INFRSFI3C
636 IL2RB

758 ILI7RA
883 (CDY9

903 CDS86

920  CD4

982  TNFRSFI4

G

Interferon rééulatory factor-5
Interleukin-2 receptor subunit alpha

Interleukin-17 receptor E-like

Interferon gamma

Interleukin 26

Interleukin 22

Tumor necrosis factor receptor superfamily member 13C
Interleukin-2 receptor subunit beta

Interleukin-17 receptor A

CD9

CD86

CD4

Tumor necrosis factor receptor superfamily member 1A

FPKM value

S o o o o o o o o o o o

Spliceosomal and ribosomal RNA genes are not included.
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Figure I1-1. Expression of CCL4 in PRM-non-infested and infested chickens.

(A) The mRNA of CCL4 in PBMCs collected from non-infested experimental (NIE)
chickens raised at an experimental farm without contamination with PRMs (n = 11) and
infested chickens from a PRM-eroded commercial laying hen farm (n = 16) were
examined by qRT-PCR. The extent of the expression of CCL4 was calculated by dividing
the copy number of CCL4 by that of f-actin. Data are presented as mean +standard error
of the mean. (B and C) Plasma concentration of CCL4 in (B) NIE chickens (n = 13), non-
infested commercial (NIC) chickens raised at a PRM-free laying hen farm (n = 8), and
infested chickens (n = 14), or in (C) chickens before transfer to productive farm (before
exposure to PRMs; b.e., n = 8) and infested chickens after transfer to productive farm
(after exposure to PRMs; a.e., n = 8) were determined by ELISA. Statistical significance

was determined using the Mann-Whitney U test.
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Figure II-2. Gene expressions of inflammatory cytokines, Th1 cytokines, a type I
interferon, and a chemokine receptor in PRM-non-infested and infested chickens.

The mRNA of (A) inflammatory and (B) Thl cytokines, (C) a type I interferon, and (D)
CCRS5, a receptor of CCL4 in PBMCs collected from non-infested experimental (NIE)
chickens raised at a PRM-free experimental farm (» = 11) and infested chickens from a
PRM-eroded commercial laying hen farm (n = 16) were examined by qRT-PCR. The
extent of the expression of target genes was calculated by dividing the copy number of
each target by that of f-actin. Data are presented as mean +standard error of the mean.

Statistical analysis was performed using the Mann-Whitney U test.
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Figure II-3. Gene expressions of anti-inflammatory cytokines and the molecules
related to the immunosuppression in PRM-non-infested and infested chickens.

The mRNA levels of (A) anti-inflammatory cytokines and (B) CD25, a marker for
regulatory T-like cells in chickens, and immune checkpoint molecules in PBMCs
collected from non-infested experimental (NIE) chickens raised at an experimental farm
without contamination with PRMs (» = 11) and infested chickens from a PRM-eroded
commercial laying hen’s farm (n = 16) were examined by qRT-PCR. The extent of the
expression of target genes was calculated by dividing the copy number of each target by
that of f-actin. Data are presented as mean + standard error of the mean. Statistical

significance was determined using the Mann-Whitney U test.
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Figure I1-4. Plasma concentrations of IL-1f, IL-10, and TGF-$1 in non-infested and

infested chickens.

The concentrations of IL-1f, IL-10, and TGF-B1 in the plasma samples collected from
non-infested chickens raised at a PRM-free experimental farm (NIE), non-infested
commercial (NIC) chickens raised at a PRM-free laying hen’s farm, and infested chickens
from a PRM-eroded commercial laying hen farm were determined by ELISA. IL-1f3, NIE:
n =13, NIC: n = 6, Infested: n = 12; TGF-B1, NIE: n =12, NIC: n = 6, Infested: n = 12;
IL-10, NIE: n = 10, NIC: n = 6, Infested: n = 11. Statistical differences were analyzed

using the Steel-Dwass test. White circles indicate samples that were less than the

quantitation limit. *p < 0.05. N.D.: not detected.

55



12 110 - 240 .
. s 230
90 60 -
_ . 704 . gso- .
’é 0.8 - ] . ’é 15 - @40_
E L . = 20 -
— St L] el
=y . 2 10 - s
H 04 - . . = = .
. 10 4
. 5
* . . . :
0 0 0 8
b.e a.e b.e. a.e b.e ae

Figure II-5. Changes in plasma concentrations of cytokines after-exposure to PRMs.
The concentrations of IL-1f, IL-10, and TGF-B1 in the plasma samples collected from
non-infested chickens raised at a PRM-free coop (before exposure to PRMs; b.e.) and
infested chickens that were transferred from a PRM-free coop to PRM-contaminated coop
(after exposure to PRMs; a.e.) were determined by ELISA. IL-13 and TGF-B1, b.e.: n =

7,a.e.:n=7;1L-10, b.e.: n =8, a.e.: n = 8. White circles indicate samples that were less

than the quantitation limit.
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Figure II-6. Gene expressions of cytokines and the molecules related to
immunosuppression in SME-stimulated chicken PBMCs.

PBMC:s collected from non-infested experimental (NIE) chickens raised on a PRM-free
experimental farm were cultured with soluble mite extract (SME) or PBS for 24 h (n =
9). Gene expression of (A) pro-inflammatory cytokines, Thl cytokines, and a type I
interferon, (B) CCL4 and CCRS5, (C) anti-inflammatory cytokines, and (D) CD25, a
marker for Treg-like cells in chickens, and the immune checkpoint molecules were
examined by qRT-PCR. The extent of the expression of target genes was calculated by
dividing the copy number of each target by that of f-actin. Statistical significance was
determined using the Wilcoxon signed-rank test. White circles indicate samples that were

less than the quantitation limit.
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Figure II-7. Changes in gene expressions of chicken macrophages in response to

SME exposure.

HD-11 chicken macrophages were cultured with SME or PBS for 24 h (n = 5). Gene
expressions of (A) IL-1p, IFN-y, TNF-a, and IFN-a, (B) CCRS5, (C) anti-inflammatory
cytokines and an immune checkpoint molecule, PD-L1, (D) the molecules related to the
polarization of macrophages to M1 or M2 phenotypes, were examined by qRT-PCR. The
extent of the expression of target genes was calculated by dividing the copy number of

each target by that of S-actin. Statistical significance was determined using Student’s

t-test.
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Figure I1-8. The theory of host immune modulation by PRM-infestation.

(A) In acute phase of infestation, PRM-derived molecules reduce the expression of CCRS

in immune cells and interrupt the recruitment of inflammatory cells to the site of

infestation. In addition, PRM-infestation elicits the polarization of macrophages into the

M2-like phenotype, while T cells are transiently activated. IL-10 is a potential regulator

of these cell type-selective modulation. (B) Chronic infestation further attenuate host

immune responses as represented by T-cell exhaustion and differentiation of Treg-like

cells.
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DISCUSSION

To date, mounting literatures have reported that hematophagous arthropods such as
ticks and mosquitoes secrete various effector molecules into their saliva and modulate
host immunological states during infestation [Cross et al., 1994; Mejri et al., 2002;
Schneider et al., 2004; Brake and Pérez de Ledn, 2012; Kotél et al., 2015]. This not only
contributes to the maintenance of a suitable environment for undisturbed blood feeding
but also facilitates pathogen transmission [Schneider et al., 2004; Schneider and Higgs,
2008; Simo et al., 2017; Nuttall, 2019; Guerrero et al., 2020]. Therefore, to understand
host responses, especially immune responses, against infestation with ectoparasites is
important for the establishment of control strategies of infectious diseases as well as
parasitical burdens. The present study revealed that the immunological states of chickens
chronically exposed to PRMs were suppressively modulated and that PRM-derived
molecules potentially elicit the polarization of macrophages into the M2-like phenotype,
resulting in immunosuppression of hosts.

RNA-Seq analysis using blood-fed PRMs revealed that a chemokine CCL4 was
particularly expressed in chicken’s blood ingested by PRMs. CCL4 is produced by
various cell types including epithelial cells, platelets, and lymphocytes, and recruits
immune cells, such as natural killer cells, T cells, and monocytes, to mount the
inflammatory response [Uguccioni et al., 1995; Dairaghi et al., 1998]. Since CCL4
expression in PBMCs was not increased by SME treatment, the upregulation of CCL4
might be stimulated by mechanical skin injury caused by the penetration of the
mouthparts of PRMs, as reported in tick infestation [Kotal et al., 2015]. Hence, the
upregulation of CCL4 might also be mediated by other ectoparasites, including NFMs
and TFMs. In spite of the upregulation of CCL4, the increase in mRNA expressions of
pro-inflammatory cytokines and Th1 cytokines were not observed except for /L-1 4, while
the gene expression of another pro-inflammatory chemokine /L-8 was upregulated. A
pervious study has reported that saliva from a tick R. sanguineus downregulated the cell-
surface expression of CCRS, a receptor of CCL4 [Oliveira et al., 2008]. Consistent with
this previous finding, gene expression of CCRS5 tended to be decreased in PRM-infested
chickens compared to that in non-infested chickens. Moreover, SME stimulation
significantly downregulated the expression of CCRS5 in PBMCs and HD-11 cells in vitro.
Several studies have demonstrated the inhibitory properties of tick saliva against a variety
of chemokines, including CCL2, CCL3, CCL11, and IL-8 [Hajnicka et al., 2001; Vancova
et al., 2007]. Therefore, the interruption of chemokine activities might be one of the key

immunomodulatory functions of tick saliva to inhibit the migration and activation of
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immune cells and subsequently to suppress the host inflammatory responses. Further
studies are required to elucidate the interaction of PRM saliva to chemokine activities.

Throughout this study, in contrast to other pro-inflammatory cytokines, gene
expression of /L-1 in PRM-infested chickens tended to be higher than that in non-
infested chickens; an opposite tendency was observed in the plasma concentration of IL-
1B. IL-1 is primarily synthesized as a pro-1L-1[3, an inactive precursor, in the cytoplasm
and processed by the cysteine protease caspase-1 to be a mature IL-1[3, which is secreted
from the cells [Li et al., 1995; Qu et al., 2007]. Several studies have revealed that cysteine
protease inhibitors are contained in tick saliva [Kotsyfakis et al., 2006; Sajiki et al., 2020],
and therefore, cysteine protease inhibitors present in PRM saliva may inhibit the
processing of cytoplasmic pro-IL-1f3 and reduce the plasma concentration of mature IL-
1B.

Several studies have reported the potential of tick saliva to suppress the production of
pro-inflammatory and Thl cytokines, including TNF-a and IFN-y, and to induce the
expression of immune checkpoint molecules [Chen et al., 2012; Poole et al., 2013; Sajiki
et al.,2021]. Consistent with these findings, PRM-derived SME attenuated the expression
of IFNs and inflammatory cytokines in HD-11 chicken macrophages, and remarkably,
treatment with SME induced the polarization of macrophages into the anti-inflammatory
M2-like phenotype. Meanwhile, certain subsets of immune cells, probably T cells, were
activated by stimulation with SME, as represented by the increased expression in Thl
cytokines, /L-2 and IFN-y, in SME-exposed PBMC:s. This contradictory may be explained
by cell-type selective modulation driven by IL-10, a cytokine that possesses pleiotropic
functions. IL-10 is known to function as an anti-inflammatory cytokine on macrophages,
whereas it activates inflammatory potentials of CD8" T cells, depending on the expression
level of its low-affinity receptor IL-10R[ [Saxton ef al., 2021]. In this study, the
expression of IL-10 was significantly upregulated in PRM-infested chickens and SME-
stimulated PBMCs and HD-11 cells, showing that IL-10 may mediate immunomodulation
caused by PRM-infestation as a critical regulator. Further experiments, including the
blockade of IL-10, are warranted to elucidate the detailed molecular mechanisms in
modulation of host immunological states mediated by PRM-derived molecules.

