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ABSTRACT

Adult female sand flies are the vectors for the medically important protistan
Leishmania spp. It is known that Leishmania develops within the midgut of
Phlebotomine sand flies, however, very little research exists pertaining to the immune
response and physical effects of Leishmania infection within the sand fly. We have
studied two interlinked aspects of the sand flies response to the parasite; immune
response and gut cell proliferation. This is a vital area for research as a detailed
understanding of the Leishmania -sand fly relationship could potentially aid the

prevention and control of leishmaniasis.

To explore the immune response of sand flies to Leishmania infection two immune
genes were investigated. The Protein Inhibitor of Activated Stat (PIAS), which plays a
major role as a negative regulator of JAK/STAT, and Dual Oxidase (Duox),which
plays an important role in infection-induced reactive oxygen species (ROS)
generation in insects including sand flies. Quantitative real-time PCR (qPCR) was
utilised to measure relative gene expression of the two genes. Gene expression for
Leishmania-infected blood-fed flies were conducted for various time points and
entomopathogenic bacteria Serratia marcescens was used for comparison. There was
no significant difference in PIAS and Duox expression in Leishmania or Serratia
infected flies. However, Duox and PIAS expression showed a significant increase at
48 h after blood feeding regardless of being infection or uninfected. The potentially
pivotal role of PIAS and Duox in maintaining gut homeostasis during blood digestion

is discussed.

The physical response of the gut towards Leishmania infection, measured by midgut
epithelial cell proliferation was also investigated. Anti-phosphohistone3 (PH3)
antibody was used to assess midgut cell proliferation within sand flies after

iv



Leishmania or Serratia infection. Cell proliferation was significantly different
between all life stages investigated, with a peak percentage in newly emerged adult
females. There was an increase in cell proliferation after Leishmania infection in
contrast to Serratia infection which resulted in a decrease in cell proliferation. It is
likely that damaged gut cells due to parasite attachment are replaced via cell
proliferation. It is suggested that Serratia infection may actively prevent cell
proliferation alternatively the extent of intestinal stem cell (ISC) damage may be

prohibitive to cell proliferation.

Risk assessment relies on accurate information on the vector-disease relationship and
surveillance. Surveillance plays an important role in vector control programs.
Therefore, access to affordable and efficient surveillance traps and diagnostics is
necessary. A diagnostic tool, InBios CL strips, has proven to be an efficient means to
identify cutaneous leishmaniasis at the clinical level. The ability to utilise this tool to
identify Leishmania infected flies within the field would be greatly beneficial to sand
fly control programs. The present study found that CL strips can detect Leishmania
within a single infected fly. The efficiency of the strips to detect Leishmania in pools
of flies was variable, depending on number of infected flies and day post infection.
Only 75% of strips gave a positive detection in pools of 10 flies. Additionally, only
75% of infected flies 2 - 4 days post infection were detected with the CL strips. It
was concluded that the CL strips, as currently presented, are not sensitive enough for
detection of a Leishmania infection in a single sand fly. The potential for further

development of these strips are discussed.



CHAPTER 1

Introduction

1.1. Leishmaniasis

The medically important disease leishmaniasis is caused by protistan parasites from
the genus Leishmania, subsp. Leishmania and Viannia, whose natural vectors are
Phlebotomine sand flies (Diptera, Psychodidae: Phlebotominae). The Leishmania
parasite is categorized in the class Kinetoplastidea as they possess a structure known
as a kinetoplast, a characteristic form of mitochondrial deoxyribonucleic acid
(Shlomai, 2004). The parasitic forms of this class are placed in the order
Trypanosomatida, of which Leishmania is one of them (Fig. 1.1.). Another fellow
trypanosomatid similar to Leishmania is the medically important parasitic
Trypanosoma species; the causative agents of African sleeping sickness

(Trypanosoma brucei) and Chagas disease (Trypanosoma cruzi) (Bates, 2006).

Leishmania species have two main forms, an amastigote and promastigote stage, that
are found in the mammalian and insect host respectively (Bates and Rogers, 2004).
The amastigote stage is a small eukaryotic cellular organism ranging from 3 — 5 um in
size and is ovoid in shape. They have a short flagellum that does not extend past the
cell body and is non-functional. The promastigote stage is a larger elongated cell
which ranges in length from 5 — 15 um. This stage is motile and the flagellum extends
beyond the cell wall. The flagellum is situated at the anterior end of the cell and
functions by pulling the cell body behind it. It is the metacyclic promastigote stage
within the sand fly which is infective to humans and transmitted when the insect

blood feeds.
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number of cases is thought to be under-reported as only two-thirds of the countries
have incidence data for a five-year period (Desjeux, 2004, Alvar et al., 2012, Pigott et
al,, 2014). Additionally, leishmaniases are ranked as the leading neglected tropical
diseases (NTD) in terms of morbidity and mortality with 50,000 deaths reported in
2010 (Alvar et al., 2012, Lozano et al., 2013, Pigott et al., 2014, Murray et al., 2014).
The leishmaniases burden as expressed in disability-adjusted life years (DALY) is
estimated at: 3.3 million DALY (Alvar et al., 2012, Murray et al., 2014, Pigott et al.,

2014, Hotez et al., 2014).

Leishmaniasis is often described by the clinical symptoms that manifest upon
infection: cutaneous, mucocutaneous and visceral. Although leishmaniasis is found in
many countries, cases of the cutaneous form are most often reported in the Middle
East and South America (Desjeux, 2004, Hotez et al., 2014, Pigott et al., 2014).
Cutaneous and mucocutaneous leishmaniasis manifests as mild to severe skin lesions.
Cutaneous leishmaniasis (CL) lesions tend to be self-healing in immunocompetent
people but in the more severe form, recidivans leishmaniasis, it can be very difficult
to treat and can lead to disfiguring scars (Desjeux, 2004, Murray et al., 2005).
Mucocutaneous leishmaniasis (ML) are highly disfiguring, attack the mucosa, are not
self healing and will spread from the mouth and nasal cavities to the pharynx and

larynx (Desjeux, 2004, Murray et al., 2005, Marra et al., 2014).

Visceral leishmaniasis (VL), which is less common than the cutaneous form, is a
systemic infection that causes fever and often enlargement of the liver. The parasites
may also infect bone marrow sites and may be found in almost any organ in advanced
cases. If left untreated it is often fatal (Desjeux, 2004). Although leishmaniasis is a

worldwide vector born disease, close to 90% of visceral leishmaniasis is found in



poverty stricken areas in Bangladesh, India, Nepal, Sudan and Brazil (Desjeux, 2004,

Pigott et al., 2014, Hotez et al., 2014).

Leishmaniasis is considered a neglected tropical disease (NTD), along with diseases
such as, trypanosomiasis, Chagas disease, onchoceriasis, schistosomiasis, and dengue.
When viewed together, the NTDs have a substantial impact on global health, and
increasing evidence supports the idea that the NTDs are as much a burden on the
health of the poor as HIV/AIDS, tuberculosis, or malaria (Hotez et al., 2007a, Hotez
et al., 2008, Hotez et al., 2014). The NTDs are often grouped together as many of
them occur in the same locations in impoverished areas. Additionally, there is a
history of co—morbidity within NTDs and with other diseases (Hotez et al., 2007b). In
many areas, such as Africa, it is often found that many people in the population are

polyparasitised (Hotez et al., 2007b).

In the case of leishmaniasis, the burden of disease has risen considerably with co —
morbidity reported between leishmaniasis and HIV/AIDS patients (Hotez et al.,
2007b, Okwor and Uzonna, 2013, van Griensven et al., 2014). It is common that
patients infected with HIV are more prone to develop clinical VL than patients
without (Okwor and Uzonna, 2013, van Griensven et al., 2014). The co — morbidity of
VL and HIV was most striking in southern Europe, where 50 — 60% of VL cases were
also co — infected with HIV (Desjeux and Alvar, 2003). The co — morbidity of
HIV/leishmaniasis in these cases has also been linked as a contributing factor to the re
— emergence of VL in southern Europe (Desjeux and Alvar, 2003, van Griensven et
al., 2014). Additionally, in locations such as eastern Africa where diseases such as
HIV/AIDS, malaria, and NTD are widespread it is very common to see patients with

multiple diseases. Around 25 — 40% of people with VL are also infected with



HIV/AIDS (van Griensven et al., 2014, Hotez et al., 2006, Hotez et al., 2007b, Hotez

et al., 2014).

The health burden of leishmaniasis has also increased in recent years due to the higher
fequency of travel and increasing number of military conflicts around the world. An
increase in leishmaniasis cases has been reported on military bases in Iraq which has
lead to loss of duty time and an increase in hospitalization (Weina et al., 2004, Elston
and Miller, 2004, Aronson et al., 2006, Coleman et al., 2006). Increased incidences of
leishmaniasis were also observed during the civil conflict in Colombia and was
referred to as a disease of guerrilla warfare in the media (Beyrer et al., 2007). Of the

cases reported, 25% were from military personnel (Beyrer et al., 2007).

The increase of leishmaniasis cases in recent years contributes a significant impact to
overall global health. Many NTDs occur in the same area and share similar control
strategies: 1) monitoring for and treating individuals with the disease, and 2) control
strategies for the vector and/or the disease agent (Hotez et al., 2007a, Hotez et al,,
2007b). Finding novel ways to control NTDs, such as leishmaniasis, is essential for

increasing health globally and reducing the economic burden from these diseases.

1.1.1. Diagnosis and treatment of leishmaniasis

Typically diagnosis is confirmed by presence of symptoms and visualization of the
parasite. The standard diagnosis for visceral leishmaniasis is the microscopical
identification of the parasite in Giemsa-stained smears of tissue, often from bone
marrow, lymph node or splenic aspirates (Guerin et al., 2002, Sundar and Rai, 2002,
Faber et al., 2003, Singh, 2006, Chappuis et al., 2007, Srivastava et al., 2011).
Serological tests using antibody-detection or antigen-detection is also used for clinical

diagnosis (Sundar and Rai, 2002, Guerin et al., 2002, Davies et al., 2003, Chappuis et



al.,, 2007, Srivastava et al., 2011). There are a number of specific serological tests
available for detection of antigens and antibodies including the indirect fluorescent
antibody test (IFAT), enzyme linked immunosorbent assay (ELISA), immunoblotting,
direct agglutination test (DAT), immunochromatographic strip test (ICT) and an
antigen detection test (Chappuis et al., 2007, Davies et al., 2003, Srivastava et al.,
2011). With the discovery of Leishmania specific sequences and the increasing
sensitivity of molecular techniques, molecular diagnosis for leishmaniasis is
becoming more common. The most common molecular diagnostic currently in use is
polymerase chain reaction (PCR) (Faber et al., 2003, Reithinger and Dujardin, 2007,
Srivastava et al., 2011). There are various PCR formats in use, although the most
common is conventional PCR in which PCR amplicons are cleaved with restriction
enzymes, and resolved with gel electrophoresis (Faber et al., 2003, Reithinger and
Dujardin, 2007). PCR methods in which the amplicon is visualised during
amplification (real — time PCR or quantitative PCR) after staining with fluorescent
dyes or probes, such as SYBR — green or TagMan, is slowly becoming more common

(Reithinger and Dujardin, 2007).

For many years the drug of choice for both cutaneous and visceral leishmaniasis were
pentavalent antimonials but slowly they are being replaced with drugs like
Miltefosine, Paromomycin and liposomal Amphotericin B (Gradoni et al., 2008, Croft
et al., 2006, Lopez-Velez, 2003). This change in drug use is necessary for locations
where there are large incidences of resistance to antimony, such as in India, or
combination therapy is required to prevent future cases of resistance (Davies et al.,
2003, Croft et al., 2006). Co-infection of HIV and leishmaniasis makes treatment
difficult as HIV-positive individuals do not respond as well to any leishmaniasis

treatment drug (Davies et al., 2003, Chappuis et al., 2007). The advent of highly



active anti-retroviral therapy (HAART) treatments has helped by reducing cases of
co-infections by preventing Leishmania infantum infections progressing to the

symptomatic stage from the asymptomatic (Lopez-Velez, 2003).