Chickens raised at farms continuously contaminated with PRMs are expected to be
chronically exposed to PRMs. In PBMCs from chickens chronically infested with PRMs,
the expression of immune checkpoint molecules, CTLA-4 and PD-1, were significantly
upregulated, indicating that severe or chronic infestation with PRMs could cause
exhaustion of T cell. Notably, the expression of PD-LI in PBMCs and HD-11 cells was

upregulated by the stimulation with SME; its continuous expression potentially
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contributes to the development of T-cell exhaustion. As another possibility indicative of
immunosuppressive state, Treg-like cells would be increased in chickens chronically
suffered from PRM-infestation, as shown by the increased expression of CD25 in PBMCs
from PRM-infested chickens. In addition, the higher expression of TGF-f1 in PRM-
infested chickens seems to represent an increase in Treg-like subpopulations [Vignali et
al., 2008], as M2-like HD-11 macrophages polarized by SME-stimulation did not exhibit
increased expression in TGF-pI. In contrast, the expressions of TGF-fI, CD25, and
CTLA-4 were not upregulated in SME-exposed PBMCs, suggesting that transient
exposure to PRM-derived molecules could not facilitate the differentiation of T cells into
Treg-like subpopulations. Although additional experiments including flow cytometric
analyses are required to elucidate the involvement of Treg-like cells in an
immunosuppressive state in chickens chronically infested with PRMs, T-cell responses
seem to be mitigated in affected chickens.

In the present study, the samples collected from farms continuously eroded by PRMs
were used to analyze the immunological states in the affected chickens. However, the
experiments in this study did not directly prove the effect of PRM-infestation on host
immune reactions. In addition, SME used for cell culture experiments contains not only
molecules secreted in PRMs’ saliva but also soluble proteins from other tissues, such as
the midgut and hemosome. Techniques to only harvest saliva or salivary glands from
PRMs have yet to be developed due to their small size. Considering these limitations,
samples from chickens experimentally infested with PRMs should be analyzed to

corroborate the modulation of host immunity caused by PRM-infestation.
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SUMMARY

During infestation, hematophagous arthropods, such as ticks and mosquitoes, secrete
various factors that interfere with host physiological responses, including immune
responses, to sustain an environment for blood feeding. Since the immunosuppression
caused by infestation with hematophagous arthropods contributes to pathogen
transmission and decreased efficacy of vaccines, it is necessary to understand the
modulation of host immune reactions against the infestation. However, immune responses
in chickens, including cytokine expression profiles, against PRM-infestation has yet to be
fully elucidated.

In Chapter II, according to chicken-derived transcripts obtained by RNA-Seq analysis
using blood-fed PRMs, a pro-inflammatory chemokine CCL4 showed high expression
intensity and was highly expressed in PRM-infested chickens compared to non-infested
chickens. However, there is no difference in the expression of Thl and inflammatory
cytokines between PRM-infested and non-infested chickens, and the gene expression of
CCR5, areceptor of CCL4, in PBMCs from the infested chickens were lower than that in
the non-infested chickens. In contrast, the expression of anti-inflammatory cytokines, IL-
10 and TGF-B1, and other molecules related to immunosuppression, such as immune
checkpoint molecules, was significantly higher in the infested chickens. These results
suggest that chronic infestation with PRMs suppressively modulates host immunological
states in chicken. In addition, cell culture experiments using SME revealed that PRM-
derived molecules directly mitigate host inflammatory responses, as represented by the
polarization of chicken macrophage-like cells when stimulated with SME into the anti-
inflammatory M2-like phenotype. Additional experiments, including experimental
infestation with PRMs, are required to corroborate immunosuppression caused by PRM-

infestation.
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CHAPTER III

Identification and characterization of novel antigen candidates for the
development of vaccines against Dermanyssus gallinae
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INTRODUCTION

Currently, the control of PRMs is mainly dependent upon spraying the cages with
synthetic chemical acaricides. However, continuous use of acaricides could result in
various problems, including the contamination of products and environment with
acaricides [Smulders et al., 2018; Tu et al.,2019], as well as the development of acaricide-
resistance in PRMs [Thind and Ford, 2007; Murano et al., 2008, 2015; Marangi et al.,
2009]. Recently, vaccination has been highlighted as an alternative strategy for the control
of PRMs, and researchers have examined several antigen candidates for their anti-PRM
potentials [Bartley et al., 2012; Wright et al., 2016; Lima-Barbero et al., 2019]. Efficacies
of these vaccine antigens, however, have not been observed to be sufficient to control
PRMs in the field [Bartley et al., 2017]. Therefore, explorations of antigens for more
effective vaccines are necessary to improve vaccination strategies.

In ticks, two types of molecules can be considered as vaccine antigens. The first type
of the molecules includes proteins produced in salivary glands and secreted into saliva
(“exposed” antigens) that support blood feeding and adhesion to the host [Wikel, 1996;
Tsuda et al., 2001]. The second includes molecules expressed in the midguts (“concealed”
antigens); midgut antigens could be exposed to antibodies produced in vaccinated host,
as ingested blood is accumulated in the midguts [Willadsen et al., 1989; Willadsen, 2004].
Since PRMs infest chickens for shorter periods (0.5 to 1.5 h [Chauve, 1998; Pritchard et
al., 2015]) than ticks, concealed rather than exposed antigens may be more appropriate
as antigen targets for anti-PRM vaccine. In addition, since the concept of anti-PRM
vaccine is to damage PRMs by interfering the functions of PRM molecules with
antibodies ingested during blood feeding, antigens for vaccines are required to be the
molecules which play important roles in biological activities of PRMs, including blood
digestion. Furthermore, the molecules expressed on the plasma membrane are more
desirable as manifested by prominent efficacies of vaccines targeting plasma membrane
protein, Bm86, in ticks [Rand et al.,1989; Azhahianambi et al., 2009].

In Chapter I1II, antigen candidates for anti-PRM vaccines were investigated from the
dataset obtained by RNA-Seq analysis in Chapter I, and three candidate molecules were
identified: a cystatin-like molecule (Dg-Cys), a copper transporter-1-like molecule (Dg-
Ctrl), and an adipocyte plasma membrane-associated protein-like molecule (Dg-
APMAP). Several studies have reported that cystatins are associated with various
physiological processes in ticks, including blood digestion and egg development
[Grunclova et al., 2006; Schwarz et al., 2012]. Ctr1 is a plasma membrane protein which

mediates the uptake of copper ion, and the copper ion plays a critical role in respiration
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[Muttkowski, 1921], immunity [Christensen et al., 2005; Lu et al., 2014], and metal
homeostasis and detoxification [Amiard et al., 2006; Perez and Noriega, 2014; Rivera-
Perez et al., 2017] in arthropods. Meanwhile, the physiological importance of APMAP in
arthropods has yet to be documented; however, APMAP is considered as a protein
expressed on the plasma membrane and exhibited a marked expression intensity among
plasma membrane proteins identified in the dataset of RNA-Seq analysis, indicating its
potential as a candidate antigen. In this study, these molecules were characterized and
analyzed for their potentials as vaccine antigens in vitro. Additionally, to assess the
potential application of the identified antigens for “cocktail vaccines”, the effects of

mixed plasmas containing antibodies against multiple antigens were examined.
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MATERIALS AND METHODS

PRM samples

Blood-fed PRMs were obtained as described in Chapter 1. Starved PRMs were
collected after incubating for a 1-week period at 25°C in 70% humidity. Some blood-fed
and starved PRMs were fixed with 70% ethanol, and eggs, larvae, protonymphs,
deutonymphs, and adults were morphologically identified and collected separately under
microscopic observation. The remaining PRMs were kept at 4°C in 70% humidity until
use for the in vitro feeding assay, or stored at —80°C. RNA was isolated as described in
Chapter I, and cDNA synthesis from isolated RNA was performed as described in Chapter
IL

Identification of the full-length nucleotide sequences of Dg-Cys, Dg-Ctr1, and Dg-
APMAP in PRMs

The transcripts of Dg-Cys, Dg-Ctrl, and Dg-APMAP were obtained by RNA-Seq
analysis described in Chapter 1. To identify the full-length nucleotide sequence of the
cDNA encoding Dg-Cys transcript, rapid amplification of cDNA ends (RACE) was
conducted using total RNA from blood-fed PRMs and the primers 5° GSP1-3 and
3’GSP1-2, with 5" and 3" RACE Systems (Thermo Fisher Scientific). To determine the
nucleotide sequences of the open reading frame (ORF) of Dg-Ctrl and Dg-APMAP, PCR
was performed with Ex Taq polymerase (TaKaRa Bio Inc.) using cDNA from blood-fed
PRMs and the primers as follows: for Dg-Ctrl: DgCtrl-F and R; for Dg-APMAP:
DgAPMAP-ORF-F and R, DgAPMAP-seq-F1-3, and DgAPMAP-seq-R1-3. Sequence
analyses were performed using a GenomeLab GeXP Genetic Analysis System (SCIEX,
Framingham, MA, USA) according to the manufacturer’s instructions. Primers were
listed in Table III-1. The signal peptide domain, the transmembrane site, and the active
site were  predicted using the  software  systems  SignalP  v4.1
(http://'www.cbs.dtu.dk/services/SignalP/), TMHMM v2.0
(http://'www.cbs.dtu.dk/services/TMHMM/), and InterProScan program v5.32-71.0,
respectively. The phylogenetic trees were generated by MEGA software version X
[Kumar ef al., 2018], using a maximum likelithood method with 1,000 bootstrap replicates
and a JTT matrix-based model [Jones et al., 1992], by using a discrete Gamma
distribution (+G) and assuming that a certain fraction of sites is evolutionarily invariable

(+I), to improve the tree topology.
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Laser-capture microdissection

The cDNA of the salivary glands, midguts, and ovaries from PRMs were prepared
using tissue samples extracted by laser-capture microdissection (LCM) as previously
described [Ichii et al., 2017]. Briefly, mixed life stages of starved PRMs were fixed with
Carnoy solution, embedded in paraffin, cut into 5-um sections, and mounted on glass
slides coated with LCM films (Meiwafosis, Tokyo, Japan). Sections were then stained
with 1% toluidine blue, and tissues were dissected with MicroBeam Rel.4.2 (Carl Zeiss,
Oberkochen, Germany) following manufacturer’s instructions. Total RNA from each
tissue was isolated using the RNAqueous-Micro Kit (Thermo Fisher Scientific) according
to the manufacturer’s protocols, and cDNA was synthesized with SuperScript First-Strand
Synthesis System for RT-PCR (Thermo Fisher Scientific) using 300 pmol random

hexamer primer (Hokkaido System Science Co., Ltd.).

Gene expression analyses

The expression of Dg-Cys, Dg-Ctrl, and Dg-APMAP mRNA in each feeding state,
life stage, and tissue was analyzed by RT-PCR using Ex Taq polymerase (TaKaRa Bio
Inc.) and specific primers Dg-Cys F/R, Dg-Ctr1-RT-F/R, and Dg-APMAP-RT-F/R. As an
internal control, elongation factor 1-a-1-like (Elflal), was amplified using the primers
Elflal-F/R [Ariizumi et al., 2021]. Primers used are listed in Table I1I-2. Since the RNA
samples 1solated from salivary glands were of small amount and low quality, the detection
of targets in cDNA samples synthesized from salivary glands was performed by nested

RT-PCR using the same primer set.

qRT-PCR

To quantify the expression of Dg-Cys, Dg-Ctrl, and Dg-APMAP mRNA at each life
stage and feeding state of PRMs, qRT-PCR was conducted using each cDNA samples ,
except for that obtained from eggs, using LightCycler480 System II (Roche Diagnostics)
and TB Green Premix DimerEraser (TaKaRa Bio Inc.) according to the manufacturer’s
instructions. To amplify the target genes and Elflal, primers used in gene expression
analyses were used. The PCR conditions consisted of an initial denaturation at 95°C for
30 s, followed by 45 cycles of 95°C for 5 s, 60°C for 30 s, and 72°C for 30 s. To assess
primer pairs for their specificities, a melting curve analysis was subsequently performed
from 65°C to 95°C at a rate of 0.1°C/s. To generate standard curves for quantification,
serial dilutions of T-vector pMD20 (Takara Bio Inc.) inserted with Dg-Cys, Dg-Ctri, Dg-
APMAP, or Elflal were used. Each sample was tested three times, and mRNA expression

of target genes was calculated as a ratio by dividing the concentration of target mRNA by
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that of Elflal mRNA.

Flow cytometric analysis

To confirm the expression of Dg-Ctrl on the plasma membrane, the FLAG epitope-
tagged recombinant Dg-Ctrl protein was generated. The ORF of the Dg-Ctrl was
amplified using the primers FLAG-Dg-Ctrl-F/R (Table III-2) and the PCR product was
digested with EcoRV-HF (New England Biolabs, Ipswich, MA, USA) and Kpnl-HF (New
England Biolabs). The digested fragment was cloned into the vector pCXN2.1-FLAG
(kindly provided by Dr. Takehiko Yokomizo, Juntendo University, Tokyo, Japan [Niwa et
al., 1991]). Then, the plasmid was digested with Ncol-HF (New England Biolabs) and
Kpnl-HF (New England Biolabs), and the digested fragment was sub-cloned into the
pIEx-4 vector (Merck, Kenilworth, NJ, USA) (plEx4-FLAG-Dg-Ctrl). plEx4-FLAG-
Dg-Ctrl and plEx4-FLAG (mock) were transfected into Sf9 insect cells using TransIT-
Insect Transfection Reagent (Mirus Bio LLC, Madison, WI, USA), according to the
manufacturer’s protocols. Cells were collected at 72 h after the transfection, and stained
with Anti DYKDDDDK Monoclonal Antibody (2HS8; TransGenic Inc., Fukuoka, Japan)
or a mouse IgG2a isotype control (HOPC-1; SourthernBiotech, Birmingham, AL, USA).
Cells were then washed three times with PBS containing 1% bovine serum albumin (BSA;
Sigma-Aldrich) (1% BSA-PBS) and stained with phycoerythrin-conjugated anti-mouse
IgG (H+L) polyclonal antibody (Beckman Coulter, Fullerton, CA, USA). Cells were
washed twice with 1% BSA-PBS and analyzed by FACS Verse (BD Biosciences, San
Jose, CA, USA).

Preparation of recombinant proteins

Recombinant proteins of Dg-Cys, Dg-Ctrl, and Dg-APMAP were expressed as fusion
proteins with the His-tag by using the BIC system (TaKaRa Bio Inc.). The whole protein
lacking its signal peptide of Dg-Cys and the N-terminal sides of the extracellular regions
of Dg-Ctrl were expressed (Dg-Cys-his and Dg-Ctr1-N-his). Regarding Dg-APMAP, to
investigate the optimal size and position of fragments to promote expression and secretion
of recombinant proteins, five expression plasmids containing different regions of the
extracellular region of Dg-APMAP (Dg-APMAP-N-his: N-terminal side of the
extracellular region, Dg-APMAP-C-his: C-terminal side of the extracellular region, Dg-
APMAP-N2-his: N-terminal side of the extracellular region without the strictosidine
synthase domain, Dg-APMAP-D-his: strictosidine synthase domain, Dg-APMAP-C2-
his: C-terminal side of the extracellular region without the strictosidine synthase domain)

were prepared (Figure I1I-8B) as well as the entire extracellular region (Dg-APMAP-his).
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PCR was performed using cDNA synthesized from blood-fed PRMs described above,
with KOD-Plus-Neo (TOYOBO Co., Ltd., Osaka, Japan) and primers containing the
homologous recombination sites (Table III-3). Each amplicon was integrated into the
cloning site of the pBIC4 vector (TaKaRa Bio Inc.) by homologous recombination and
introduced into Brevibacillus competent cells (Brevibacillus Expression System, TaKaRa
Bio Inc.). The transformed bacteria were cultured in 2SY (Dg-Cys-his) or TM medium
(Dg-Ctr1-N-his and Dg-APMAP-N-his) at 32°C, following the manufacturer’s protocols.
The recombinant proteins were purified from the supernatants using Ni Sepharose 6 Fast
Flow (Thermo Fisher Scientific, Waltham, MA, USA) (Dg-Cys-his) or TALON metal
affinity resin (Clontech Laboratories, Inc., Mountain View, CA, USA) (Dg-Ctr1-N-his
and Dg-APMAP-N-his). The buffer was replaced to PBS using SnakeSkin Dialysis
Tubing (Thermo Fisher Scientific) overnight at 4°C. The purified proteins were mixed
with 2 x sodium dodecyl sulfate (SDS) buffer (125 mM Tris-HCI, pH 6.8, 4% SDS, 10%
2-mercaptoethanol, and 20% glycerol), boiled for 5 min, separated using an SDS-
polyacrylamide gel, and stained with Coomassie brilliant blue (FUJIFILM Wako Pure
Chemical Corporation, Osaka, Japan) to confirm the purity of each protein. The
concentration of proteins was determined using Pierce BCA Protein Assay Kit (Thermo

Fisher Scientific) according to the manufacturer’s instructions.

Enzymatic activity of Dg-Cys-his

The inhibitory properties of Dg-Cys-his against cysteine proteases, cathepsin L, S,
and B were examined using the SensoLyte Rh110 Cathepsin L Assay Kit (ANASPEC,
Fremont, CA, USA), SensoLyte 520 Cathepsin S Assay Kit (ANASPEC), and SensoLyte
520 Cathepsin B Assay Kit (ANASPEC), respectively, following the manufacturer’s

protocols. As a negative control, BSA diluted in PBS was used.

Immunization of chickens with recombinant proteins

Plasmas were prepared from chickens immunized with Dg-Cys-his, Dg-Ctr1-N-his,
or Dg-APMAP-N-his. Each protein was mixed with light liquid paraffin as an adjuvant
(20 pg/mL). Chickens (Dg-Cys-his and Dg-Ctr1-N-his, Hy-Line Brown; Dg-APMAP-N-
his, specific pathogen-free chickens, VALO BioMedia) at 3 weeks of age were
subcutaneously immunized with the recombinant proteins or PBS as the control as
follows: Dg-Cys-his, 20 pg of the protein or PBS (n = 4 and 2: Cys1—4 and PBS-Cysl
and 2, respectively); Dg-Ctr1-N-his, 10 or 20 pg of the protein or PBS (n = 3, each: Ctrl—
3, Ctr4—6, and PBS-Ctr1-3, respectively); Dg-APMAP-N-his, 20 pug of the protein or
unimmunized (n = 4, each: APM1-4 and UN1-4, respectively). Four weeks later, the
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heparinized blood was collected from APM1-4 and UN1-4, and Cys1-4, PBS-Cys1 and
2, Ctrl-6, and PBS-Ctr1-3 were immunized with the same doses of same antigens,
respectively. The heparinized blood was collected 3 weeks after the second immunization,
and the immune plasmas were isolated by centrifugation at 2,000 x g for 10 min.
Experiments on Dg-Cys-his and Dg-Ctr1-N-his were conducted at Experimental Animal
Facility, Faculty of Veterinary Medicine, Hokkaido University, and Immunization of Dg-
APMAP-N-his was performed at Choka Research Institute, Vaxxinova Japan K.K.,
Tochigi, Japan.

ELISA

Antibody titers in the immune plasmas were determined by ELISA. The purified Dg-
Cys-his, Dg-Ctr1-N-his, or Dg-APMAP-N-his was coated on the wells of 96-well plates
(Sumitomo Bakelite Co., Ltd, Tokyo, Japan) (100 ng/well) with carbon-bicarbonate
buffer (pH9.0). After 16 h, the solution was aspirated, and PBS containing 0.05% Tween-
20 (PBST) with 1% BSA was added to each well and incubated at 37°C for 2 h. The wells
were washed five times with PBST, and two-fold serial dilutions of plasma samples from
2,000x to 64,000x with PBS were added. After incubation for 1 h at 25°C, the wells were
washed five times with PBST and incubated with anti-chicken IgY peroxidase rabbit
antibody (Sigma-Aldrich) for 1 h at 25°C. The wells were then washed five times with
PBST and finally, reacted with the TMB one-component substrate (Bethyl Laboratories,
Montgomery, TX, USA) for approximately 20 min at 25°C in the dark. The reaction was
quenched with 0.18 M H>SOs4, and the absorbance was measured at 450 nm. The assays
were performed in duplicate.

Western blotting

The production of specific antibodies against Dg-Cys-his, Dg-Ctr1-N-his, and Dg-
APMAP-N-his was examined by western blotting. Purified recombinant proteins were
separated in an SDS-polyacrylamide gel and transferred to polyvinylidene difluoride
membranes (Merck Millipore, Burlington, MA, USA). The membranes were blocked
overnight at 4°C with PBST containing 1% skim milk. The membranes were incubated
with each immune plasma at 25°C, washed with PBST, and incubated with anti-chicken
IgY peroxidase rabbit antibody at 25°C (Sigma-Aldrich). Finally, the peroxidase signal
was visualized by incubating the membranes with Immobilon Western Chemiluminescent
HRP substrate (Merck Millipore).
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In vitro feeding assay
1. Evaluation of the potential of Dg-Cys, Dg-Ctrl, and Dg-APMAP as vaccine
antigens

The potentials of Dg-Cys, Dg-Ctrl, and Dg-APMAP as vaccine antigens were
examined by in vitro feeding assay [Ariizumi et al., 2021]. Heparinized fresh chicken
blood was collected from healthy chickens maintained at the Field Science Center for
Northern Biosphere, Hokkaido University, and incubated at 40°C until use. Immune
plasmas from each group were pooled separately. After centrifugation at 2,000x g for 10
min, the plasma was replaced with an equal volume of pooled immune plasmas described
above. Approximately 100 starved PRMs of mixed life stages were collected in each
artificial feeding device as previously described (Figure I1I-1 [Ariizumi et al., 2021]). The
devices were capped with rubber caps type 2 (GE Healthcare) and the rubber cap was
penetrated using a 27-G needle (TERUMO CORPORATION, Tokyo, Japan) for
ventilation. The top of devices was filled with 400 pul of blood containing immune plasmas,
and blood feeding was performed for 4 h at 40°C in a dark, humid condition with modest
shaking. Only blood-fed PRMs were then collected in Pasteur pipettes (day 0) and
maintained at 25°C in 70% humidity during the observation period. The number of dead
PRMs were monitored for 1 week or 10 days, and the numbers of newborn larvae and
protonymphs were counted at the last day of the observation period. The anti-PRM

properties of immune plasmas were evaluated based on the following criteria:

1) The survival rate (SR):

No. of dead PRMs on day 7 or 10
SR (%) = (1- ) 100
No. of blood-fed PRMs

2) The reproductive capacity (RC)
No. of newborn larvae and protonymphs on day 7 or 10
No. of blood-fed adults

RC =

Adults and nymphs were collected separately and the survival rate was analyzed

independently.

2. Evaluation of the efficacy of the “cocktail vaccine”

To examine the effects of the “cocktail vaccine”, pooled immune plasmas of Dg-Cys
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were mixed with an equal volume of those of Dg-Ctrl or Dg-APMAP. As a control, equal
volumes of pooled plasmas PBS-Cys 1 and 2 were mixed with those of pooled plasmas
PBS-Ctr1-3 or UN1-4, respectively. In vitro blood feeding was performed as described
above using adult PRMs, and the SR was monitored for a 10-day period.

Statistics

For gene expression analyses, differences were assessed using the Mann-Whitney U
test. For in vitro feeding assay, the SR and RC between the groups were compared by
Fisher’s exact test. The odds ratio and 95% confidential interval (CI) was estimated. In
addition, to analyze the difference in the SR, Kaplan-Meier curves were constructed and
a log-rank test was performed. For multiple comparisons, Fisher’s multicomparison test
was conducted and a p value was adjusted by Holm method. For all tests, p < 0.05 was

considered statistically significant.

Ethics statement
1. Genetic recombination experiments

All genetic recombination experiments were performed in accordance with the
Manual for Safety Management on Genetic Recombination Experiments in Hokkaido
University (Approval number: 2019-024).