1.1.2. Transmission of the Leishmania parasite and epidemiology of leishmaniasis
The main mode of transmission of Leishmania is by the bite of the female sand fly.
Female sand flies ingest Leishmania parasites when they take a blood meal from an
infected individual. The infective stage of the parasite (metacyclic promastigotes) is
then transferred to a new vertebrate host during a subsequent blood meal (Bates,
2007). However, there is a high occurrence of leishmaniasis amongst intravenous
drug users (IVDU), suggesting that Leishmania may be transmitted via contaminated
syringes (Cruz et al., 2002, Desjeux and Alvar, 2003). Supporting this theory, the
finding by Cruz et al. demonstrated the existence of Leishmania DNA in blood found
within the syringes used by IVDU (Cruz et al., 2002). The parasite is then
phagocytosed by macrophages within their new mammalian host. Once within the

macrophage they transform into amastigotes and multiply by simple division.

There are various reservoir hosts that can harbour the Leishmania parasite, including
rodents, marsupials, monkeys, domestic and wild canids (Ready, 2010) but the
reservoir host with most veterinary importance are domestic dogs. Many countries
have various control strategies for reservoir animals including prophylactic drugs,
treatment of the parasite, and in some cases, culling of animals (Desjeux, 2004,

Ready, 2010).

The transmission cycle of leishmaniasis is a classic example of anthropozoonosis,
where a majority of cases have a zoonotic origin; but cases have been recorded of

Leishmania donovani having transmission from human to human (Banuls et al.,



2007). There are three distinct transmission cycles in leishmaniasis: a sylvatic cycle
where human transmission is incidental with a majority of cases occurring in the wild,
e.g. Leishmania braziliensis; a peridomestic cycle where the reservoir host is a
peridomestic or domestic animal where a sand fly transfers the parasite from an
animal to a human, e.g. L. infantum; and strictly anthroponotic cycles where the
parasite is transferred from one human to another by a sand fly, e.g. L. donovani

(Banuls et al., 2007).

1.1.2.1. Leishmania life cycle within a vertebrate host

Amastigotes live in the phagolysosomes of mammalian macrophages. The particular
macrophage that is parasitized depends on which clinical disease is being manifested.
In cutaneous forms, the skin macrophages are parasitized, while Kupffer cells in the
liver are parasitized in visceral forms of the disease (Duarte and Corbett, 1987, Elhag
et al., 1994, Bates, 2006, Kaye and Scott, 2011). The parasites multiply within the
macrophage, producing dozens of amastigotes. The exact mechanism by which the
parasites escape the macrophage is unknown, although it is possible that the
macrophage simply lyses once there is no more room for additional parasites (Fig.
1.2) (Handman and Bullen, 2002, Bates, 2006, Kaye and Scott, 2011). Once they

leave one macrophage, they invade another where they can multiply again.
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1.1.2.2.Leishmania life cycle within its invertebrate host

Leishmania parasites are transmitted between mammalian hosts by an invertebrate
vector known as a Phlebotomine sand fly. However, there is recent evidence
suggesting the possibility of alternative insect vectors. In Australia, a species of midge
(Diptera: Ceratopogonidae) was implicated as the vector of a Leishmania parasite
found in red kangaroos (Dougall et al., 2011). Leishmania have also been detected in
culicoides and in ticks (Dantas-Torres et al., 2010, Slama et al., 2014). A majority of
Leishmania parasites (subgenus Leishmania) are suprapylarian, where development
within the insect is restricted to the midgut. Some New World species (subgenus
Vianna) are peripylarian, where the parasite migrates to the hindgut before migrating
to the midgut. The majority of research on Leishmania parasites has been carried out
on suprapylarian species. Once in the sand fly host the Leishmania parasite is

restricted to the insect’s digestive system.

Female sand flies need to acquire a blood-meal for the production of eggs. The female
sand fly becomes infected when feeding from an infected animal. The amastigotes are
taken up by the sand fly within the blood meal and are surrounded by a peritrophic
matrix within the gut. Once inside the gut, the sand fly digestive enzymes breakdown
the blood-meal for nutrients and the amastigotes are released from the macrophages
where they quickly differentiate into their promastigote form. The promastigote form

is elongated, the flagellum extends and the parasite is motile.

The promastigotes go through a series of developmental stages within the sand fly,
starting with the procyclic and eventually ending at the metacyclic promastigote at the
end of their developmental period (Fig. 1.3) (Rogers et al., 2002). The procyclic

promastigotes are the first stage that develop within the blood meal and multiply
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within the peritrophic matrix (PM) (Kamhawi, 2006). The procyclics transform to the
larger, slender forms of the nectomonads whose primary function may be to escape
the PM facilitated by their ability to secrete chitinase (Schlein et al., 1991, Shakarian
and Dwyer, 2000, Kamhawi, 2006). After 3-4 days, the peritrophic matrix is broken
down and the parasites are released throughout the insect gut. The leptomonads arise
from the nectomonads and they are the stages that undergo the second multiplication
cycle in the fly (Rogers et al., 2002, Gossage et al., 2003, Bates and Rogers, 2004).
The leptomonads also form a promastigote secretory gel (PSG) that envelops both
leptomonad and metacyclic forms in the anterior midgut (Fig. 1.4.) (Rogers et al.,
2002). Two forms of promastigotes are found around the stomodeal valve, the
haptomonads and metacyclics (Fig. 1.4) (Kamhawi, 2006). The haptomonad precursor
form is still unknown (either nectomonads or leptomonads) but they are highly
specialized and form a parasite plug at the stomodeal valve (Kamhawi, 2006).
Metacyclics which arise from the leptomonad forms, are found behind the stomodeal
valve and are the infective form of the promastigotes (Rogers et al., 2002, Kamhawi,

2006).
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infected sand flies, Leishmania parasites in the cardia region with the PSG plug are
found to extend to the oesophagus past the stomodeal valve which is now held open
(Rogers et al., 2002). The PSG is a commonly observed feature in the infected sand
fly (Walters et al., 1989, Lawyer et al., 1990, Rogers et al., 2002) and most likely
interferes with blood feeding. The Leishmania parasites have been found to cause
sand flies to probe more often which is believed to aid parasite transmission (Killick-

Kendrick, 1999, Rogers et al., 2002, Rogers et al., 2004, Bates, 2008).

Once free of the PM, parasites of the subgenus Leishmania migrate anteriorly in the
gut, attaching to the midgut epithelium, the stomodeal valve and foregut, and then
embed themselves in the PSG plug in the anterior midgut (Rogers et al., 2002).
Parasites in the subgenus Viannia initially move backward in the gut, attaching to the
cuticular surfaces in the hindgut (Lainson et al., 1987, Bates, 2006, Kamhawi, 2006).
They multiply there until eventually migrating forward to the anterior midgut and
foregut. After 1 —2 weeks, promastigotes of both subgenera are found in the anterior
midgut and foregut. It is from here that the promastigotes will be regurgitated from

the sand fly to their new host.

1.1.3. Management and control strategies for leishmaniasis

The main strategies of control for leishmaniasis are early diagnosis and treatment,
reservoir host control and vector control. In the case of VL, early diagnosis and
treatment is essential, not only for the health of the individual, but untreated VL
patients can act as reservoir hosts (Boelaert et al., 2000, Desjeux, 2004, Chappuis et
al., 2007). Control of reservoir hosts may prove to be particularly difficult. One of the
largest animal reservoirs in the Old World includes rodents. Control of rodents largely
depends on destruction of their burrows, leaving out pesticide treated grain and

destroying their local food sources (local vegetation) (WHO, 2010). Domestic dogs
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are one of the largest animal reservoirs worldwide. Control of canine leishmaniasis
(CanL) is therefore highly important. There are many strategies for preventing CanL
such as spot-on insecticide treatment to dogs, the use of insecticide impregnated dog
collars, the use of vaccines and dog culling (Otranto and Dantas-Torres, 2013). The
use of insecticides and repellents on the dog via spot-on formulations or impregnated
dog collars has shown potential in controlling CanL (Maroli et al., 2001, Killick-
Kendrick et al., 1997). A vaccine for CanL has also been found to give 92%
protection in the field (Borj-Cabrera et al., 2002). The practice of culling dogs,
although having been used for many areas, has not been particularly effective in

controlling CanL (Nery Costa, 2011).

Vector control focuses mainly on adult sand flies as larval breeding sites are still
relatively unknown (Ready, 2013). There are a number of techniques used for the
control of adult sand flies. The most common used techniques for vector control are
residual sprays, space sprays, barriers such as bed nets, topical repellents and treating
of reservoir host burrows (Claborn, 2010). The residual sprays are most often long
lasting insecticides sprayed onto surfaces, such as interior walls. Conversely, space
sprays are typically fog or fine droplets of insecticide dispersed within an area to
control insects and do not have a residual effect (Claborn, 2010). Each of these
strategies has varying efficacies depending on the areas that they are implemented, for
example space spraying is not as effective in highly forested areas where insects may

be protected by foliage.

The use of residual sprays on residential structures to reduce sand fly populations and
protect the residents was found to be effective in areas within, for example, the
Peruvian Andes (Davies et al., 2000). Conversely, both this technique and the use of

space spraying were found to be ineffective on American military bases in Iraq
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(Davies et al., 2000, Colacicco-Mayhugh et al., 2011). Many factors contribute to the
success of residual and space spraying as a control strategy. Environmental factors,
such as heat, radiation and dust, reduces efficacy of both residual and space spraying
(Orshan et al., 2006, Ready, 2013). Additionally, there have been worries about the
increase of pesticide resistance. The use of insecticide-treated nets (ITNs) is becoming
a popular choice as they have been found to be effective, relatively inexpensive and
are sustainable (Alexander and Maroli, 2003). Most bednets are treated with a
pyrethroid insecticide which have low mammalian toxicity, low volatility and show
high insecticidal activity (Alexander and Maroli, 2003). But the close mesh size
required for preventing sand fly ingress can create an uncomfortable climate within
the net for the occupant. This method of sand fly control is particularly effective in
communities close to forested areas and where sand fly resting sites are unknown

(Alexander and Maroli, 2003).

There is little information on the biological control of sand flies. The diverse range of
sand fly breeding habitats makes application of biolarvicides difficult. Yet research
has found a number of organisms that cause mortality in both adult and larval sand
flies, including nematodes, bacteria and fungi (Kishore et al., 2006, Sharma and
Singh, 2008, Amora et al., 2009). De Barjac and co-workers, were the first to
demonstrate the role of Bacillus thuringiensis var. israelensis in the control of larvae
of both Phlebotomus papatasi and Lutzomyia longipalpis (De Barjac H et al., 1981).
Also, Robert and co-workers successfully demonstrated that Bacillus sphaericus
could be used in the control of Phlebotomus sphaericus in Kenya (Robert et al.,
1997). Research has demonstrated that an entomopathogenic fungus, Beauveria
bassiana, is pathogenic to both P. papatasi and L. longipalpis (Warburg, 1991,

Albano Amora et al., 2009). Additionally research with Metarhizium anisopliae
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demonstrated increased mortality in adult sand flies along with decreased fecundity in
female flies (Albano Amora et al., 2010). Unfortunately M. anisopliae was ineffective

against sand fly eggs and larvae (Albano Amora et al., 2010).

1.2. PHLEBOTOMINE SAND FLIES.

Of the approximately 900 species of sand flies that have been described, only about
70 have been implicated as competent vectors of Leishmania (Ready, 2013). There
are two genera of sand flies that are vectors: Phlebotomus in Eurasia and Africa, and
Lutzomyia in the Americas (Lane, 1993). These two genera are often referred to as

Old World or New World sand flies, respectively.

Sand flies are generally classified in the family Psychodidae and further into the
subfamily Phlebotominae. As other insect species are often colloquially referred to as
sand flies, such as biting midges (genus Culicoides) and black flies (family
Simulidae), the Leishmania vectors are often referred to as Phlebotomine sand flies.
They are distributed throughout the tropical, subtropical and temperate regions

(Lewis, 1971, Lane, 1993).

1.2.1. Sand fly biology

Sand flies are small insects, rarely exceeding 3mm in length. There are three major
characteristics that identify sand flies: at rest, sand flies hold their wings at an angle
over their body, they are hairy, and when coming for a blood meal they typically hop
on the host before settling down for a blood meal (Killick-Kendrick, 1999). The
majority of sand flies are crepuscular, feeding mainly at night, but a few species have

been known to be diurnal. The majority of sand fly species are exophilic and
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exophagic, meaning they prefer to rest outdoors during maturation of eggs and tend to

bite preferred hosts outdoors (Killick-Kendrick, 1999).

Both male and female sand flies feed on natural sources of sugar, both plant-derived
and insect-produced honeydew (Schlein and Warburg, 1986, Moore et al., 1987,
Miiller and Schlein, 2004, Junnila et al., 2011). The majority of female sand flies need
to partake of a blood meal in order to develop eggs. Some species of sand fly are
autogenous, able to produce eggs without a blood meal (Elkammah, 1973) and one
rare tropical species of sand fly has been found to be both autogenous and

parthenogenic (Oliveira et al., 1994).

The number of blood meals taken per gonotrophic cycle varies between sand fly
species. Some species will only feed once for each batch of eggs produced while
others will feed a number of times over different days (Killick-Kendrick, 1999). More
frequent feeding increases the likelihood of transmission of leishmaniasis. Female
sand flies are telomophagic; they are pool feeders, piercing the skin about six times
deeper than the epidermis and into the dermis so that a pool of blood forms from

which they can feed (Shortt and Swaminath, 1928).

Female sand flies inject saliva when they bite their hosts. The saliva has been found to
have various compounds that can give rise to an allergic reaction around the area of
the bite in certain individuals. Some research suggests that certain elements in sand
fly saliva may be beneficial to the establishment of Leishmania at the site of the bite
(Titus and Ribeiro, 1988, Samuelson et al., 1991, Theodos et al., 1991), and may be
immunosuppressive (Theodos and Titus, 1993). Research conducted with L.
longipalpis saliva indicates that it may enhance Leishmania infection as measured by

lesion size, parasite burden and the outcome of infection (Samuelson et al., 1991,
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Warburg et al., 1994, Lima and Titus, 1996). Lerner and co-workers, isolated the
vasodilate maxadilan from L. longipalpis saliva. They documented that maxadilan
was 500 times stronger than the previously strongest vasodilator known, calcitonine
gene related peptide (CGRP) (Lerner et al., 1991). Research with maxadilan indicates
that it exacerbates Leishmania infection (Morris et al., 2001). Additionally, mice
vaccinated against maxadilan were protected against infection with Leishmania major
(Morris et al., 2001). The saliva of L. longipalpis has also been found to suppress T-
cell proliferative response in sheep blood suggesting immunosuppressive capabilities

(Rohousova et al., 2005).

Mating time in relation to blood feeding varies between sand fly species, with some
females mating before, after or during the blood meal. In some species, the males
perform lekking behaviour, in which males establish territories where they wait for
available females to court with and then mate (Killick-Kendrick, 1999). Maturation of
eggs after blood meals varies between species but in lab colonies is between 4-8 days
(Killick-Kendrick, 1999). Some research indicates that female sand flies are attracted
to egg laying areas by various chemical attractants and bacteria (Dougherty et al.,
1992, Dougherty et al., 1994, Dougherty et al., 1995, Elnaiem and Ward, 1992).
Although sand fly larvae are known to be terrestrial and require cool moist areas with
abundant organic matter for food (Killick-Kendrick, 1999), their natural breeding sites

are still not well known (Feliciangeli, 2004).

Sand fly development from egg to adult is relatively long. Eggs usually hatch within 7
— 10 days while larval development can take up to 3 weeks until pupation. An adult
fly typically emerges from the pupa after 10 days. Developmental time will vary

depending on temperature, being slower in colder temperatures and faster in warm

climates.
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insect midgut. The flagellum forms an expanded flagellar tip that contains
hemidesmosomal structures that aid with anchoring the promastigote to cuticle-lined
sections of the sand fly gut (foregut, stomodeal valve and hindgut) (Wakid and Bates,
2004). Previous work has found that Leishmania promastigotes anchor themselves to
the midgut epithelium by inserting the flagellum between the microvilli (Killick-
Kendrick et al., 1974). There does not appear to be any ultrastructural modifications
to the attached flagellum but rather more like a receptor-ligand interaction (Bates,
2008). There has been a lot of research in the last few years on this binding, with
evidence suggesting that a glycolipid called lipophosphoglycan (LPG) on the parasite
surface play an important role in binding of some Leishmania (Sacks et al., 2000,
Sacks, 2001, Soares et al., 2002, Kamhawi et al., 2004, Kamhawi, 2006, Dobson et
al., 2010). Research done on the LPG of Leishmania parasites has found a high
specificity for binding specific galectin molecules on the sand fly gut epithelium. This
high binding specificity accounts for the species specific infection in non-permissive
sand flies, e.g., P. papatasi and its natural parasite L. major, which only allows
development of transmissible infections of a particular Leishmania species (Pelletier
et al., 2003, Soares et al., 2004, Kamhawi et al., 2004). Further evidence of binding
specificity, research with Leishmania tropica with modified LPG found that the
parasite could no longer develop successfully in its natural insect vector P. sergenti

(Svobodova et al., 2006).

After binding, the nectomonad stage of the Leishmania parasite transforms into the
leptomonad, an important stage that eventually transforms and gives rise to the
transmissible infective metacyclic stage (Gossage et al., 2003). Although this binding
is important to avoid expulsion via defecation it also a “double-edged sword” as the

parasite will also need to release from the midgut epithelium when the sand fly feeds
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on another mammal to complete the next part of its life cycle (Beverley and Dobson,
2004). Previous studies have found evidence that the metacyclic stage has
modifications on the LPG molecules that causes it to become non-binding, allowing
anterior migration of metacyclic parasites and eventual transmission (Kamhawi et al.,

2004).

Although LPG plays an important role in the binding of Leishmania parasites within
sand flies, recent work has reported that it is not the only strategy that the parasites
have to attach to the insect gut (Volf and Myskova, 2007, Jecna et al., 2013). LPG as
the only means of parasite binding was challenged when studies with permissive sand
fly vectors, like L. longipalpis, infected with LPG-deficient Leishmania mexicana and
Leishmania major resulted in parasite development similar to those of wild type
parasites (Rogers et al., 2004, Myskova et al., 2007). Work by Jecna and co-workers
found similar results with a L. major LPG deficient mutant (Jecna et al., 2013). The
LPG mutant L. major was not able to bind to non-permissive P. papatasi midguts but
could bind to midguts of permissive vector P. perniciosus (Jecna et al., 2013). In
permissive sand flies, like L. longipalpis and P. arabicus, which support development
of multiple Leishmania species, a new molecular mechanism for binding has been
implicated (Volf and Myskova, 2007). Research suggests that O-glycosylated midgut
proteins with N-acetylgalactosamine (GalNAc) epitopes may be another important
mechanism in Leishmania attachment in permissive sand fly vectors (Svobodova et

al., 2006, Volf and Myskova, 2007, Myskova et al., 2007).

There is also the argument that attachment is not necessary for Leishmania
development within the sand fly. Leishmania parasites have been found to exhibit
chemotaxis to various molecules along with both sugar and pH gradients (Bray, 1983,

van Zandbergen et al., 2002). Research has found that that Leishmania reduce midgut
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peristalsis (Vaidyanathan, 2004, Vaidyanathan, 2005). It is possible that Leishmania
react to molecules that cause them to migrate anteriorly in the midgut along with
reducing the sand fly midgut contractions to such an extent as to become inefficient in
expelling the parasite. Overall, it is obvious that parasite development within the sand
fly gut is much more complex than can be explained by just the LPG attachment

mechanism.

1.2.2. Vector competence.

Research has been done to discover which sand fly species are possible vectors of
Leishmania. Some sand fly species are poor vectors of Leishmania in that they may
never bite humans, their habitats are not in areas with a reservoir host or their host
preference does not include the reservoir host, and/or their biology may not be

appropriate to the Leishmania parasite (Killick-Kendrick, 1999).

The competence of an insect to be a vector has also been described in mosquito
populations but can be used to describe sand fly populations. Garrett-Jones distilled
an equation by McDonald to only the entomological components and coined the
phrase “vectorial capacity” to describe the relative capability of an insect species to
transmit a pathogen (Garrett-Jones and Grab, 1964, Garrett-Jones, 1964a, Garrett-
Jones, 1964b, Garrett-Jones and Shidrawi, 1969). With the addition of a vector
competence component to account for variable pathogen infection and dissemination

rates between vector species (Reisen, 1989), vectorial capacity is given as:
C = ma’bhp"/-log.p

where C is the vectorial capacity given in new infections per current infection per day,
m is the human biting rate or the number of bites per human per day, a is the human

biting habit or host preference, 4 is proportion of biting sand flies infected, b is
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proportion of bitten humans infected, p is the daily survival of the vector, and 7 is the
extrinsic incubation period of the pathogen. Understanding how these components
interact with each other aids in the manipulation of the vectorial capacity of a vector
species. For example, if the sand fly immune system can be manipulated to become
refractory to parasite development, then there would be a decrease in the number of
infected flies. This would lead to a decrease in the vectorial capacity of the sand fly.
Alternatively, if Leishmania parasites damage the midgut epithelium while
developing within the sand fly, this may reduce fly longevity (p). A reduction in the
daily survival of the vector (p) would have a high impact on vectorial capacity as p is
in both the numerator and the denominator. Understanding the components in this

equation and manipulating them to reduce vectorial capacity will help vector control.

This concept has also been described solely for sand fly populations where the general
conditions for a sand fly to be considered a vector has been described as such: 1) the
sand fly feeds on man, and if there is a zoonotic cycle, also on the reservoir host; 2)
the sand fly biology is appropriate for Leishmania development; 3) the parasite is
identical to those found in patients; 4) the fly can transmit the parasite via bite

(Killick-Kendrick, 1990, Lainson et al., 1994, Killick-Kendrick, 1999).

Host preference of sand flies plays a large role in their ability to be a vector. Sand fly
host preference varies greatly between species, with some species, such as P. papatasi
and Phlebotomus argentipes, being greatly anthropophilic (Burniston et al., 2010)
while others are zoophilic or more varied in their feeding behaviour. Better
understanding of sand fly biology may hopefully allow manipulation of these

elements to lower their vector competence.
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Understanding what makes sand flies competent vectors of Leishmania may give
insight into ways to manipulate this relationship to reduce infection rate within the
sand fly population, and therefore, disease transmission within a given area. Recent
research has indicated that Leishmania may be beneficial to the sand fly by protecting
the vector against entomopathogenic bacteria (Sant'Anna et al., 2014). This
knowledge may then help vector control agencies develop programs for sand fly
control by demonstrating that programs focusing on biological control via
entomopathogenic bacteria may prove ineffective or even counter- productive. If
Leishmania is able to prolong the life of the vector under some circumstances then
this will influence vectorial capacity. For this reason it is vital to understand the
relationship between vector and parasite. A better understanding of the interaction of
the sand fly immune system to Leishmania infection will help us to understand its
effect on vectorial capacity, create more effective ways to disrupt Leishmania

transmission and manipulate their ability to be competent disease vectors.