2. Animal experiments

Immunizations of chickens with Dg-Cys-his and Dg-Ctr1-N-his were approved by the
Institutional Animal Care and Use Committee, Hokkaido University (Approval numbers:
16-0004 and 20-0051), and all experiments were conducted according to the relevant
guidelines and regulations of the Faculty of Veterinary Medicine, Hokkaido University,
which has been fully accredited by the Association for Assessment and Accreditation of
Laboratory Animal Care International. Immunization of chickens with Dg-APMAP-N-
his was performed in accordance with relevant guidelines and regulations of Choka
Research Institute, Vaxxinova Japan K.K., and the procedure was approved by the Animal
Care and Use Committee, Vaxxinova Japan K.K. (Approval number: AR0O07-C-EX-036).
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Table ITI-1. Primers used in gene cloning and sequencing.

Primer

Primer sequences (5' - 3')

5" GSP-1 ACCGATCACTACAAACTGCA
5" GSP-2 CAACAGCAGCAGCAGTACGA
5" GSP-3 AGTACGAATAAACACGCGCG
3' GSP-1 CCAAACGGTCTCCGTACTGT
3' GSP-2 CCGTACTGTCGGACGAAATC
Dg-Ctrl-F AGGACGGTGCAATTCTCAAC
Dg-Ctrl-R GTGTTGGCTGGTTGGTGTTT

DgAPMAP-ORF-F
DgAPMAP-ORF-R
DgAPMAP-seq-F1
DgAPMAP-seq-F2
DgAPMAP-seq-F3
DgAPMAP-seq-R1
DgAPMAP-seq-R2
DgAPMAP-seq-R3

GCAGAGCAGAGCAGAGCACGG
GTGGTGAGGCGGGCTCGAATG
ATTCCGCTCGACTTTGATCC
GGGGCTTCACCAAATCCTGT
CCATTCGTCACACTACACGC
ATCAGGATCTTTCCGTGCTC
CAACGGCAACTTCCTTGCGA

GGTCACGTACTTTGCGCTAA
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Table 1I1-2. Primers used in in vifro characterization.

Primer

Primer sequences (5' - 3")

Dg-Cys-F
Dg-Cys-R
Dg-Ctr1-RT-F
Dg-Ctr1-RT-R
Dg-APMAP-RT-F
Dg-APMAP-RT-R
Elflal-F

Elflal-R

GTICTTTIGCCTTCCAGTCGAG

GGTCTAGCTTGCTCCAAACG

TGGACCACAGTAACCACGAA

GCTAGGCACGAACCAAACAT

AGCTCCAGCTGGTTITTCGTA

ACTGGGTTCCGGTGTAGATG

GTCGGTGTCATCAAGTCCGT

AGGGTCGAGAGTGTAGGGTC

FLAG-Dg-Ctrl-F

FLAG-Dg-Ctr1-R

CCGGATATCGACTATGTGCCAGACTCGCA

CGGGGTACCTCATCCGCAGTGATCCGAGG

*Restriction enzyme recognition sites are underlined.
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Table III-3. Primers used in preparation of the recombinant proteins.

Primer

Primer sequences (5' - 3")

pBIC-Dg-Cys-F

pBIC-Dg-Cys-R

GATGACGATGACAAAGGCCTTTCGGACGTGGCCG

CATCCTGTTAAGCTTTTAATTCTCGCACCGCTTC

pBIC-Dg-Ctrl-F

pBIC-Dg-Ctrl-R

GATGACGATGACAAAGACTATGTGCCAGACTCGCA

CATCCTGTTAAGCTTTTAATTTTGTGTCTTCCACCCG

pBIC-APMAP-F1
pBIC-APMAP-F2
pBIC-APMAP-F3
pBIC-APMAP-R1
pBIC-APMAP-R2

pBIC-APMAP-R3

GATGACGATGACAAACTCGACTTTGATCCGGC

GATGACGATGACAAAATCGATATCAAGACAGGC

GATGACGATGACAAAACTAAGGGTAAGTTGACG

CATCCTGTTAAGCTTTTACTTATGTTTCAAACG

CATCCTGTTAAGCTTTTAGCGAGGCGATCGGCGCAG

CATCCTGTTAAGCTTTTAGGCAAATAGCAGTTTCGAC

*Recombination sites are underlined.
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Parafilm Immune plasma

_|_

Fresh chicken blood

¢ Plastic pipette

300 uL C
filter tip /

27-G needle |

L

Rubber cap

Figure I11-1. The device for in vitro feeding assay adopted from Ariizumi et al (2021).
Disposable plastic pipettes (10 mL) were cut and assembled across stretched parafilm.
Approximately 100 starved PRMs were collected using 300 pL filter tips, and they were
enclosed in the devices. The cut ends of the devices were closed with rubber caps, and
the rubber caps were penetrated with 27-G needles for ventilation. Fresh chicken blood
containing plasma derived from immunized chickens was added in the devices. Blood-
feeding was performed at 40°C for 4 h.
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RESULTS

Cloning and sequence analysis of Dg-Cys, Dg-Ctrl, and Dg-APMAP from PRMs

From the dataset of RNA-Seq analysis in Chapter I, the transcripts of the cystatin-like
molecule (Dg-Cys), copper transporter 1-like molecule (Dg-Ctr1), and adipocyte plasma
membrane-associated protein-like molecule (Dg-APMAP) were identified. The
expression intensity of Dg-Ctrl was significantly higher in starved PRMs, whereas Dg-
APMAP expression was higher in blood-fed PRMs. In contrast, no significant difference
was observed in the expression of Dg-Cys between blood-fed and starved PRMs (Table
I11-4). The 5" and 3' RACE analyses revealed that the full-length cDNA of Dg-Cys was
669 bp, and the ORF was 423 bp, encoding a 140 amino-acid sequence. The deduced
amino acid sequence of Dg-Cys contained a putative signal peptide in positions 1-29, and
a cystatin-conserved domain at positions 85-98 (Figure I11-2A). Phylogenetic analysis
using cystatins from mites, ticks, chickens, and mammals indicated that Dg-Cys formed
a distinct cluster but was closer to secreted cystatins (cystatin 2 and cystatin C) rather
than intracellular ones (stefin, cystatin A and B; Figure 111-2B). The deduced amino acid
sequence of Dg-Ctrl contained three putative transmembrane domains at positions 54—
76, 110-127, and 133-152, and a large extracellular domain at the N-terminal position
1-53 (Figure 111-3A). Phylogenetic analysis showed that Dg-Ctrl was closer to copper
transporters of mites and ticks than those of chickens and mammals (Figure 111-3B). The
deduced amino acid sequence of Dg-APMAP contained a putative transmembrane domain
at positions 7-29 and a strictosidine synthase domain at positions 167-252 (Figure 1l1-
4A). Phylogenetic analysis revealed that Dg-APMAP was close to that of the mite
Galendromus occidentalis (Figure 111-4B).

Gene expression profiles of Dg-Cys, Dg-Ctrl, and Dg-APMAP

To examine the gene expression profiles of Dg-Cys, Dg-Ctrl, and Dg-APMAP, RT-
PCR and qRT-PCR analyses were performed using cONA from different life-stages and
blood-feeding states of PRMs. Except for Dg-Cys in eggs, mRNA of target molecules
was expressed in all life stages regardless of the feeding state (Figures 111-5A and 6). Next,
to analyze the gene expression of these molecules in different tissues of PRMs, LCM and
RT-PCR/nested PCR were conducted using tissue samples from salivary glands, midguts,
and ovaries. The gene expression of all molecules was clearly detected in the midguts and
ovaries, whereas none of them was expressed in the salivary glands (Figure 111-5B).
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Expression of Dg-Ctrl on the plasma membrane

To confirm the expression of Dg-Ctrl on the plasma membrane, the N-terminal
FLAG epitope-tagged recombinant Dg-Ctrl (FLAG-Dg-Ctrl) was prepared in the Sf9
insect cells. The subcellular localization of Dg-Ctrl was examined by flow cytometric
analysis using the anti-DYKDDDDK (FLAG) antibody. FLAG-Dg-Ctrl-expressing cells
were more frequently recognized by the anti-FLAG antibody compared to mock-
transfected cells (Figure 111-7), demonstrating that Dg-Ctrl is a plasma membrane protein,
as predicted by the IPR program.

Preparation of recombinant proteins

The recombinant proteins of Dg-Cys, the N-terminal sides of the extracellular domain
of Dg-Ctrl, and the extracellular domain of Dg-APMAP were expressed as fusion
proteins with a His-tag (Dg-Cys-his, Dg-Ctr1-N-his, and Dg-APMAP-his) using BIC
system. With respect to Dg-APMAP-his, the secretion level of the recombinant protein
into the supernatants was low, although the protein was expressed in the cultured bacteria
(Figure 111-8A). To facilitate the secretion of the recombinant protein into the cultural
supernatants, truncated versions of the extracellular domain of Dg-APMAP was designed
and analyzed for their secretory efficiencies into the supernatants. Among the 5 fragments
examined (Dg-APMAP-N-his, Dg-APMAP-C-his, Dg-APMAP-N2-his, Dg-APMAP-D-
his, and Dg-APMAP-C2-his; Figure 111-8B), Dg-APMAP-N-his was efficiently secreted
into the supernatants (Figure 111-8C). Each recombinant protein was then purified from
the culture supernatants of the transformed bacteria, and the purities of the proteins were
confirmed by SDS polyacrylamide gel electrophoresis (SDS-PAGE) and by staining with
Coomassie brilliant blue. Each recombinant protein was detected at the predicted
molecular weight (Dg-Cys-his, approximately 13.4 kDa; Dg-Ctr1-N-his, approximately
10.6 kDa; Dg-APMAP-N-his, approximately 28.9 kDa; Figure 111-9).

Enzymatic activity of Dg-Cys-his

The inhibitory properties of Dg-Cys-his against cysteine proteases were examined.
The enzymatic activities of cysteine proteases, cathepsins L and S, were suppressed in
the presence of Dg-Cys-his in a dose-dependent manner (50% inhibitory concentration
for cathepsins L and S: 666.8 nM and 36.1 nM, respectively), while that of cathepsin B
was not interrupted (Figure 111-10). These results indicated that Dg-Cys-his acts as an
inhibitor of cysteine proteases.
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Immunization with recombinant proteins and acaricidal potential of the plasmas
from the immunized chickens

Chickens were subcutaneously immunized with purified recombinant proteins in an
emulsion with light liquid paraffin, and the plasmas were collected according to the
schedule described in Figure 111-11. The antibody titers in the immune plasmas were
determined by ELISA, and 2 of 4 chickens immunized with Dg-Cys-his (Cys2 and 4), 3
of 6 chickens immunized with Dg-Ctrl-N-his (Ctr3, 5, and 6), and all the chickens
immunized with Dg-APMAP-N-his exhibited higher antibody titers against immunized
antigens (Table 111-5). Additionally, the production of the specific antibodies against
immunized antigens in in those chickens was further confirmed by western blot analyses
(Figure 111-12).

Next, plasmas showing higher antibody titers from the immunized chickens and those
from control chickens were pooled separately and subjected to in vitro feeding assay to
evaluate anti-PRM effects. After in vitro feeding, the blood-fed PRMs were collected,
and the vaccine efficacies were assessed based on two criteria: the survival rate (SR) and
the reproductive capacity (RC). The acaricidal effects by the immune plasmas against Dg-
Cys-his, Dg-Ctr-N-his, Dg-APMAP-N-his, and by their combination are shown in the
following 4 sections.