1.3. INSECT MIDGUT

Unlike other vector parasites, such as malaria which migrates to the salivary glands,
Leishmania parasites develop primarily within the sand fly gut. Therefore to better
understand the relationship of this vector — parasite dynamic it is important to be
aware of the basic gut biology of the vector. The insect midgut is one of the largest
organs in the insect body. The midgut is not only the entry point for food and water

but also detrimental elements such as bacteria, viruses and toxins.
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al., 2010). The basic structure of the insect midgut is similar across many species
although there are a large number of modifications between insect groups. The
Malpighian tubules are extensions of the anterior hindgut and absorb waste, such as

uric acid, which is then transported to the anterior hindgut (Engel and Moran, 2013).

Unlike many other animal groups, insects do not produce mucin. Instead a structure
known as the peritrophic membrane or matrix (PM) is formed to separate the meal in
the gut lJumen from the epithelium. There are two types of PM type I is produced by
all cells along the midgut, while type II is produced by specialized cells posterior to
the proventriculus (Billingsley and Lehane, 1996). The PM will be described in more

detail specifically for haematophagous insects.

Many insect groups, such as haematophagous insects like sand flies, ingest large
meals at intermittent intervals. Therefore the midgut must cope with these demands.
Parts of the insect midgut contain specialized structures that can expand and also
quickly separate water from the blood meal into the haemolymph. Insect epithelium
cells become greatly distorted post blood meal but cell-cell junctions (Hecker, 1977)
and the ability of the basement membrane to unfold (Billingsley and Downe, 1989),

help retain epithelial integrity.

1.3.2. Ultrastructure and cell types of the insect midgut

The insect midgut epithelium consists mainly of enterocytes (EC) (commonly called
columnar, digestive or intestinal absorptive cells). Interspersed within the epithelium
are also enteroendocrine (ee), goblet and regenerative (or stem) cells (Billingsley and
Lehane, 1996, Okuda et al., 2005). The ECs have highly folded microvilli on the
apical plasma membrane. Along the luminal surface is a carbohydrate-rich electron-

dense glycocalyx (Houk et al., 1986, Rudin and Hecker, 1989).
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In a number of insects, including cockroaches, mosquitoes, flies and locusts, the ee
cells are dotted sporadically throughout the epithelium and are variable in shape
(Hecker et al., 1971, Depriest.W, 1971, Andries and Beauvillain, 1988, Billingsley
and Lehane, 1996). They have been identified by their expression of peptides like
Allatostatin or Tachykinin (Ohlstein and Spradling, 2006, Yoon and Stay, 1995,
Siviter et al., 2000). In Drosophila, the ee cells are often found in pairs expressing

different peptides (Ohlstein and Spradling, 2006).

Named for their invaginated shape, goblet cells have irregular microvilli which
contain mitochondria. This feature appears to be unique to insects (Cioffi, 1984), and
are a common characteristic of active ion-transporting tissues (Klein et al., 1991,
Wieczorek et al., 1991). Another indication of goblet cells functioning as active ion-

transporting tissues is the presence of portasomes in the microvilli (Cioffi, 1984).

Regenerative (stem) cells are found scattered throughout the epithelium. They are
undifferentiated cells found alone or in groups (nidi) that are characterised by a dense
cytoplasm and have few differentiated organelles (Billingsley and Lehane, 1996).
Some insects groups, such as coékroaches, have a high turnover in the midgut with
every cell being replaced continuously throughout their life span (Billingsley and
Lehane, 1996). On the other hand the Tsetse fly, Glossina spp. does not appear to
have any midgut regenerative cells; the cells function for the entire 200 days of the
fly’s lifespan (Boehringer-Schweizer, 1977, Billingsley, 1990). More recently the
presence of intestinal stem cells (ISCs) was found in Locusta migratoria and
Drosophila melanogaster (Ohlstein and Spradling, 2006, Micchelli and Perrimon,
2006, Ohlstein and Spradling, 2007, Jiang and Edgar, 2009). The ISCs play an
important role in midgut epithelium homeostasis and will be discussed in detail later

on.
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The basolateral plasma membrane has foldings of variable length (Billingsley and
Lehane, 1996). These folded membranes seem to play an important role in cell
function. When folded tightly together, they appear to play no role in transport.
However, when separated as is seen after a blood meal in haematophagous insects,
they appear to have an important role in transportation of water and ions out of the
lumen (Billingsley, 1990).The other major structures in the epithelial cells is the lobed
nucleus in the central portion of the cell along with the rough endoplasmic reticulum
(RER) that is often organized in stack or in whorls (Billingsley, 1990). The whorls of
RER are often seen in haematophagous insects (Billingsley, 1990), although not
restricted to them, and are believed to be associated with storage, lysosomal or

secretory vesicles (Billingsley and Downe, 1986).

1.3.3. Sand fly midgut ultrastructure and organization

Little research has been conducted on the morphology of the sand fly midgut but the
work that has been done has documented that it is similar in structure and function to
those of culicine mosquitoes (Billingsley, 1990). Unlike the highly specialized
structures found in hemipteran insects, the sand fly midgut is simple, divided into two
regions: the anterior midgut (AMG) and the posterior midgut (PMG) (Gemetchu,
1974, Andrade-Coelho et al., 2001). The AMG is a simple tube and does not appear to
play a major role in blood digestion therefore, understandably, has not been studied
extensively. Conversely, the PMG is the region in which the majority of the blood
meal is digested and is an expandable sac in which the cells are multifunctional as
they are primarily responsible for water regulation after the blood meal, synthesis and
secretion of digestive elements and absorption of nutrients (Rudin and Hecker, 1982,
Andrade-Coelho et al., 2001, Soares and Turco, 2003). As seen in other species, the

absorptive cells within the PMG are characterized by the highly folded apical and
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basal plasma membranes along with the distribution of mitochondria throughout of
the epithelium (Gemetchu, 1974, Rudin and Hecker, 1982). Along with absorptive
and secretory abilities, the PMG has to contend with the drastic changes brought on
by the ingestion of blood. To this end the presence of glycogen and lipid deposits
along with the expandable nature of the basal lamina is typical of a storage region
(Reinhardt and Hecker, 1973, Gemetchu, 1974, Houk et al., 1980, Rudin and Hecker,

1982).

Another major structure of the sand fly midgut is the peritrophic matrix or membrane
(PM). The PM was described over a century ago as a “membranous sac which directly
surrounds the food in the lumen of the intestine” (Balbiani, 1890). The structure of the
PM is highly variable throughout the arthropod group but traditionally it is accepted
to categorize it into two classes: type I PM and type II PM. Type I PM is the most
common structure found throughout the arthropod group and may be continuously
produced as seen in locusts or only after a meal as in adult female mosquitoes

(Baines, 1978, Lehane, 1997, Tellam et al., 1999). Type I PM is produced from all
cells along the epithelium, the production of which is often a response of stretching of
the midgut during feeding and is not dependent on any component of a meal

(Billingsley, 1990).

Type II PM is formed by specialized cells at the anterior end of the midgut and
foregut known as the cardia or the proventriculus (Lehane, 1997). It is a continuous
sleeve-like structure that is present before the ingestion of food by the insect. Both
types of PM may be produced by different developmental stages of the same insect
species. For example, mosquito larvae produce type IT PM (Peters, 1992) but type I
PM is produced by the adult female mosquito (Richards and Richards, 1971, Houk et

al., 1979, Berner et al., 1983).
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The PM of phlebotomine sand flies has not been as well studied as other
haematophagous insects such as mosquitoes. Research that has been done on
Phlebotomus longipes and L. longipalpis indicates that PM formation is similar to that
seen in mosquitoes (Gemetchu, 1974, Secundino et al., 2005a). Similar to adult
culicine mosquitoes, sand flies produce a type I PM, production of which begins as
early as 3 hours after a blood meal (Blackburn et al., 1988, Secundino et al., 2005a).
An amorphous material is released from the epithelial cells which combine to form a
fibrillar chitinous material that develops into a dense matrix and the production of this
material can last up to 2 to 3 days after a blood meal (Blackburn et al., 1988,
Secundino et al., 2005a). In several sand fly species, after a blood meal, the PM is
produced between 12 — 24 h followed by degradation between 36 — 72 h (Walters et

al., 1993, Andrade-Coelho et al., 2001, Secundino et al., 2005a).

1.3.4. Insect midgut homeostasis

The proliferative quality of intestinal stem cells (ISCs) is important for the renewal of
the midgut epithelium to replace cells that are damaged and lost during the normal
functioning of the gut. The presence of ISCs has recently been documented in a few
adult insect species, but the main model example is Drosophila melanogaster and the
current review draws extensively on information acquired from Drosophila. In
Drosophila, all mature epithelium cells have a turnover rate of approximately 1 week
(Micchelli and Perrimon, 2006). The ISCs are evenly distributed throughout the
epithelium under the ECs (Micchelli and Perrimon, 2006, Ohlstein and Spradling,
2006). When the ISCs divide, they give rise to two daughter cells, one of which
retains its proliferative abilities as an identical daughter ISC while the other becomes
an enteroblast. Enteroblasts (EBs) do not divide again but have the ability to

differentiate into either an EC or ee cell (Royet, 2011).
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The cell-fate determination of ISCs relies heavily on the Notch-Delta signalling
pathway (Ohlstein and Spradling, 2006, Ohlstein and Spradling, 2007, Micchelli and
Perrimon, 2006). Intestinal stem cells give rise to two daughter cells that are
morphologically similar. Soon after division, the daughter cell that will remain as an
ISC retains high levels of Delta signalling while the other quickly loses activated
Delta to differentiate into an EB (Ohlstein and Spradling, 2007). This difference
between the two new cells in active Delta is responsible for the differentiation of the
EB. Active Delta from the ISC causes stimulation of the Notch pathway in the newly
created EB. Strong Notch signalling will cause the EB to go down the EC lineage
while a weaker Notch signal in the EB will give rise to ee cells (Ohlstein and

Spradling, 2007).

The wingless (wg) gene in Drosophila also plays a role in ISC differentiation and self-
renewal. It has been found that wg released by the visceral muscles (VM) cells in the
basement membrane helps maintain the ISCs as a self-renewing population working
in tandem with Notch to determine proliferation and differentiation (Lin et al., 2008).
Research by Ohlstein and Spradling (Ohlstein and Spradling, 2007) helps support this
finding as the daughter cell closest to the VM cells is the one that remains an ISC

while the other becomes an EB.

Cell proliferation is turned on in damaged and dying ECs (Buchon et al., 2009a,
Amcheslavsky et al., 2009, Jiang and Edgar, 2009, Biteau et al., 2008). The Jak/STAT
pathway also plays a major role in stimulating cell proliferation (Buchon et al., 2009a,
Gregory et al., 2008). Jun n-terminal kinase (JNK) is activated which in turn leads to
the production of unpaired 3 (Upd3) cytokines. The Upd3 cytokines then activates the

Janus kinase transducer in ISCs which is the activator for transcription STAT. This in
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1.4. INSECT IMMUNITY

Insects coexist with a number of microorganisms in the wild; some are benign while
some may be detrimental or their influence may vary according to stress status of the
host. To combat possible pathogens insects have developed a number of mechanisms
to identify and defend against invading microorganisms. Although insect pathology
has a long history, recent work is investigating how insects are able to react
differently to beneficial microbes compared to potential pathogens. The following
sections explore these different mechanisms of insect immunity such as pathogen

recognition, signalling cascades and antimicrobial responses.
1.4.1. History of insect immunology

The presence of pathogens within insects dates back to pre-historic times. Analysis of
insects trapped in amber have found to possess a number of entomopathogens (insect
pathogens), including nematodes, viruses, trypanosomes and fungi (Poinar, 2007,
Poinar and Poinar, 2005, Poinar, 1984). Early study of insect immunology stemmed
from economic concerns. Diseases of bees were described as far back at 334 — 330
BC by Aristotle and later by Virgil (Vega and Kaya, 2012). Later, in 1835, Agostino
Bassi was one of the first scientists to discovered evidence support germ theory by
observing that the white muscardine disease of silk worms (Bombyx mori) was caused
by the fungus Beauveria bassiana. Shortly after even Louis Pasteur conducted
research into diseases of silk worms, specifically a disease caused by microsporidians
known as plébrine, and a viral disease known as flacherie. Along with the
observations on the causes of these diseases, Pasteur was one of the first people to
find that there is a large variation in resistance to pathogens within insects (Rolff and

Reynolds, 2009). It was a Russian microbiologist though that first used insect
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pathogens for control of an economic pest. Metchnikoff proposed the practical
method of using microbial biological control by using the fungus Metarhizium

anisopliae to control the grain beetle on cereal crops (Lord, 2005).

Research into insect immunity eventually also led to a better understanding of
vertebrate immunity. As early as 1895, Cuénot studied the phagocytic function of
insect blood cells (cited by (Thompson, 1930)). Following on from that work,
research done by Stephens has indicated that the haemolymph of wax moth (Galleria
mellonella) larvae developed bacteria-killing properties after injection with
Pseudomonas aeruginosa, and that bacteriacidal activity conferred some protection to
the living insect (Stephens, 1962). Additionally, a crucial experiment done by Boman
and co-workers demonstrated that when Drosophila melanogaster was injected with
bacteria, the fly synthesized new antimicrobial defences (Boman et al., 1972). This
work eventually led to the generation of a better understanding of antimicrobial
defences and the first antimicrobial peptides ever described, attacin and cecropin
(Steiner et al., 1981, Hultmark et al., 1983). The importance of studying insect
immunity was emphasized when research on Drosophila discovered that Toll
receptors, originally associated with embryonic development, also played a role in the
immune signaling of flies (Lemaitre et al., 1996). Discovery of the immune role of
Toll-like receptors in vertebrates followed swiftly on the heels of this research

(Medzhitov et al., 1997).
1.4.2. Systemic immunity.

The immune system responds after recognition of invading pathogens by flooding the
haemolymph with antimicrobial peptides (AMPs). The AMPs are mainly synthesized

in the fat body. The fat body is a large immune response tissue that is derived from
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the mesoderm during embryogenesis and acquires an immune competence in the first
larval stage (Lemaitre and Hoffmann, 2007). Although the majority of AMPs are
secreted from the fat body, they are also synthesised by haemocytes, midgut and
salivary glands, cuticular cells and reproductive organs to a lesser degree (Nappi and

Ottaviani, 2000).

1.4.2.1. Antimicrobial peptides (AMPs)

There have been a number of AMPs described in insects and these AMPS are
produced upon septic injury or infection. With the exception of Attacin (25kDa),
AMPS are small (<10kDa), cationic, and have a range of anti-bacteria and/or anti-
fungal activities (Imler and Bulet, 2005). There are particular structures and functions
that are used for AMPs to be classed into four groups: 1) cecropins, 2) cysteine-rich
peptides, 3) proline-rich peptides, and 4) glycine-rich peptides (Tsakas and Marmaras,

2010).

Cecropins, named from Hyalophora cecropia which they were first isolated from, are
produced upon septic injury by either Gram-positive or Gram-negative bacteria
(Hultmark et al., 1980, Steiner et al., 1981). Cecropins inhibit the production of
proteins in the cell membrane and therefore prevent cellular growth (Tsakas and
Marmaras, 2010). Some cecropins, such as cecropin Al, act against both bacteria and

fungi (Samakovlis et al., 1990, Ekengren and Hultmark, 1999).

Some AMPs have been found to be active against Gram-negative bacteria, such as
Diptericin, Drosocin, and Attacin (Wicker et al., 1990, Bulet et al., 1993, Asling et al,,
1995), while defensin has been found to be effective against Gram-positive bacteria
(Dimarcq et al., 1994). Defensins are effective against Gram-positive bacteria by

forming channels within the plasma membrane which results in cell lysis (Tsakas and
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Marmaras, 2010). Drosomycin and Metchnikowin have anti-fungal properties but so
far have only been identified in Drosophildae (Fehlbaum et al., 1994, Levashina et al.,
1995). There has been some evidence that AMPs have some affect on protistan
parasites such as Crithidia, Trypanosoma, Leishmania and Plasmodium (Dimopoulos
et al., 1997, Boulanger et al., 2002, Boulanger et al., 2006). Insect AMPs are
membrane active but little is known about their exact mode of action which is still
being explored (Lemaitre and Hoffmann, 2007) but some research suggests that they
interrupt the cell membrane and may disrupt the synthesis of nucleic acids and

proteins (Yang et al., 2000, Brogden, 2005).

Most research in humoral immune responses have been conducted in the insect model
Drosophila (Hoffman, 2003). Little research has been done on sand fly AMPs and
their interaction with Leishmania parasites, although some research on the production
of AMPs in response to parasites has been done in both mosquitoes (Osta et al., 2004,
Meister et al., 2005, Luna et al., 2006) and tsetse flies (Boulanger et al., 2002, Hu and
Aksoy, 2006, Lehane et al., 2003). In these insects the AMPs, such as defensin, have
been found to have some activity against Plasmodium and Trypanosoma respectively.
Recently there has been a defensin discovered in the sand fly Phlebotomus duboscqi
which appears to have some activity against Leishmania parasites (Boulanger et al,,
2006). Additionally, a defensin was discovered in L. longipalpis (Telleria et al.,
2013). defensin expression levels were measured after infection with Gram-positive
and Gram-negative bacteria, and L. mexicana. Gram — positive bacteria induced
defensin early in infection while Gram-negative bacteria induced a later response.
However, L. mexicana infection did not show any difference in defensin expression
until 5 days post infection, in which defensin expression was lower. Injection of L.

mexicana into the haemolymph did not induce defensin expression until 72 h post
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injection (Telleria et al., 2013). Another AMP that has been described in
Phlebotomine flies is non-Leishmania related (Boulanger et al., 2004)(Boulanger et
al., 2004)(Boulanger et al., 2004)(Boulanger et al., 2004)(Boulanger et al.,

2004)(Boulanger et al., 2004).

1.4.2.2. Regulation of immune response

In Drosophila the production of the peptides/polypeptides in response to an infection
are regulated at the transcriptional level. The expression of genes for AMPs is
regulated by inducible transactivators in the nuclear factor- kB (NF- xB) family:
dorso-related immunity factor (DIF) and Relish (Rel) (Lemaitre and Hoffmann,
2007). The activation of DIF is mainly caused by Gram-positive bacteria and fungi
while Relish activation is dependent on Gram-negative bacteria. The activation of
these two transactivators is by two signalling pathways: the Toll pathway and the

immune deficiency (Imd) pathway (Lemaitre et al., 1996, Ferrandon et al., 2007).
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protease cascade from the fat body that results in the cleavage of Spietzle, a pro-
protein that is secreted and circulates in the haemolymph and the cleaved Spietzle
then binds to the Toll receptors (Weber et al., 2003). The activated Toll then recruits
the My88/Tube complex and is followed by the binding of the kinase Pelle (Tsakas
and Marmaras, 2010). This complex then causes the degradation of Cactus, an IkB
orthologue that inhibits the transcription of Dif and Dorsal that belong to the NF- kB
family (Lemaitre, 2004, Tsakas and Marmaras, 2010) (Fig. 1.8). After the
translocation of Dif and Dorsal in the nucleus they induce the transcription of genes
encoding for immune defences such as defensin, Drosomycin and Cecropins (Tsakas

and Marmaras, 2010).

1.4.2.4. IMD pathway

The second major immune signalling pathway is the Imd pathway, which is similar to
the tumour necrosis factor (TNF) signalling pathway in mammals (Aggarwal and
Silverman, 2008, Kaneko and Silverman, 2005). The Imd pathway was first
discovered as an immune deficiency (Imd) mutation in Drosophila that impaired the
production of various antibacterial peptide genes (Lemaitre and Hoffmann, 2007).
The Imd mutant flies were susceptible to Gram-negative bacteria but were more
resistant to Gram-positive bacteria and fungal infections (Lemaitre and Hoffmann,

2007).

The binding of a DAP-type peptidoglycan (PGN) onto the transmembrane cell surface
receptor peptidoglycan recognition protein LC (PGRP-LC) causes the recruiting of
the intracellular adaptor Imd (Aggarwal and Silverman, 2008). PGRP-LC is a pattern
recognition receptor (PRR) with a similar death domain as mammalian receptor
interacting proteins that have a role in both NF-«B activation and apoptosis (Choe et

al., 2002, Gottar et al., 2002, Georgel et al., 2001). Imd then recruits the dFADD
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adaptor which then binds caspase Dredd to the complex (Lemaitre and Hoffmann,
2007). This caspase is thought to have an association with Rel and may cleave it
directly once Rel has been phosphorylated (Lemaitre and Hoffmann, 2007). Rel is
then cleaved and the Rel domain translocates to the nucleus while the inhibitory
domain remains stable in the cytoplasm (Lemaitre and Hoffmann, 2007) (Fig. 1.8).
Diptericin is one of the genes that are targeted by the Imd in response to bacterial

infection (Tsakas and Marmaras, 2010).

1.4.2.5. Jak/STAT pathway

There are three main components of the Jak/STAT pathway: the receptor Domeless,
the Janus Kinase (Jak) Hopscotch, and the STAT transcription factor (Lemaitre and
Hoffmann, 2007). Activation of the Jak/STAT pathway is reliant on cytokines that
bind to the Domeless receptor which results in phosphorylation of the transcription
factor STAT92E by the kinase JAK (Welchman et al., 2009). The translocation of
STAT to the nucleus activates a transcriptional response (Fig. 1.8). The Jak/STAT
pathway plays an important role in the response to stress or injury (Welchman et al,,
2009). Research suggests that the pathway may play a role in the recruitment of
haemocytes to tumours and epithelial wounds (Pastor-Pareja et al., 2008) and in
response to gut damage caused by infection, may activate epithelial renewal (Buchon
et al., 2009a, Buchon et al., 2009b). Research has suggested that the haemocyte-
released cytokine, Unpaired-3 (Upd-3), triggers the pathway after injury and that
activation is mediated by the binding of Upd-3 to Domeless after tissue damage
(Agaisse et al., 2003). Mosquito research has found the possible involvement of this
pathway in insect immunity for the first time. Nuclear translocation accumulation of
Ag-STAT after an immune challenge was found in the fat body cells of Anopheles

gambiae (Barillas-Mury et al., 1999). Research has also indicated that Jak/STAT
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helps mediate the immune response to Plasmodium berghei and P. falciparum in A.
gambiae (Gupta et al., 2009) and to dengue in Aedes aegypti (Souza-Neto et al.,
2009). The exact role and full overall contribution of the Jak/STAT pathway is still
unclear and has not yet been well established (Lemaitre and Hoffmann, 2007). Very
little research has been done with Jak/STAT in sand flies and little if anything is

known about the Jak/STAT response to Leishmania infection within the sand fly.

1.4.3. Microbial recognition:

1.4.3.1. Microbe-associated molecular patterns (MAMPs).

Before an immune response can occur the pathogen has to first be recognized. The
immune system has evolved after constant interactions and challenges from
commensals and pathogens. As a result, multicellular organisms, including insects,
have developed immune systems that can recognize and eliminate invaders efficiently
without harming self. The recognition of non-self entities is achieved by pattern
recognition receptors (PRRs), which are able to recognize and bind the conserved
domains (patterns) that are located on pathogen surfaces and which are called
pathogen-associated molecular patterns (PAMPs) (Medzhitov et al., 1997). These
conserved molecular patterns of PAMPs are essential products of microbial
physiology and are not unique to pathogens, and are in fact produced by all
microorganisms (Medzhitov and Janeway, 2002). Perhaps a better term to be used is
microbe associated molecular patterns (MAMPs) for a more inclusive term that

includes commensal and beneficial microbes.