1. Acaricidal effects of Dg-Cys-his-immunized plasma

In the first experiment, protonymphs and adults were subjected to evaluate the
acaricidal effects of immune plasmas based on the SR and RC. The RC of PRMs that fed
on the immune plasmas from Cys2 and Cys4 was significantly reduced (Table 111-6 and
Figure 111-13A), whereas no difference was observed in the SR of PRMs between the
groups (Table 111-6 and Figure 111-13B). In the second experiments, protonymphs and
deutonymphs were subjected to the same analysis. In contrast to the result of the first
experiment, the SR of PRMs fed on the immune plasmas were significantly lower than
that of PRMs fed on control plasmas, as indicated by Kaplan-Meier curve analysis and
the log-rank test (Figure I11-13C). Additionally, Fisher’s exact test and odds ratio analysis
showed that the SR of PRMs fed on immune plasmas is decreased from 5 days post-
feeding (Table I11-7). These results suggest that the plasma from chickens immunized
with Dg-Cys increases the mortality of PRMs, especially nymphs, and interrupt their
reproductive activity.

2. Acaricidal effects of Dg-Ctr1-N-his-immunized plasma
In the first experiment, nymphs were subjected to the analysis. The Kaplan-Meier
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curve analysis and the log-rank test showed that PRMs fed on the immune plasmas from
Ctr3, Ctr5, and Ctr6, exhibited a significant reduction in survival rate (Figure 111-14A).
In addition, Fisher’s exact test and odds ratio analysis indicated that the SR of PRMs fed
on immune plasmas was decreased from 7 days post-feeding (Table 111-8). In the second
experiment, to assess the acaricidal effects of immune plasmas on PRMs of different life
stages, nymphs and adults were analyzed independently. Fisher’s exact test and odds ratio
analysis showed that the SR of PRMs fed on immune plasmas was significantly lower
than that of control groups at 10 days post-feeding when analyzed in total PRMs (Table
111-9), whereas no significant difference was shown by the log-rank test (Figure 111-14B).
For adults, neither the log-rank test nor Fisher’s exact test showed significant differences
in the SR between the control and immunized groups (Figure 111-14C and Table 111-10).
Meanwhile, consistent with the results of the first experiment, the SR of nymphs fed on
immune plasmas was significantly lower than that of the control groups (Figure 111-14D),
and this decrease in the SR was observed 8-10 days post-feeding (Table III-11). In this
experiment, the RC was not analyzed, as oviposition was not observed in both groups.
These data show that the plasmas from chickens immunized with Dg-Ctr1-N-his have the
acaricidal potential on PRMs, and as observed in the result of Dg-Cys-his-immunization,

nymphs tended to be more susceptible to the acaricidal effects of immune plasmas.

3. Acaricidal effects of Dg-APMAP-N-his-immunized plasma

To evaluate the effects of Dg-APMAP-N-his-immunization on different life stages of
PRMs, adults and nymphs were collected separately and analyzed independently by the
in vitro feeding assay. A comparison of the Kaplan-Meier curves revealed that the SR of
mixed stages of PRMs fed on plasmas from APM1—4 was significantly lower than that of
PRMs fed on plasmas from unimmunized chickens (Figure 111-15A). Additionally,
Fisher’s exact test and odds ratio analysis indicated that the SR of PRMs fed on
immunized plasmas is decreased from 4 days post-feeding (Table 111-12). Importantly,
the Kaplan-Meier curve analysis and the log-rank test revealed that the SR was lower in
both adults and nymphs fed on immune plasmas, compared to those fed on unimmunized
plasmas (Figures 111-15B and C). This reduction in the SR was observed at 7 and 4 days
post-feeding for adults and nymphs, respectively (Tables I11-13 and 14). Regarding the
RC, however, no significant difference was observed between each group (Figure I11-
15D). Collectively, plasmas from chickens immunized with Dg-APMAP-N-his increased
the mortality in both adults and nymphs, and thus, Dg-APMAP could be one of the
candidates for vaccine antigens.
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4. Enhanced acaricidal effects by the combination of immune plasmas

Although plasmas from chickens immunized with each of three antigens identified in
this study exhibited anti-PRM properties, their acaricidal effects on adults were limited.
In ticks, several studies have demonstrated that the “cocktail vaccine”, which combines
different vaccine antigens, potentially have enhanced acaricidal efficacy than single
antigen-based vaccines [Almazan et al., 2012; Pérez-Séanchez et al., 2019]. Therefore, the
acaricidal effects of the combined use of immune plasmas were examined. The plasmas
from Dg-Cys-his-immunized chickens were mixed with those from chickens immunized
with Dg-Ctrl-N-his or Dg-APMAP-N-his, and their acaricidal effects on adult PRMs
were evaluated. In the assessment using the immune plasmas against Dg-Cys and Dg-
Ctrl, the immune plasmas against Dg-Cys-his showed significant reduction in the SR at
days 5 and 7 post-feeding compared to the control plasmas, whereas no acaricidal effect
was observed in PRMs fed on the immune plasmas against Dg-Ctrl (Table 111-15 and
Figure 111-16A). Remarkably, PRMs fed on the mixed plasmas containing antibodies
against both Dg-Cys and Dg-Ctrl exhibited significant reduction in the SR at 7 and 9
days post-feeding compared to those fed on the control plasmas. In addition, at 10 days
post-feeding, the SR of PRMs fed on the mixed plasmas was lower than those of PRMs
fed on single immune plasmas against each antigen (Dg-Cys, 10% lower; Dg-Ctrl, 18 %
lower), although the differences were not statistically significant (Table 111-15 and Figure
[11-16A). In the evaluation of the immune plasmas of Dg-Cys and Dg-APMAP, the single
treatment of immune plasmas against each antigen did not elicit acaricidal effects (Table
I11-16 and Figure 111-16B). Conversely, the combination of the plasmas exhibited a
prominent reduction in the SR from 8 days post-feeding compared to those of PRMs fed
on Dg-Cys-his-immunized plasmas. Furthermore, the SR of PRMs fed on the plasmas
cocktail was significantly lower than those of all of the other groups at day 10-post
feeding (Table 111-16 and Figure 111-16B). Taken together, these data show that the
cocktail vaccine have a great potential as an effective control strategy of PRMs.
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Table III-4. Gene expression profiles of vaccine antigen candidates tested in this study.

FPKM value®
Predicted motifs/domains® p value FDR®@
Blood-fed Starved
Dg-Cys 168.82 116.68 Proteinase mhlbltor 125, cystatin, 0.177 0.244
conserved site
Deo-Ctrl 102.55 377.99 Ctr copper transporter 0.023 0.050
Dg-APMAP 3822 0.66 Strictosidine synthase 8.05E-14  5.25E-12

(a) FPKM: Fragment per kilobase of exon per million mappedreads.
(b) The motifs/domains were predicted using the InterProScan program v5.32-71.0.

(c) FDR: False discovery rate.
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Figure 111-2. Cloning of a cystatin-like molecule from Dermanyssus gallinae.

(A) Nucleotide and deduced amino acid sequences of cDNA encoding a D. gallinae
cystatin-like molecule (Dg-Cys). Putative signal peptide sites were underlined, and the
cystatin-conserved site was boxed. (B) A phylogenic tree based on the deduced amino
acid sequence of Dg-Cys. The tree was built with the maximum likelihood method using
the MEGA X software [Kumar et al., 2018]. Numbers indicate bootstrap percentage
(1,000 replicates). The scale indicates the divergence time.

86



(A)

[y

61
21

121
41

181
61

241
81

301
101

361
121

421
141

481
161

(B)

4

ATGGACTATGTGCCAGACTCGCACCCGGCCGGCGATATGGACCACAGTAACCACGAAGGA 60
M DY VvV PD S HUZPAGUDMMDUHSNUHE G 20

CACGACCATAACGAAGGAGATCACTCGATGATGATGCAAATGACTTTCTATGCCTCGTCA 120
H D HNUEGIDHSMMMOQMTF Y A S S 40

GTAGTCACCATCCTGTTTGACGGGTGGAAGACACAAAATGCTGCACAAATGTTTGGTTCG 180
v vTIULU FUDGWI KT OQNA BAWA AIOQMT FEG S 60

TGCCTAGCCGTGTTTGCCCTGGCTGTCCTGTTTGAGGGCCTGCGGGCGTATCGGGAGCAC 240
C L AV FAILAVILFEGUL R AYRE H 80

CTCTACGTAAAGACGCGCAGCGAAAGCAGCACGTCTCTTGTCGACAGCCAAAACCAGTGG 300
L YV KT RS E S ST S L VD S Q N Q W 100

CTCATGGCCATGTTAGCCACGCGGCATCTTGCCCAAACGGCTCTCTACGGACTTCAGATC 360
L M A ML AT RUHILA A QT ATIL Y G L Q I 120

ACACTTGGCTACATGTTGATGCTCATCTTCATGACTTACAATGTCTACGTGTGCATTGCC 420
T L. 6 Y M L M L I FMT YNV Y V C I A 140

GTTGTGCTCGGGGCTACCTTCGGCTTTTTGCTGTTCGGCTGCAGAAAGTGGACCATCCTT 480
v v L GA T F G FULULVF G CIRI KWT I L 160

GAGATGACCTCGGATCACTGCGGATGA 507
E M T S D H C G * 169

Dg-Ctrl
9

— QQR78185 high affinity copperuptake protein 1-like Tropilaelaps mercedesae

XP 018495692 probable low affinity copper uptake protein 2 Galendromus occidentalis

NP 780299 high affinity copperuptake protein 1 Mus musculus

— XP 022653962 high affinity copperuptake protein 1-like isoform X1 Varroa destructor

53

XP 029832584 high affinity copperuptake protein 1 isoform X1 Ixodes scapularis

XP 022671661 probable low affinity copper uptake protein 2 Varroa destructor

———NP 001292585 high affinity copperuptake protein 1 isoform 1 Gallus gallus

XP 03752838 high affinity copperuptake protein 1-like isoform X1 Rhipicephalus sanguineus

14 — XP 003748490 high affinity copperuptake protein 1 Galendromus occidentalis

39

NP 001850 high affinity copperuptake protein 1 Homo sapiens —_
5.1

(Figure III-3 continued)
87



Figure 111-3. Cloning of a copper transporter 1-like molecule from Dermanyssus
gallinae.

(A) Nucleotide sequences and deduced amino acid sequences of cDNA encoding D.
gallinae copper transporter 1-like molecule (Dg-Ctrl). Putative transmembrane sites
were underlined. (B) A phylogenic tree based on the deduced amino acid sequence of Dg-
Ctrl. The tree was built with the maximum likelihood method using the MEGA X
software [Kumar et al., 2018]. Numbers indicate bootstrap percentage (1,000 replicates).
The scale indicates the divergence time.
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CTTCGCTTTGCGCCTAATGGTGATCTTTATGCTGCCGACGCCTACAAGGGACTGCTGAAAATCGATATCAAGACAGGCAAGGTCGAGACG
L R F A PNGDILYAADM AYKGILILI KTIDTII KT GIE KV E T

CTGGTGGCCAGTGGATCGTACGTGGGAACGTCGAAACTGCTATTTGCCGACGATCTCGATATCGACAACAATGGCGTTATCTACTATTCG
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CTCGGAAAGAAGCGCATCATGAAGTACCAGCTGACAGGCGCCACTAAGGGTAAGTTGACGGTATTTGCCGAARACCTGCCCGGTGGTCCG
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GATAATCTGCGCCGATCGCCTCGCGGAACATACTGGGTGGGCATCGATATTGCCCGCTCGAACACAACGCAGCCCCTCGGCGATCTGATC
DN L. RR S PRGT YWV G I DTIAIRGSWNTTOGQU?P LG DTUL I

GCCCCGTATCCGCTCGTGGCCAAGCGCGACTATGCGATTTTGCTGETTGACGGECTCAGGCTCTCARACAGATTGACAGCTTCGTAGATCAT
A P Y P L VA KATMZBRVFICWILTSGOQATLIKOQTID S F V D H

CCAACGCTCCAGGATCTCAGCGCCGATTTTGAGCACGGAAAGATCCTGATCAATACGGTACCAAATCGGGGTATCATTCTCGAGCTGGET
P T L Q DL 5§ A DFEHGI KTIILTIWNTUWVZPWNIRIGTITIILETIL G

CCTGACGGAAAAATACTTCGAAGCCTCCATTCGTCACACTACACGCTCTTTTCGGAGGTTTTAGAATACGGTGGACACCTCTACATTGGC
P D G K I LR S L H S S HY TULF S EUV L EYGGHTLY I G

TCGTTCATTAAGCCCTATCTCTTACGTTTGAAACATAAGTAA 1212
S F I K P Y L L R L K H K * 404

100 ’i Dg-APMAP

L XP 003748317 Galendromus occidentalis

NP 065392 Homo sapiens

63 NP 001006177 Gallus gallus
KFM67955 Stegodvphiis mimosarum
XP 013792746 Limulus polvphemuis
34 XP 002434445 Ixodes scapularis
68 _

XP 015921893 Parasteatoda tepidariorum 0.5

(Figure I11-4 continued)
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Figure 111-4. Cloning of an adipocyte plasma membrane-associated protein-like
molecule from Dermanyssus gallinae.