Certain problems concerned with recognizing pathogens are faced by hosts: including
pathogen variability, molecular heterogeneity and a high mutational rate often found
in microorganisms. It has been suggested that successful pathogen recognition relies

on molecular structure patterns that are: 1) recognized by the immune system and
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should be shared by a large group of pathogens, 2) the molecular patterns should be
conserved metabolic products, and 3) that recognized structures are distinguishable

from self molecules (Medzhitov et al., 1997).

There are a wide range of PRRs that differ in structure and function so that they can
recognize a variety of MAMPs. Some of the most characterized are the peptidoglycan
recognizing proteins (PGRPs), and the B-1,3-glucan proteins (Michel et al., 2001).
These proteins are found in the fat body cells and haemocytes or are in the
haemolymph (Tsakas and Marmaras, 2010). The PRRs bind to lipids and
carbohydrates that are found on the surface of microorganisms, such as
lipopolysaccharides (LLPS) of Gram-negative bacteria, lipoteichoic acids and
peptidoglycans of Gram-positive bacteria and pB-1,3-glucan proteins of fungi (Nappi
and Ottaviani, 2000). Binding of PAMPs to PRRs induces an immune response from
either synthesis of AMPs, the activation of phenoloxidase cascades or activation of a
cellular immune response which can lead to phagocytosis, nodule formation and

encapsulation of invaders (Yu et al., 2002, Marmaras and Lampropoulou, 2009).

1.4.3.2. Peptidoglycan recognizing proteins (PGRPs)

Peptidoglycans (PGN) are made up of a sugar back bone with a stem-peptide of three
to five amino acids and are found mainly on the surface of Gram-positive bacteria
(Tsakas and Marmaras, 2010). PGRPs are small proteins (20kDa) secreted from the
fat body, integument, gut, and haemocytes (Kaneko and Silverman, 2005). PGRPs are
defined by a domain with homology with the enzyme amidase, with many presenting
amidase activity (Tsakas and Marmaras, 2010). Some PGRPs are thought to function
only as recognition proteins with no enzymatic activity as they are lacking a critical
cysteine required at the active site (Mellroth et al., 2003). The two distinct signalling

cascades, Toll and Imd, are activated by recognition of PGRPs upstream of them.
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Many PGRPs have been best characterized in Drosophila and there have been 13
PGRPs identified in Drosophila to date (Werner et al., 2000), two of which have been
implicated in immune responses: 1) PGRP-SA, an extracellular recognition factor that
activates Toll in response to the presence of Gram-positive bacteria (Michel et al.,
2001), and 2) PGRP-LC, a putative transmembrane protein that acts upstream from
the Imd pathway (Choe et al., 2002, Gottar et al., 2002, Ramet et al., 2002).
Interestingly Gram-negative DAP-type peptidoglycan is a more potent inducer of the
PGRP-LC/Imd pathway than LPS while Gram-positive Lys-type peptidoglycan is the
primary inducer of the PGRP-SA/Toll pathway (Mengin-Lecreulx and Lemaitre,
2005).

1.4.3.3. Gram-negative binding proteins (GNBPs)

A Gram-negative binding protein (GNBP) family has been found in Drosophila (Kim
et al., 2000). It functions as a PRR for LPS in Gram-negative bacteria and B-1,3-
glucan proteins in fungi. The recognition of fungi is also mediated by GNBP3 (Gottar
et al., 2006) along with Persephone and a serine protease (Ligoxygakis et al., 2002).
This PRR domain binds the long chains of -1,3-glucans that are major ligands in
fungal cells walls (Mishima et al., 2009). GNBP1 also aids PGRP-SA and PGRP-SD
in the recognition of Lys-type PGN Gram-positive bacteria (Lemaitre and Hoffmann,

2007).

1.4.4. Epithelial immunity

Insect gut epithelia are in constant contact with microorganisms and so need efficient
ways to identify and regulate incoming microbes. This is particularly true for sand
flies as they can pick up various microbes during blood feeding or plant feeding.
Many insects have both physical and physiological protections against incoming

microbes in the gut. The PM is a chitinous matrix that is a physical barrier against
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abrasion and bacteria (Billingsley and Lehane, 1996). The midgut also can secrete
lysozymes that can destroy microbes during digestion (Hultmark, 1996) along with

reactive oxygen species (ROS) and AMPs (Lemaitre and Hoffmann, 2007).

1.4.4.1. Antimicrobial peptides (AMPs) within the insect gut

AMP production in the gut is activated by challenge with Gram-negative bacteria and
is mediated by the Imd pathway after oral infection in the model insect Drosophila
(Tzou et al., 2000). For example, infection of Gram-negative bacteria Erwinia
cartovara in Drosophila leads to the production of Drosomycin and Diptericin in the
trachea and gut via the Imd pathway (Basset et al., 2000). Although AMP production
is dependent on the Toll and Imd pathway in the systemic response at the gut epithelia
cell level, AMP production is more dependent on the Imd, and to a lesser extent on
the Jak/STAT pathway (Buchon et al., 2009b, Tzou et al., 2000). Much like is seen in
the systemic response, the activation of the Imd pathway at the local immune response
level is mediated by the detection of Gram-negative PGN by PGRP-LC (Zaidman-
Remy et al., 2006). At this time there has been no evidence found to implicate the
Toll pathway having a response at the local immune level and there is no evidence
indicating that the epithelia production of AMP is activated by lys-type Gram-positive

bacteria or fungi (Lemaitre and Hoffmann, 2007).

1.4.4.2. Dual oxidase (Duox) and the production of reactive oxygen species (ROS)
In mammals, the immediate response by the epithelial cells to infection is the
production of ROS. In Drosophila, research indicates that the generation and
elimination of ROS in response to natural infections is vital (Lemaitre and Hoffmann,
2007). Additional research in Drosophila indicates that ROS play a crucial role in
defence against microbial invasion and renewal of damaged gut cells (Buchon et al.,

2009a)(Buchon et al., 2009a)(Buchon et al., 2009a)(Buchon et al., 2009a)(Buchon et
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al., 2009a)(Buchon et al., 2009a)(Buchon et al., 2009a)(Buchon et al., 2009a)(Buchon

et al., 2009a)(Buchon et al., 2009a).

Research has found that the main source of ROS in Drosophila is Duox (Ha et al.,
2005a, Ha et al., 2005b), a member of the nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase family with an N-terminal domain that regulates the
production of ROS (Ritsick et al., 2004). The production of ROS by Duox is not
activated by PGN but instead seems to be triggered from a non-PGN microbial ligand
(Ha et al., 2009a). The receptor for this ligand seems to be an unknown G-receptor
that may act upstream from the pathway and appears to depend on a functional Ga
protein (Gagq) (Ha et al., 2009a). The free Ga protein may then activate phopholipase
C- B (PLCB) to produce 1,4,5-triphosphate (IP3), which then releases Ca>* which

modulates Duox activity to produce microbicidal ROS (Fig. 1.9).

High levels of ROS have a deleterious effect on the host causing oxidative stress.
These high levels of ROS are prevented by immune responsive catalase (IRC) in
Drosophila and sand flies (Lemaitre and Hoffmann, 2007, Diaz-Albiter et al., 2011).
The RNAi mediated knock down of catalase has been found to result in higher levels
of ROS and mortality in both Drosophila and sand flies, indicating that catalase plays
an antioxidant role (Ha et al., 2005b, Diaz-Albiter et al., 2011). Additionally recent
research indicates that the ROS scavenging by catalase plays an important role in the
fecundity and survival of the sand fly L. longipalpis (Diaz-Albiter et al., 2011).
Catalase expression and number of developing oocytes within L. longipalpis ovaries
was found to decrease with age. However, this reduction in egg development was not
seen in flies that were fed antioxidant supplements. Additionally, silencing catalase
with RNAI in adult female L. longipalpis resulted in an increase in mortality and

reduction of developing oocytes produced after blood feeding (Diaz-Albiter et al.,
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20 species identified (Cox and Gilmore, 2007, Ren et al., 2007). This relative
simplicity makes insect models ideal to study interactions between immunity and

commensal microbiota, along with their role in gut homeostasis.

Little is yet known on the role that the insect's gut microbiota play in biological
functions. In laboratory conditions, Drosophila larvae reared in axenic conditions will
still develop into functioning and fertile adults (Royet, 2011), so it appears that gut
microbiota do not play a role in general developmental processes. Yet research has
indicated that invertebrate and vertebrates have a reduced life-span when raised in
axenic conditions (Dillon et al., 2005, Cheesman and Guillemin, 2007). Work with
Drosophila indicates that flies raised in axenic conditions have a reduced lifespan but
reintroduction of bacteria restore wild-type longevity (Brummel et al., 2004). Along
with longevity, gut microbiota seem to play a role in protection against fungal
pathogens in insects (Dillon and Charnley, 1988, Currie et al., 2003) and has

influenced mating selection in Drosophila (Sharon et al., 2010).

Like pathogenic bacteria, commensal bacteria within the gut still elicit a response
from the immune system with MAMPs stimulating MAMP-degrading chemicals
within the gut (Zaidman-Remy et al., 2006, Ryu et al., 2008), although not all
commensal microbiota have this ability. Research suggests that instead it is the cell
damaging behaviour of pathogens that stimulates production of danger signals that,
along with the presence of MAMPs, elicit a full immune response (Ha et al., 2005a,

Liehl et al., 2006, Buchon et al., 2009b, Lazzaro and Rolff, 2011).

Recent studies have been conducted to determine how insects are able to differentiate
between beneficial microbes versus potentially pathogenic organisms and on the use

of molecular cross talk to regulate their microbiota. There have been a number of
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studies in Drosophila that propose models for how the host immune system tolerates
symbiotic gut bacteria. These model explanations posit that there are restrictions and
compartmentalization of various pattern recognition receptors along with mechanisms
that cause down regulation of NF-kB-dependent innate immune signaling (Lhocine et
al., 2008, Ryu et al., 2008, Paredes et al., 2011). Yet the molecular mechanism on
how the host immune system can tolerate symbiotic infection is still largely unknown.
Recent work done by Lee and co-workers indicates that there is a possible molecular
mechanism, in the form of bacterial derived uracil which works as a modulator of gut
immunity and gut/microbe homeostasis within Drosophila (Lee et al., 2013). In this
work they found that a number of pathogenic bacteria, such as S. marcescens, excrete
uracil and this bacterial uracil induces Duox — dependent production of ROS. A
number of commensal bacteria tested have little to no uracil excretion and did not

induce Duox within the fly .

Understanding the sand fly immune system will help to better understand how the
Leishmania parasite is able to survive and thrive within the sand fly midgut. This, in
turn, can help us comprehend the biology of the disease and hopefully arm us with
tools to manipulate and control it. This is a crucial endeavour but it is also important
to remember that the immune response found within colony reared sand flies may
differ drastically to wild populations of sand flies. The experiments described in the
following chapters were designed to explore the sand fly — Leishmania relationship.
Two immune genes, Duox and PIAS, were chosen for study as other insect species
indicate that they play an important role in immunity against pathogens and parasites.
Additionally, immune-staining of sand fly midguts was conducted to observe what

effects Leishmania development could have on midgut cell proliferation.
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CHAPTER 2
Materials and Methods
2.1. General Methods
2.1.1. Sand fly rearing.

All of the experiments with Lutzomyia longipalpis were performed with insectary-
reared insects from a colony that was established from individuals caught in Jacobina,
Brazil. Insects were reared using standard laboratory conditions (Modi, 1997) and
were fed with 70% w/v sucrose solution in cotton wool (unless otherwise stated for
various experiments). The insects were kept within incubators (LMS Cool Incubators)
set at 26°C (x2°C), a photoperiod of 8 hours light/16 hours darkness and the relative
humidity within the rearing cages of > 80%. Female sand flies were fed on rabbit or
sheep blood at 37°C via a Hemotek membrane feeder (Discovery Workshops, UK).
All procedures involving animals were performed in accordance with UK
Government (Home Office) and EC regulations. Adult chicken skin was used for the
membrane feeding (obtained from local butchers). Skin was stored in freezer until
required. Preparation of the skin involved initial wash with 70% ethanol, followed by
two subsequent washes in deionised water. The inner surface was then scraped with a
new single edged razor blade to remove excess tissue cell layer and provide a thin but

intact outer skin membrane.

50



2.1.2. Parasites.

Prof. P. Bates kindly donated L. mexicana MNYX/BZ/62/M379 promastigotes that
were kept at 26°C in M199 medium supplemented with 25 wg/ml gentamicin sulphate
(Sigma), 1x BME vitamins (Gibco) and 20% foetal calf serum (PAA). Promastigotes

were sub-passaged into fresh medium when cultures reached late-log phase.
2.1.3. Parasite infections.

Axenic amastigotes were obtained from promastigotes as previously described with
some modifications (Bates 1994). The promastigotes were centrifuged at 2000 RPM
for 10 minutes and re-suspended in Graces medium supplemented with 25 pg/ml
gentamicin sulphate (Sigma), 1xBME vitamins (Gibco) and 20% foetal calf serum
(PAA) at pH 5.5. The flask was then incubated at 32°C until fully transformed
amastigotes were present within the flask. The axenic amastigotes were maintained

and sub-passaged in supplemented Graces medium at 32°C.

For sand fly infections the amastigotes were re-suspended in 1ml of rabbit blood
(about 2x10° ml™' parasites) and fed to the females in the colony through a chicken
skin membrane via a Hemotek feeder at 37°C. The insects were then kept at 24°C, a
photoperiod of 8 h light/16 h darkness, given access to 70% w/v sucrose solution in
cotton wool to feed upon and the relative humidity within the rearing cages of > 80%
until needed for experiments. Insect cages were double bagged and clipped to prevent
accidental release of infected insects. Cages of infected flies were labelled with
biohazard tape and placed separately from colony flies. When sampling, collected
flies were placed in a detergent solution on ice to inactivate the fly and prevent

accidental escape. Sand fly samples collected were stored at -80°C until needed.
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2.1.4. Bacterial infections.

Serratia marcescens (NCIMB 1377) was inoculated onto LB agar plates and
incubated at 26°C for 20 hours. Bacterial suspensions were prepared by transferring a
colony of S. marcescens into a polypropylene tube of LB broth and incubating
overnight at 37°C while shaking. The suspension was then diluted in LB broth to a
concentration of ODgqp = 0.2 (about 5.7x10° CFU/ml). Bacteria were then diluted to a
final concentration of ODggo = 0.0002 (about 5.7x10° CFU/ml]) in heat-inactivated
rabbit blood or in a 7% w/v sucrose solution. Sand flies were then fed on the blood

through a chicken skin membrane via a Hemotek feeder as described above.
2.1.5. Heat-inactivation of blood.

For heat-inactivation, 1 ml of rabbit blood was transferred to a 1.5 ml Eppendorf tube.
The blood was centrifuged for 3 min at 7000 rpm. The supernatant was transferred to
a clean tube while also retaining the pellet. The supernatant was heat inactivated at
56°C for one hour. Towards the end of the hour the blood pellet was washed in M199
media that was free of additives. The blood pellet was re-suspended in M199,
centrifuged as described earlier and the supernatant removed and this step was
repeated. The blood pellet and the heat-inactivated supernatant were then recombined

and kept at room temperature prior to use.
2.1.6. Statistical analysis.

One-way ANOVA was used for multiple comparisons. For nonparametric data,
multiple comparisons were done with Kruskal-Wallis and pair-wise comparisons were
done with the Mann-Whitney test. Results were considered significant when p < 0.05.

All data was analyzed using IBM SPSS Statistics 21 (Ver. 21, IBM Corp.).
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2.2. Specific Methods.
2.2.1 Gene Expression chapter.

2.2.1.1. RNA extraction and gene relative expression profile by quantitative RT-

PCR.

Sand flies were infected with either Leishmania or S. marcescens 4 — 5 days post-
emergence (PEM). Samples were collected at 4 h, 12 h, 24 h, 48 h and, for some
infections, 96 h post infection. Five female sand flies were placed in a 1.5 ml tube and
4 tubes were collected at each time point. Control group was 24 h old unfed females.

All samples were kept at -80°C until needed.

To reduce variability, five sand flies were placed in each collection tube. For RNA
extraction, the samples were placed in a tube with 500 ul TRI Reagent® (Ambion,
Austin, TX), then to ensure complete homogenisation samples were homogenised
with a hand-held tissue homogeniser for 30 seconds with a RNase-free plastic pestle.
For trizol extraction, initially 100 pl TRI Reagent® were added to the sample to
facilitate homogenisation followed by an additional 400 pl of TRI Reagent® and
mixed thoroughly by pipetting. RNA was extracted following the manufacturer’s
protocol (Ambion, Austin, TX). To prevent contamination RNaseZap® spray
(Ambion, Austin, TX) was used on bench surfaces and autoclaved nuclease free

tips/Eppendorf tubes were used. RNA was dissolved in 30 pl of nuclease free water.

Total RNA was quantified using a Nanodrop® (Nanodrop 2000, Thermo Fisher
Scientific, Inc., NYSE:TMO). Only samples with over 20 ng/ ul RNA were kept for
analysis. Ratio of absorbance at 260 and 280 nm was analysed to assess purity of the

RNA sample. Total RNA was used for cDNA synthesis using the Megascript RNAi
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Kit (Ambion®). All samples were normalised to 20 ng/ul with nuclease-free water.
For quantitative real-time PCR (qPCR) analysis, cDNA was synthesised from the
RNA samples. The gPCR reactions were performed in triplicate in a total volume of
20 ul using gene-specific primers (Table 1). To reduce pipetting error, 2 pl of sample
was added to each well of the plate. Quantitative PCR (qPCR) was performed using
the following PCR program (adapted from Thermo Fisher Scientific, Inc.,
NYSE:TMO): initial denaturation for 15 min at 95°C followed by 39 cycles of 15 s at
94°C, 30 s at 56°C, 30 s at 72°C. Fluorescence signal was measured at the end of each
extension step at 72°C. The melting curve analysis with a temperature gradient of
1.0°C/s from 50 to 95°C was done after the amplification to confirm that only specific
products were amplified. For qPCR analysis a calibrator is needed for comparison to

experimental samples.

Specific PCR amplification products were detected using SYBR Green PCR Master
mix (Thermo Fisher Scientific, Inc., NYSE:TMO) according to the manufacturer’s
instructions. Cr values were converted to fold difference for all samples using AACr.
For the calibrator (control) a sample of unfed 24 h emerged female sand flies were
used. GAPDH (ABV60323) was used as the housekeeping gene. Forward and reverse
primers were used to a final concentration of 0.5 nM (Primers listed in Table 2.1).
Specific primer sequences for putative PIAS were obtained from a cDNA library
constructed from sand fly whole bodies on GenBank while putative Duox sequences
were obtained from genome sequences from samples of L. longipalpis on Vector Base
(Duox: Vector Base - LLOTMP002198-RA) (PIAS: GenBank - AM106760.1). Gene
sequences were compared to the National Centre for Biotechnology Information
(NCBI) database using BLAST (Altschul et al., 1990). Conserved regions in protein

families for PIAS and Duox were retrieved from the CDD database (Marchler-Bauer

54



et al., 2011, Marchler-Bauer et al., 2013). Multiple alignment clustals were performed
with Clustal Omega (EMBL — EBI). Phylogenetic analysis and Neighbour — Joining

cladograms were performed with MEGA4 package (Tamura et al., 2007).
2.2.1.2. Duox Gene Expression.

Adult female sand flies were challenged with either L. mexicana or S. marcescens as
was previously described. In the case of S. marcescens infections, the bacteria were
re-suspended in a 7% sugar solution. For each challenge, four pools of five flies were
collected 4 h, 12 h, 24 h, and 48 h after infection. RNA was extracted as per the
manufacturer’s protocol. RNA was quantified using a Nanodrop® (Nanodrop 2000,
Thermo Fisher Scientific, Inc., NYSE:TMO) and normalised to 20 pg/ul. Gene

expression was measured using qPCR as described previously.
2.2.1.3. PIAS Gene Expression.

Adult female sand flies were challenged with either L. mexicana or S. marcescens as
was previously described. In the case of S. marcescens infections, the bacteria were
re-suspended in a 7% sugar solution. For each challenge four pools of five flies were
collected 4 h, 12 h, 24 h, and 48 h after infection. A few pools at 96 h post infection
with Leishmania and their blood fed controls, were also collected. RNA was extracted
as per the manufacturer’s protocol. RNA was quantified using a Nanodrop®
(Nanodrop 2000, Thermo Fisher Scientific, Inc., NYSE:TMO) and normalised to 20

ug/ul. Gene expression was measured using qPCR as described previously.
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2.2.1.4 RNAi-mediated PIAS knockdown.

Sense and anti-sense PIAS specific primers that were flanked with the T7 promoter
site (Table 1) were used in PCR to amplify a 693 bp product. Transcription reactions
and column purification were carried out by Megascript RNAI kit (Ambion). Purity of
the dsRNA product was verified on a 1% agarose/Gel Red gel electrophoresis and
quantification of the dSRNA was done with a Nanodrop Spectrophotometer®
(Nanodrop 2000, Thermo Fisher Scientific, Inc., NYSE:TMO). The dsRNA was
eluted into nuclease-free water and concentrated to 4 pg/ul with a Speedvac
Concentrator (Thermo Electron Corporation), stored at -80°C until needed. An
irrelevant gene was used to create an additional control; enhanced Green Fluorescent
Protein (eGFP) dsRNA was produced from a pEGFP-N1 expression plasmid

(Clontech) using specific primers giving a 653 bp amplicon.

RNAi was attempted by microinjection of dsRNA as described previously (Sant'Anna
et al., 2008). Needles were made by heat pulling capillary tubes to make thin needles.
Tips were bevelled to a fine point using a microgrinder (Narishige International). A
Drummond Nanoject II Auto-Nanolitre Injector (Drummond Scientific) was utilised
to inject 32 nl of dsRNA into the thorax of each fly. The flies were kept chilled on ice
for at least 5 minutes to immobilize them for easier injection and to minimize stress.
Flies were then transferred on the tip of the needle and gently brushed off into a new
cage. The flies were maintained at 24°C in cages kept at a high level of humidity
(>90%) to insure hydration and promote healing. Injected sand flies were provided
with 70% w/v sucrose solution. Sand flies for microinjection were 18 — 24 h old post-

emergence.
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For each experiment (dsPIAS, dsGFP controls and non-injected control flies), 3 pools
of 3 flies (total of 9 flies) were collected at 3 and 4 days post microinjection. Three
pools of one fly were also collected in a second experiment for each group (dsPIAS,
dsGFP controls and non-injected controls) at 3 and 4 days post microinjection for
evaluation of RNAi knockdown using both PCR and gPCR. All samples were stored

at -80°C until needed.