(A) Nucleotide sequences and deduced amino acid sequences of cDNA encoding D.
gallinae adipocyte plasma membrane-associated protein-like molecule (Dg-APMAP).
Putative transmembrane sites were underlined. (B) A phylogenic tree based on the
deduced amino acid sequence of Dg-APMAP. The tree was built with the maximum
likelihood method using the MEGA X software [Kumar et al., 2018]. Numbers indicate
bootstrap percentage (1,000 replicates). The scale indicates the divergence time.
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Figure 111-5. Gene expression analyses of each antigen candidate.

MRNA expressions of Dg-Cys, Dg-Ctrl, and Dg-APMAP were analyzed by RT-
PCR/nested PCR for (A) each life stage and blood-feeding state and (B) tissue type
(salivary glands, ovaries, and midguts). Elflal was amplified as an internal control.
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Figure 111-6. Gene expression profiles of antigen candidates.
gRT-PCR was performed to quantify the mRNA expression of (A) Dg-Cys, (B) Dg-Ctr1,
and (C) Dg-APMAP at each life stage and feeding state. Elflal was amplified as an
internal control. The extent of the expression of each target gene was calculated by
dividing the copy numbers of each target by those of Elflal. Error bars indicate standard

error of the mean.
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Figure 111-7. Expression of Dg-Ctrl on the plasma membrane.

FLAG epitope-tagged recombinant protein of Dg-Ctrl (FLAG-Dg-Ctrl) was expressed
in Sf9 insect cells. The expression of Dg-Ctrl on the plasma membrane was confirmed
by flow cytometric analysis.
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Figure 111-8. Expression of recombinant protein of Dg-APMAP.

(A) The recombinant protein of the extracellular domain of Dg-APMAP (Dg-APMAP-
his) was expressed using the BIC system. Culture supernatants and bacterial fractions at
24, 48, and 60 h after cultivation were applied to western blotting to confirm the
expression of Dg-APMAP-his. (B) The truncated extracellular domain of Dg-APMAP
and the expression plasmids encoding each fragment. Arrows indicate primers used to
amplify the target fragments (see also Table 111-3). (C) The recombinant proteins prepared
using the BIC system. Secretion of the proteins into the cultural supernatants was

confirmed by SDS-PAGE.
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Figure 111-9. Preparation of the recombinant proteins.

The recombinant proteins of Dg-Cys (Dg-Cys-his), N-terminal extracellular domain of
Dg-Ctrl (Dg-Ctr1-N-his), and N-terminal side of the extracellular domain of Dg-APMAP
(Dg-APMAP-N-his) were prepared using BIC system. Purified proteins were separated
by SDS-PAGE and visualized by staining with Coomassie brilliant blue.
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Figure 111-10. Functional analysis of recombinant Dg-Cys.

Inhibitory properties of Dg-Cys-his against cysteine proteases were assessed. Cathepsins
L, S, and B were incubated with their fluorometric substrates in the presence of Dg-Cys-
his or bovine serum albumin (BSA). The X-axis indicates the concentrations of Dg-Cys-
his, and the Y-axis indicates relative enzymatic activities of each cysteine protease in the
presence of Dg-Cys-his compared to those incubated with BSA. The experiments were
performed in triplicate, and error bars indicate +standard error of the mean.
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* Dg-Cys-his and Dg-Ctr1-N-his

(age) Ow 3w 7w 10 w
1st immunization, s.c. 2nd immunization, s.c. Exsanguination

Dg-Cys-his: 20 pg/shot (n = 4), Control: PBS (n =2)
Dg-Ctr1-N-his: 10 or 20 pg/shot (n = 3, each), Control: PBS ( = 3)

- Dg-APMAP-N-his

(age) Ow 3w 7w
Immunization, s.c. Exsanguination

Dg-APMAP-N-his: 20 ug/shot (m =4), Control: Non-immunization (z = 4)

Figure 111-11. The schedule of immunization and sample collection.

Chickens were immunized with the recombinant proteins to provide immune plasmas.
Each recombinant protein was mixed with light liquid paraffin adjuvant and immunized
subcutaneously. An emulsion of PBS with light liquid paraffin was prepared as a control.
Four weeks later, heparinized blood was collected from unimmunized and Dg-APMAP-
N-his-immunized chickens, and chickens immunized with Dg-Cys-his, Dg-Ctr1-N-his,
or PBS were immunized with the same doses of Dg-Cys-his, Dg-Ctr-N-his, or PBS. The
heparinized blood was collected 3 weeks after second immunization.
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Table III-S. Antibody titers in the plasmas from chickens immunized with
the recombinant proteins.

Group Chicken Antibody titer
Dg-Cys-his
PBS-Cysl < 1,000
Control
PBS-Cys2 < 1,000
Cysl 2,000
_ Cys2 8.000
Immunized
Cys3 1,000
Cys4 16,000
Dg-Ctr1-N-his
PBS-Ctrl < 1,000
Control PBS-Ctr2 < 1,000
PBS-Ctr3 < 1,000
Ctrl < 1,000
Ctr2 4,000
_ Ctr3 32,000
Immunized
Ctrd 4,000
Ctr5 > 64,000
Ctr6 > 64,000
Dg-APMAP-N-his
UNI1 < 1,000
UN2 < 1,000
Control
UN3 < 1,000
UNA4 < 1,000
APMI1 64,000
_ APM?2 64,000
Immunized
APM3 64,000
APMA4 64,000
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Figure 111-12. Production of the specific antibodies against each antigen in

immunized chickens.

Production of the specific antibodies against (A) Dg-Cys-his, (B) Dg-Ctr1-N-his, and (C)
Dg-APMAP-N-his in immunized chickens was examined. The recombinant proteins were
reacted with the plasmas from immunized chickens (A: Cys2 and Cys4; B: Ctr3, Ctr5,
and Ctr6; C: APM1-4) and control chickens (A: PBS-Cys1 and PBS-Cys2; B: PBS-Ctrl-
3; C: UN1-4) by western blotting. The predicted molecular sizes of Dg-Cys-his, Dg-Ctrl-
N-his, and Dg-APMAP-N-his are approximately 13.4, 10.6, and 28.9 kDa, respectively,
and the specific signals were detected in the plasmas from the immunized chickens.

99



JUBOIIUSIS A[[BONISTIRIS PRIDPISUOD SBM G()'() > dy
“Koeded 2AnINPOIdaT “)Y AT [RAIAMS S
"sdnoI3 [0NUOD PUB PAZIUNUITIT UIIM]2q IS3) JOBX3 S, 1YSI] AqQ pareduwod aIe eep 2y

SL0 891 e 6£°C (494 9¢°C 011 6£'661 (] 12ddn) 1D %<6
v 0 190 IL0 Lo 9¢°0 $1°0 9L0 9r°0 (] 12m0]) 1D %56
LSO 101 STl 0¢'1 LT'T 101 §6°C 6l'v OneISppO
x$0-H8¢LC [ 6610 66¢£0 6CL0 [ 9C10 8¢C0 anea d
oy s9u8 0168 6876 b3S 0186 €566 (%NS
e LE 9¢ €c ¢1 €l 14 [ SINUd Pe=p JO ON
(091 = u synpe ‘[¢ = u sydwhu ‘117 = #) [0ONUO))
.................... mmmmoﬁmwhm@moﬁam\.m@mmm@womm?\&_Mm
6C1 ¢t 8¢ 33 IC o1 cl S SINYUd Pe=P JO ON
(617 =u synpe ‘g¢ = ¢ :sSYdwAu ‘¢¢g = #) pIazrunurury

o L 9 < L4 3 C [

surpasy-jsod sAe(g
‘(QuamILIadX3 18.11,]) uoneZiunuwiwli sIg-sA)-s( Jo Ardoad JARIJ-T1uUe Jo Arewrwing 9-J[I d[qeL

100



JUROITUSIS AJ[BO1ISIJR)S PAIAPISUOD SBM C()'() >

"2]BI [BAIAINS WS

"sdNoI3 [0IJUOD PUB PIZIUNUII UIAMJ2q 153} JOBXA S, 1Sl Aq pareduiod JIe elep 3],

ere 8C°¢ 8F'v LSTT LO6 80°0T 657C61 (rary _ddn) 1D %66
or'l 60°1 901 1870 LSO ve0 v 0 (ra] 13m0) 1D %656
68’1 881 €1e 69°C v0'C 091 o'y OLEISPPO
%x800°0 *L10°0 %*8C0°0 ¢80°0 08C0 9¢L0 €eco onfea d
......... n@S.mmﬁwhoommmhommaocwmmmm@@@Mw
8¢ 8¢ 4! 14 14 ¢ [ SINWUd PE=P JO ON
(sydwAu e ‘p¢1 = #) [onuo)
......... mmooﬁ_m%ﬁomwﬁm@Ew@mm@mmmnm?\&Mm
vL LS 143 €l 01 9 S SINYId Pe=P JO ON
(sydwiku [[e ‘68 = #) pazmunuwuy
L 9 S 14 ¢ [ !

suIpadr-1sod sAe(q

‘(yuaurIadxe puoddg) uoneziunwwl SIY-sA)-s(q Jo Apdoad A\ J-Nue Jo Arewwing */-T11 dIqeL

101



(A) (B)

100 1
3. ‘I:‘:‘_‘:
p<0.01
- ] :I\:l
z - 801
g < p=10.909
70 A
1 ]
60
— Control
0 — Immunized
Control Immunized 30 T T T T T T T T
0 1 2 3 4 5 6 7
Days post-feeding
©
1007 |
90
§ 80
a7
m —
70
60 — Control p=0.006
— Immunized
50 1

0 1 2 3 4 5 6 7
Days post-feeding

Figure 111-13. Anti-PRM effects of plasmas from chickens immunized with
Dg-Cys-his.

Anti-PRM properties of Dg-Cys-his immunization were examined by the in vitro feeding
assay (A and B: first experiment, C: second experiment). (A) The reproductive capacity
(RC) at 7 days post-feeding was assessed. Statistical analysis was performed using
Fisher’s exact test. (B and C) The survival rate (SR) of PRMs fed with the plasmas from
immunized chickens was assessed every day for a 1-week period. The Kaplan-Meier
Curves were generated to indicate the survival rate of PRMs. Statistical analysis was
performed using the log-rank test.
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Figure 111-14. Anti-PRM effects of plasmas from chickens immunized with

Dg-Ctrl1-N-his.

Anti-PRM properties of Dg-Ctrl-N-his immunization were examined by the in vitro
feeding assay (A: first experiment; B—D: second experiment). The survival rate (SR) of
PRMs fed with the plasma from immunized chickens was assessed every day for a 10-
day period. The Kaplan-Meier Curves were generated to indicate the survival rate in total
PRMs (B), adults (C), and nymphs (A and D). Statistical analysis was performed using

the log-rank test.
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Figure 111-15. Anti-PRM effects of plasmas from chickens immunized with

Dg-APMAP-N-his.

Anti-PRM properties of Dg-APMAP-N-his immunization were examined by the in vitro
feeding assay. (A—C) The survival rate (SR) of PRMs fed with the plasma from
immunized chickens was assessed every day for a 1-week period. The Kaplan-Meier
Curves were generated to indicate the survival rate in total PRMs (A), adults (B), and
nymphs (C). Statistical analysis was performed using the log-rank test. (D) The
reproductive capacity (RC) at 7 days post-feeding was assessed. Statistical analysis was
performed using Fisher’s exact test.
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Figure 111-16. Acaricidal effects of the combination of the immune plasmas on adult

PRMIs.
The efficacies of “cocktail vaccine” on adult PRMs were evaluated in vitro. The survival

rate (SR) of adult PRMs that were fed with the combination of the plasmas from (A) Dg-
Cys- and Dg-Ctrl-immunized chickens and (B) Dg-Cys- and Dg-APMAP-immunized
chickens was assessed every day for a 10-day period.
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DISCUSSION

In the present study, three novel vaccine antigen candidates, Dg-Cys, Dg-Ctrl, and
Dg-APMAP were identified by RNA-Seq analysis performed in Chapter I. Whereas the
expression intensities of Dg-Ctrl and Dg-APMAP identified in RNA-Seq data were
significantly different between blood-fed and starved PRMs, qPCR analyses showed no
difference in their expression levels. As an explanation for these differences, starved
PRMs used in RNA-Seq analysis were maintained for a 2-week period without blood
meals, while qPCR was performed using PRMs that were kept for a 1-week period.
Besides, whilst the expression levels in each life stage of PRMs were quantified in the
gPCR analysis, RNA-Seq was conducted using mixed life stages of PRMs, potentially
biasing the data. Thus, the expression levels of these antigens may differ dependent upon
the period after blood feeding. To clarify the expression profiles of target molecules
precisely, their mRNA and protein expressions should be analyzed at several time points
after blood feeding.

Previous studies have demonstrated that cystatins play the pivotal roles in biological
activities in ticks, such as modulation of host immunity, reproduction, and blood digestion
[Karim et al., 2005; Schwarz et al., 2012]. According to the deduced amino acid sequence
and the result of the phylogenetic analysis, Dg-Cys was predicted as a secreted cystatin.
Several reports have proposed that cystatins expressed in the midguts are closely
associated with blood digestion and/or fecundity in ticks [Lima ef al., 2006; Alim et al.,
2008, 2009; Yamaji et al., 2009], while those secreted in tick saliva contribute to blood
feeding and pathogen transmission by attenuating host immune responses [Lieskovska et
al., 2015; Chmelaft et al., 2017; Sajiki et al., 2020]. Here, Dg-Cys was expressed in the
midguts and ovaries, but not in the salivary glands, suggesting its functions in blood
digestion and embryogenesis. In contrast, the recombinant protein Dg-Cys-his exhibited
inhibitory properties against cathepsins L and S, which play crucial roles in antigen
processing and innate immunity [Dai et al., 2017; Yan et al., 2020]. These results suggest
that Dg-Cys is related to the modulations of host immune responses. Meanwhile, Dg-Cys
did not inhibit the enzymatic activity of cathepsin B, as previously reported in several
cystatins [Lima et al., 2006; Turk et al., 2008; Zhou et al., 2009]. These results indicate
the specificity and/or selectivity of Dg-Cys against its targets, and suggest the presence
of other cystatin-like molecules in PRMs. Additional experiments, including gene
silencing approaches [Chen et al., 2021], are required to elucidate the physiological role
of Dg-Cys in PRMs.

In vitro feeding experiments demonstrated that plasmas containing antibodies against
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Dg-Cys, Dg-Ctrl, or Dg-APMAP exerted acaricidal effects against PRMs, suggesting
that these newly identified molecules have potentials as antigens for anti-PRM vaccines.
Meanwhile, the reduction in the RC was observed only in PRMs fed on plasmas from Dg-
Cys-immunized chickens. Previous studies have demonstrated the association of cystatins
in ticks with the development and hatching of eggs [Wang et al., 2015; Rahman et al.,
2018], suggesting that Dg-Cys is also involved in the embryonic development. Another
possible reason is the differences in the expression patterns of each antigen among each
life stage; although statistically not significant, qPCR analyses showed that the expression
of Dg-APMAP in blood-fed states of adult PRMs tended to be lower than that in blood-
fed nymphs. Thus, Low expression level of the target molecule in adult PRMs may limit
the efficacy of vaccines using Dg-APMAP on the reproductive capacity. These variations
in the expression patterns may also cause the differences in acaricidal effects between
nymphs and adults; the reduction in the SR of nymphs fed on immune plasmas against
Dg-APMAP were markedly high, compared to those of Dg-Cys and Dg-Ctrl. Therefore,
the expression profiles of target molecules should be assessed by the LCM and RT-PCR
analyses at each life stage in more detail.

In tick studies, vaccines targeting the glycoprotein Bm86, which is expressed on the
plasma membrane in the midguts, exhibited conspicuous efficacies, although its
physiological function is still unclear [Rand et al.,1989; Azhahianambi et al., 2009].
Consistently, plasmas containing antibodies against Dg-Ctrl and Dg-APMAP, both of
which are predicted as plasma membrane proteins, exhibited the acaricidal effects on
PRMs. In particular, PRMs fed on plasmas from chickens immunized with Dg-APMAP
seemed to show higher mortalities than those fed on Dg-Ctrl-immunized plasmas. The
strictosidine synthase, which is predicted as a functional domain conserved in APMAP,
i1s associated with the biosynthesis of the monoterpenoid indole alkaloid in plants
[Stockigt et al., 2008; Fischereder et al., 2014]. Although little is known about the
physiological role of APMAP in arthropods, Dg-APMAP possibly plays important roles
in PRMs’ lives. In contrast, the acaricidal effects of plasmas from Dg-Ctrl-immunzied
chickens were observed from 7 or 8 days post-feeding, which were relatively later than
the effects of Dg-Cys, Dg-APMAP, and other vaccine candidates previously reported
[Bartley et al., 2012; Xu et al., 2020]. One possible cause is the transient downregulation
of Dg-Ctrl expression driven by the stimulation with copper ion present in the blood meal.
Previous reports have demonstrated that the expression of Ctrl in humans, yeast, and
Arabidopsis thaliana on the plasma membrane were decreased in response to copper
stimulation to strictly regulate copper homeostasis [Petris ef al., 2003; Liu et al., 2007; Li

et al.,2020]. Further studies on the regulation mechanisms of cell surface Ctrl expression
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in PRMs may help maximize the vaccine efficacy of Dg-Ctrl.

In ticks, mounting studies have suggested that combined treatment of antigens
augments the efficacies of vaccines [Almazan et al., 2012; Pérez-Sanchez et al., 2019;
Ndawula Jr and Tabor, 2020]. In the present study, the in vitro feeding assays using the
immune plasmas containing antibodies against Dg-Cys and Dg-Ctrl/Dg-APMAP
revealed that the combined treatment of immune plasmas could elicit acaricidal effects
even on adult PRMs, that did not respond to the single treatment of the immune plasmas
containing antibodies against each antigen. These data suggest that the combined
treatment of antigens can enhance vaccine efficacies. Importantly, the mixed immune
plasmas subjected to in vitro feeding assays contained half as much antibodies as those
present in the single immune plasmas against each antigen. Nevertheless, the acaricidal
properties of mixed plasmas predominated those of the single immune plasmas against
each antigen. These findings further support the outstanding potential of the cocktail
vaccine. Additional experiments, including evaluation of the minimal antibody titers of
each antigen required to exert acaricidal effects, are warranted to assess the potential of
the cocktail vaccine in more detail. Notably, previous reports have demonstrated that an
inappropriate combination of antigens potentially attenuate the efficacies of vaccine,
perhaps due to antigenic competitions [McKenna et al., 1998; Hope et al., 2010; Ndawula
Jr and Tabor, 2020]. Collectively, the combination of antigens must be carefully
considered, and antigen candidates should be continuously investigated.

Taken together, the results of the present study propose that vaccination with novel
antigen candidates, Dg-Cys, Dg-Ctrl, and Dg-APMAP could be an effective strategy to
control the number of PRMs in poultry farms, and moreover, the use of cocktail vaccine
including Dg-Cys has a great potential to enhance acaricidal efficacies of the vaccines. In
this study, however, variations in the antibody responses were observed among the
antigens as well as the individuals in the same group. Considering the practical
application, therefore, further experiments on the adequate dose, route, and adjuvant are
required to improve the immunogenicity and antibody response of each vaccine. In
addition, there were differences in SR and RC in control groups among the experiments,
making it difficult to compare the acaricidal efficacies of each antigen candidate. These
differences were probably due to the physical conditions of PRMs, including mechanical
damages during the transport to the laboratory and in vitro feeding procedures. Moreover,
while PRMs had an opportunity to feed blood during the in vitro feeding assay, PRMs
usually feed blood repetitively and has several opportunities to be exposed to antibodies
in the field. Thus, PRM-infestation trial using immunized chickens should be examined

to further evaluate the vaccine efficacies.

117



SUMMARY

Since current preventive methods of PRMs are insufficient, the development of
alternative control strategies is urgently needed. In recent years, vaccination has been in
the limelight as a novel method to control PRMs, and a growing number of studies have
reported antigen candidates for vaccines and their effectiveness. However, sufficient
efficacies of vaccination have not been observed in the field, and hence, antigens for more
effective vaccines should be explored.

In Chapter III, three novel antigen candidates of PRMs, Dg-Cys, Dg-Ctrl, and Dg-
APMAP, which were identified in the data obtained by the RNA-Seq analysis performed
in Chapter I, were characterized in vitro. Gene expression analyses revealed that mRNA
of each antigen was expressed in the midguts and ovaries, and in all life stages regardless
of feeding states. Importantly, PRMs fed on chicken-derived plasmas containing
antibodies against Dg-Cys or Dg-Ctrl showed the significant reduction in the survival
rate of nymphs, and immune plasmas of Dg-APMAP exerted an acaricidal effects on both
nymphs and adults. In addition, PRMs fed on plasmas from chickens immunized with
Dg-Cys exhibited a significant decrease in the reproductive capacity compared to those
fed on control plasmas. Furthermore, the combined treatment of Dg-Cys-immunized
plasmas with either Dg-Ctrl or Dg-APMAP-immunized plasmas augmented acaricidal
efficacies of vaccines, as represented by the increased mortality observed in adult PRMs.
These results suggest that Dg-Cys, Dg-Ctrl, and Dg-APMAP have potentials as antigens
for anti-PRM vaccine, and that the use of cocktail vaccines including Dg-Cys could be an
effective strategy to protect poultry sectors from PRMs. Further studies including PRM-
infestation trials using vaccinated chickens should be performed to evaluate vaccine

effectiveness in more detail.
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CONCLUSION

The invasion of the poultry red mite (Dermanyssus gallinae, PRM), a blood-feeding
ectoparasite of avian species, is a global threat to the poultry industry. Mass infestation
with PRMs causes various health problems in chickens such as anemia, resulting in
serious economic losses. Previous studies have shown that hematophagous arthropods,
such as ticks and mosquitoes, mitigate the host immune reactions, especially
inflammatory responses, by infestation. In addition, this immunosuppression can be
associated with pathogen transmission. Hence, it is important to elucidate the host
immunological states in infestation for the establishment of the control strategies not only
for parasitical burdens but also for transmission of infectious agents. However, immune
responses in chickens infested with PRMs have yet to be documented in detail.

Chemical acaricides, which are commonly used to protect the poultry sector from
PRMs, are usually ineffective, because PRMs rapidly develop resistance to acaricides.
Thus, the development of alternative control strategies for PRMs is urgently required. In
recent years, vaccination has come to draw a lot of attention as a novel method to control
PRMs. However, sufficient efficacies of anti-PRM vaccine in the field trials have not been
observed as yet, and hence, novel antigens for more effective vaccines must be
investigated to improve vaccination strategies.

The present study aimed to examine host immune responses against PRM-infestation
and to develop the vaccine as a novel control method for PRMs. To achieve them,
transcriptomes of PRMs in blood-fed and starved states were analyzed to scrutinize the
biological characteristics of PRMs. Next, chicken-derived transcripts detected in blood-
fed PRMs and the expression of representative genes associated with immune responses
in PRM-infested chickens were examined. Finally, novel candidate antigens for vaccines
were identified from the data of transcriptome analysis, and their potentials as antigens
for vaccines were evaluated.

Chapter I: The dynamics of gene expression profiles in PRMs in response to blood
feeding were examined. RNA sequencing (RNA-Seq) analysis using blood-fed and
starved PRMs revealed that the gene expression patterns of PRMs were dramatically
different between the feeding states. A gene ontology enrichment analysis showed that
the expression of genes associated with metal ion binding was higher in blood-fed PRMs,
suggesting that the uptake, storage, or detoxification of metal ion are promoted in
response to the ingestion of host blood-derived ions. Additionally, genes involved in
energy synthetic and metabolic processes were more frequently expressed in blood-fed
PRMs, whereas starved PRMs predominantly expressed the genes related to metabolism
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in the absence of sufficient nutrients, including autophagy and gluconeogenesis. These
data are informative to search for the targets of novel control methods for PRMs as well
as to investigate the physiology of PRMs in detail.

Chapter II: Immunological states of chickens infested with PRMs were explored.
RNA-Seq analysis performed in Chapter I and the analyses using peripheral mononuclear
cells (PBMCs) and plasmas collected from PRM-infested and non-infested chickens
revealed that a pro-inflammatory C-C chemokine ligand 4 (CCL4) was highly expressed
in peripheral blood of PRM-infested chickens. In contrast, no difference was observed in
the expression of Thl and inflammatory cytokines between infested and non-infested
chickens. Meanwhile, the expression of anti-inflammatory cytokines and other molecules
related to immunosuppression, such as immune checkpoint molecules, were higher in
PRM-infested chickens. Additionally, the expression of C-C chemokine receptor 5, a
receptor of CCL4, was decreased in infested chickens. These results suggest that the
chronic infestation by PRMs suppressively modulate host immunity during infestation.
Besides, PRM-derived molecules (soluble mite extract: SME) attenuated inflammatory
responses in chicken immune cells, especially macrophage-like cells, in vitro, as
manifested by the decreased expression of inflammatory cytokines and by the
polarization into M2-like phenotype. Importantly, the expression of interferon-a, which
plays a central role in the innate immune response, was also decreased in chicken immune
cells exposed to SME, suggesting the contribution of PRM-infestation to pathogen
transmission.

Chapter III: Three antigen candidates for vaccines, a cystatin-like molecule (D.
gallinae-cystatin: Dg-Cys), a copper transporter 1-like molecule (D. gallinae-copper
transporter 1: Dg-Ctrl), and an adipocyte plasma membrane-associated protein-like
molecule (D. gallinae-adipocyte plasma membrane-associated protein: Dg-APMAP),
were identified from the data obtained by RNA-Seq performed in Chapter I, and their
potentials as antigens for vaccines was evaluated. Gene expression analyses revealed that
mRNA of each candidate gene is expressed in all life stages of PRMs regardless of the
feeding states, and expressed in the midguts. Next, the potential of each candidate
molecule as antigens for vaccines was assessed in vitro by monitoring the acaricidal
effects on PRMs fed on plasmas from chickens immunized with recombinant proteins of
each molecule. All the plasmas tested exerted acaricidal effects on PRMs, and in addition,
PRMs fed on plasmas from chickens immunized with Dg-Cys exhibited a significant
reduction in the reproductive capacity of PRMs. These results suggest that vaccines
targeting Dg-Cys, Dg-Ctrl, and Dg-APMAP could be effective to control PRMs.

Furthermore, the combined treatment of the plasmas containing antibodies against Dg-
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Cys and either Dg-Ctrl or Dg-APMAP elicited higher acaricidal effects than those of
single plasmas against each antigen. These results propose the great potential of the
cocktail vaccine including Dg-Cys as a novel control method for PRMs.

In conclusion, this study characterizes the transcriptomic profiles of PRMs in each
feeding state, and demonstrates that the host inflammatory responses are attenuated by
PRM-infestation. Moreover, anti-PRM vaccine targeting Dg-Cys and Dg-Ctrl or Dg-
APMAP exerts significant acaricidal effects on PRMs. These findings could provide
informative evidence for establishing novel control strategies for PRMs as well as
understanding the impacts of PRM erosion on affected chickens. Further studies are
required to clarify the association of PRM-infestation with pathogen transmission and to

corroborate the efficacies of the vaccines to apply anti-PRM vaccines in the field.
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SUMMARY IN JAPANESE
MXEE

T 2% (Dermanyssus gallinae) 1Z=" N%ZE T SRAICTHFAEL TRIMEZITHIZ =D
—FETHY., BARZG LR PICHAMAL TS, VZ7EICEE RSN Z=U’NiX
BIMSCEINRDIK F a2 2L, EEEOFEUVE T2, U7 LR UL Mt st
EFARTHL~H =RWUZ I T, W IR IZRE & 70 A48 BRTE M) B 2 HEHR 11T
TUWTHZET, 18 EDOAMMISEZIHIRNTEH L THDZENHBN TS, ZOX
7RG PZ HNHN IR AR DA 015 £ D Gy AT BI B L TV a2 e s TR
0 A A AR T A O RN 7o 9t TN 2 TRYSIE Y A DR | R 72
WELEZL I ZF T REME N DD, L2 > T EICEDFANE FhaEin b
2 DB ERI T 5 L%, BEBTE T WM E 725 QNI GIE O Hil & /R 5
TAHETEHETHS, LLENDS, UZEDFEICKTH=U RN OGEISZIC B4
DRERR N RITZ L,

BUE, BEGICBI DU 7 ORI EICERS =HIN VWL, Ll HA
(LD A FEY) LB EE D5 Ye o A it T 7 0 HER S SRR & 7> TR,
B 2B ERiE O R RCLE ENTWD, [RCRIMMHEOE R Tho~HF =128
WTCIE, 7T B HWTEBRENE IR R L, FEAEFEBS COERFINHSN
TV, ITHE, DI7EIZH T DHEBGBRIEEL T, hivX =0 o F o2 n LT hiv 7€
TIFUMERSNTEY, X U7l RY VB EHIREL THW T 7T
RERICEBW T EDOTY 7B ENHESNTND, LU NLE /AR IZ VT
Fe TR R TV T PRI S SN TRLT, JIV VBT FUALRTEEM
BIZE S TR, D72 LV 7TV 7 F AL AHENEZ BN T 572012138
FN720 7 F L HURDRR A R THD, JLU 7 ET I F AL, RIEBITIVELES
NI F PRI T HHURDR MR T 7 EBICHRDIAENAZETH Y 72 R %
FIET L0 DI F R EL IR IR IS B WA R T FRLEEL, £D
FO72 0y T a2, K OMfEICIER 35720101, BIs FRBEE LU 7EDL
W) B R W MR BE RS B T A2 B TH D, LU, Wi K OMILARK
IRBIZBIT DB IaF IO B OV IR S TR,

AR TIEY 7 DORINAME F I RIF T HEL LRI 3228 R URhE
W72 BLT 7D I F o DFEMPUREREE T 522 HREL T, £ WIRRER DT~
FDITU ATV T b= DM 24T T2, IRIT, U7 EI5 YL S K Q75 YR 35 H Sk D
=URNIINSIMREM L, V7 EDFENME EDOGRIZINE G2 DR BRI LT,
SIHIT, NI ARZ T = MR OFERZS LY 7 F o Bus el 7 2 RIEL .
in vitro \ZEBITHMARIEAT LD 7 F U BUREL COH MO FIEIT -T2,
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51 i & MUK T 784 iz RNA O — 7V AIZED AWK ED T 7
DIT A7V T b Lz R AT LRGSR R LIC KDY 7 DB AR+ FE 8L 37— )8
KESLEETDHIENHALI 25T, Gene ontology fEHT DL G, WM ARRED T 7 ET
XEBAA L OFREEIZEAT 2B F 0 mAE THRIELTRY, =UMNMEFICEE
ND&BAT L O, Irjek ., £ IER N TUE ST 22 LRSS, 2%
MY 7ETiE ATP RN 08 n T DR BB Em—T5 . HLERKRED
U7 TR HoA— T 77— BB o8 s T RE O R B m S
OB,

5 2 B U7 EOWRIMITK D18 E0EISE O 21T 272, 5 1 mTITo72
MY 7 E4 e RNA & —7 o ZATRLZ=Y N HRIB R O, S6ICU 7%
15 Y% R M O BTG YL 35 R D =D NUDSBAR T LR 2 7 v 2 T R AT i S
B, UZEIZN IS 2=D N ORI ML CIIRIEMEE A C-C chemokine ligand
4 (CCL4) DIEFIZEIBHL TWDBZENHALNE/ o7, — 7, Thl AR A R
RIEVEF AT AL OFRBUITZAITIRD BN o T, ZHUTH U THRIEME A
NIA LR IR T =y I IRA L N F 72 E O IEIHIR 12D TG Yo 5 ok
D=URIZBWTIEFIZE WL RO LN, 2, CCL4 OZEKTHD C-C
chemokine receptor 5 (TG YR H KO =T N) TIRWREEEZ R LTZ, ZD7=dH, T
BRI REE SN2 =T NS IR ICH DL RIRS Tz, IRIC, =D
N DGl a Y 7R E RN (SME) 7175 F CREELIZEZA, Frit~
a7 7 — IR I T D RIEME Y A A L BARFOFRBIBME T L, SHIZ M2 £k
a7y —YDx—H—B T OFRBN LA TLZLIREN, UL EXEY U sE
MR F IS EAEANC =D N O S IS 2 Il IR E 2 2 &R s iz, &6
(2. SME THIFHL /=502 MIdIZ I T B ARSI E S D e el 0o A &
— 728 aDFEBPME T LI2ZEn D, V7 EOWIMDME £ O L) YA F 5L T
LA REMEDS RSN,

53 F 1 ET{Tot RNA TV ADRERE I AZF 44571 (D.
gallinae-cystatin: Dg-Cys)., $il A 4> 87 AR — &% —4§k 431 (D. gallinae-copper
transporter 1: Dg-Ctrl), & O} adipocyte plasma membrane-associated protein 471
(D. gallinae-adipocyte plasma membrane-associated protein: Dg-APMAP) O 3 ffiZH%
[FIE LTz BARF RIS OM R, WTNOBM T FbU 7 EDRTDRFTAT —
DTRIMAREEZ DO TR ELL TRV, Wil Sn 7 MK TS D T IR ELL
TWBTEDIRENTZ, RIS G+ OMIAR 7 B2 0 fE LT =T NI b 1%
TS AT 7B ICRIMSEDLZE T, PV BN RO A 2T o7, TORER, W
FTNOREMIEZR M L7ZD 7E Th R R L X TEFEROIE T @06
72, BT, Dg-Cys O MAEZ W ML 7=V 7 & Tld, BIHRE MK T L7, Zibo
fi R0 AR TRIE L 3 TS F OV IF AHUREL TOH AMEIVRIZS L
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720 EHIZ, Dg-Cys O IMAEE Dg-Ctrl F7-21% Dg-APMAP O 4 Lk A5
WIRA MIEIC LD 7 e R RAELT- 22 A, BT s =54 L
PBG L TR = R OHR A FEO LT, LA EXY | Dg-Cys &3 LoD A #H
BB I T NI IF 5, U7 E KT o8 BBIRELL TERTHL ]
REMEDREITE,

AT TR MARRER DT 7 DBEE T IHEHREALNIIL, £V 7EIZLDR
M.73ME E DR IS B 2T 52N RIBEI NIz, SHIZ Dg-Cys, Dg-Ctrl, 2 U Dg-
APMAP ZIENELT-PIV IR T ITF v SOLIZENGEMAR ORI I T NI I TF
S, BN WD 7B HIEEL 720G L 2 LR Uz, S RITERN T EETT VEHD
LZETU I EDIRIFARDEAINZ 52 D5 BR0Z D5y B Z RE 22812 A,
T % W=D 7 F o ORERRBRZ T ARAFIEE FL U= J R o 2h B a
FOFEMIZFHE T 2L E R B D,
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