2.2.2. Cell proliferation chapter.

2.2.2.1. Imaging and immunofluorescence.

In order to visualise cell proliferation an immunofluorescence approach was
developed. Midguts were dissected in 20 pl 1 x PBS. Dissected midguts were then
placed on a 12 - well microscope slide. One midgut was placed per well and fixed for
45 minutes at room temperature in 30 ul PBS and 4% w/v paraformaldehyde. For
washing, electrophoresis gel loading pipette tips were used to remove liquid while
avoiding disturbing midguts. New wash buffer (PBS) was then added using normal
200 ul tips. The fixed midguts were washed for 3 rinses of 5 min in 30 ul PBS
followed by 3 rinses of 5 min each with 30 ul TRIS-NaCl-Tween (0.1M Tris
HCL/0.3M NaCl (PH7.4), 0.5% triton x 100)(TNT) buffer. The microscope slides
with the midguts were then placed in a container lined with damp paper towels to
prevent dehydration. The guts were then incubated for an hour at room temperature in
30 pl of blocking solution 1 (TNT containing 4% foetal bovine serum (FBS)). The
blocking solution was removed and 30 ul primary antibody, phosphohistone 3 anti-
rabbit antibody (Millipore), at a 1:500 dilution in block solution 1, was added to the
guts and incubated at 4°C overnight. The next day the primary antibody was removed

and guts washed with 6 rinses of 5 minutes in 30 pl of TNT. Guts were then stained
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with Alex488 anti-rabbit (Invitrogen) secondary antibody at a 1:5000 dilution in block
solution 2 (TNT containing 2% FBS) at room temperature for 1 h. Guts were then
washed for 3 rinses of 5 minutes in 30 ul TNT followed by 3 rinses of 5 minutes in 30
ul of PBS. Midguts were then mounted on a clean 12 well microscope slide and each
well only contained one midgut. The guts were then mounted in 15-20 ul VectaShield
with DAPI (Vector Labs, CA) to stain nuclei. A cover slip was placed gently on top

and edges were sealed with clear nail varnish.

Fluorescent images were observed using a confocal laser microscope at 63x/1.40
magnifications (LSM 510 META, Zeiss). Wavelengths 488 and 405nm were used to
detect PH3 and DAPI fluorescence, respectively. The entire midgut region, starting
from below the crop and just above the Malpighian tubules, which demarcate the
midgut from hindgut, was imaged via tiled imaging with the aid of the confocal
microscope. Images were saved as Zeiss .Ism files and viewed in Image]J (ver. 1.47,

NIH, USA) for analysis. Images were later saved as .jpeg files with the aid of Imagel.
2.2.2.2. Age-related cell proliferation.

To observe gut development in newly emerged and young flies, three age groups were
collected: < 4hr post-emergence (PEM), 24hr PEM, and 48hr PEM. To obtain adult
flies of a closely defined age the flies were removed from release pots and then any
adult flies that had emerged 4 hours later were collected into a rearing cage ready for
dissection at each time point. Flies were raised under standard laboratory conditions
until required for experimental work. Guts were imaged using a Zeiss confocal
microscope and images were saved as .1sm files. The .Ism image files were then used
to count the number of positively PH3 stained cells and all DAPI stained cells visible

on the whole midgut with the aid of ImageJ. Midgut regions were defined as the area
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below the crop and just before the Malpighian tubules. Percent positive PH3 cells

were then calculated.
2.2.2.3. Effect of Leishmania and bacterial challenge on cell proliferation.

Adult sand flies were infected with Leishmania or S. marcescens via a blood meal 4 —
5 days PEM, dissected 1 day post-infection (PI) for S. marcescens infected flies and 5
days PI for Leishmania infected flies and then stained with anti-PH3, as described
previously. Flies blood fed without the addition of Leishmania or S. marcescens were
used as controls. Infected flies were kept separate from colony flies and were
supplemented on 70% w/v sucrose solution after infection and kept at 24°C at a
photoperiod of 8 h light/16 h darkness until needed for experimental work. Guts were
imaged using a Zeiss confocal microscope and images were saved as .Ism files. The
.Ism image files were then used to count the number of positively PH3 stained cells
and all DAPI stained cells visible in the whole midgut with the aid of ImageJ. Midgut
regions were defined as the area below the crop and just before the Malpighian

tubules. Percent positive PH3 cells were then calculated.
2.2.3 CL detection strip chapter.
2.2.3.1. CL detect strip sensitivity.

Often, in the field, insects are pooled into groups of 10-50 insects for pathogen
testing. To test the sensitivity of the CL detect strips (InBios) in these conditions one
infected fly was placed in a 1.5 ml tube individually or with 9 uninfected flies. The
flies were homogenised using a motorised pestle in 10 pl of PBS per sand fly. Where
possible, half of the homogenate was stored for quantification of Leishmania via

gPCR (see section 2.2.3.2). In the remaining homogenate 10 ul of lysis buffer per fly
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were added, mixed thoroughly and incubated for 5 min at room temperature. To each
strip, 20 pl of homogenate was added, followed by 100-150 pl of chase buffer. Strips

were then incubated at room temperature for 5-10 minutes before reading.

A 10-fold dilution of Leishmania promastigotes was carried out to calibrate the
sensitivity of the CL strips to parasite antigen so as to compare where infected sand
flies fall within that sensitivity. Leishmania promastigotes were counted and then
approximately 2.5x10" mI” promastigotes were added to an Eppendorf tube. The tube
was centrifuged for 3 min at 7000rpm to pellet the parasites. The supernatant was
discarded without disturbing the pellet. To the parasite pellet 100ul of lysis buffer
(InBios) was added and a 10-fold serial dilution was made. This gave a range of
2.5x107 promastigotes/100 pl lysis buffer at the highest concentration to 2.5x10%/100
ul lysis buffer at the lowest. There were 6 different concentrations in total. These
dilutions were replicated three times. Two of these dilutions were used to create a
standard with the CL strips. For each concentration, an amount of 20 pl was added to
the strip, followed by 100-150 pl chase buffer (InBios). The strips were then
incubated at room temperature for 10 minutes before being read. If there was any

sample remaining it was stored at -80°C for further analysis with gPCR.

To assess whether whole sand fly homogenates could affect CL strip sensitivity, 10
uninfected flies were added to each Leishmania concentration after lysis buffer had
been added. The flies were then homogenised using a motorised pestle. Once flies had
been completely homogenised the samples were incubated at room temperature for 10
minutes. For each concentration, an amount of 20 pl was added to the strip, followed
by 100-150 pl chase buffer (InBios). The strips were then incubated at room
temperature for 10 minutes before being read visually by the operator. All remaining

homogenate was stored at -80°C for further analysis with gPCR.
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Infected sand flies ranging from 2 days to 7 days post infection were tested
individually or in pools of 10 using the CL strips. Where possible an aliquot of
homogenate was stored for qPCR analysis. Additional sand flies were collected from

the same experiment for DNA extraction and qPCR of a single fly.

2.2.3.2. Sand fly and Leishmania qPCR.

DNA was extracted from the stored homogenates using the DNeasy kit (DNeasy
Blood and Tissue Kit; Qiagen, Valencia, CA) following the manufacturer’s
instructions. The qPCR reactions were performed in triplicate in a total volume of 20
ul using gene-specific primers (Table 2.1). Quantitative PCR was performed using the
following PCR program (adapted from Thermo Fisher Scientific, Inc., NYSE:TMO):
initial denaturation for 15 min at 95°C followed by 39 cycles of 15 s at 94°C, 30 s at
56°C, 30 s at 72°C. Fluorescence signal was measured at the end of each extension
step at 72°C. The melting curve analysis with a temperature gradient of 1.0°C/s from
50 to 95°C was done after the amplification to confirm that only specific products

were amplified.

Specific PCR amplification products were detected using SYBR Green PCR Master
mix (Thermo Fisher Scientific, Inc., NYSE:TMO) according to the manufacturer’s
instructions. Forward and reverse primers were used to a final concentration of
0.5nM (Primers listed in Table 1). The nanogram quantities of parasite DNA present
were estimated using the CT values. For the standard, a sample of Leishmania
parasite DNA was used in a 10-fold dilution starting with a DNA concentration of

Img/ul.
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CHAPTER 3

Investigation of the sand fly immune genes: PIAS and Duox

3.1. Introduction

Female sand flies are both plant and animal feeders; as a result they ingest a variety of
microorganisms, some of which may be pathogenic (Sant'Anna et al., 2014). For this
reason sand flies, like other insects, have developed many receptors to recognize
microorganisms attaching and crossing the gut epithelial barrier as well as a number
of innate immune responses used for defence against potential pathogens. Conversely,
constant immune activation against potential invading microorganisms may result in
undue stress to the sand fly system. It is suggested that these flies, in common with
other insects and higher animals, also maintain a required balance between an
immune response against infective agents and the allowance of harmless commensal

microbiota to maintain gut homeostasis (Sant'Anna et al., 2014).

Sand flies are the natural vectors of medically important Leishmania. The term
‘parasite’ is a useful definition for their relationship with the vertebrate host. But,
although we tend to name them as a sand fly ‘parasite’, their precise status with regard
to their relationship with the insect host is unclear; they are neither a true pathogen of
their vector host nor do they necessarily fall into the grouping of commensal
microbiota. Research has been done on many vector insects on the relationship
between the parasites they carry and whether these parasite infections are detrimental
or beneficial to the host (Ferguson and Read, 2002, Sant'Anna et al., 2014, Hurd,
2003). Studies indicate that Leishmania infections within both stressed and unstressed
sand flies resulted in a significant drop in longevity (Rogers and Bates, 2007). Yet,

Leishmania may have a protective effect on sand flies. Recent research indicated that
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Leishmania infected sand flies had a significantly increased survival rate after
infection with entomopathogenic Serratia marcescens than those infected with

Serratia alone (Sant'Anna et al., 2014).

Behavioural changes have been well documented in numerous vector-parasite
interactions, including mosquitoes, sand flies, tsetse flies, and triatomine bugs (Hurd,
2003). These behavioural changes often are due to both physiological change and
physical damage. One such change is in the feeding behaviour of infected insects. An
increase in probing during blood meals has been linked to a reduction of apyrase
activity within the salivary glands in Plasmodium infected mosquitoes and
Trypanosoma infected Rhodnius (Rossignol et al., 1984, Ribeiro et al., 1985, Garcia et
al., 1994). Increased probing during blood feeding has also been observed in sand
flies. This increase in activity has been associated with the “blocked fly hypothesis”
where an occlusion causes swelling at the stomodeal valve (Beach et al., 1985, Rogers
et al., 2002, Rogers and Bates, 2007). This leads to decreased blood flow during
feeding even though the valve is continually open (Jefferies et al., 1986). It has also
been suggested that actual damage of the cuticle region associated with the valve
occurs during Leishmania infection (Schlein et al., 1972). Although the evidence for
valve damage is circumstantial (see also Chapter 4). We do know that blockage found
within the sand fly is a result of a filamentous gel excreted from the Leishmania
parasite known as promastigote secretory gel (PSG) (Rogers et al., 2002). Normally
the sand fly stomodeal valve is shut, which could present a barrier to transmission of
the Leishmania parasites (Schlein et al., 1972, Rogers et al., 2002). In infected flies
the PSG plug was reported to extend through the stomodeal valve and into the
oesophagus (Rogers et al., 2002). The PSG plug blocked the stomodeal valve and

caused difficulty in taking a blood meal. Rogers and co-workers, demonstrated that
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blood meal size correlated with infection intensity (Rogers et al., 2002). Flies were
blood fed on a chick-skin membrane or anesthetised mice, and immediately after,
blood meal size and infection intensity were compared. In both feeding regimes, a
successful full blood meal was directly proportional to infection level within the fly.
Flies with no Leishmania or few Leishmania parasites developing within the gut were
able to take full meals. Conversely, flies with heavy Leishmania infections within

their guts were unable to take more than a partial blood meal (Rogers et al., 2002).

The increasing body of published research documenting physical and physiological
changes to insect vectors due to ‘parasites’ is complemented by studies suggesting
that vectors may also mount an immune response against these parasites (Dimopoulos
et al., 1997, Richman and Kafatos, 1996, Richman et al., 1997, Hao et al., 2001,
Dimopoulos et al., 1998, Dimopoulos et al., 2001). It is likely that the immune
response is stimulated by the damage or physiological changes caused by invading
parasites. Previous research with Anopheles gambiae indicated that infection with
Plasmodium elicited transcriptional activation of a number of immune markers, such
as defensin and those in the NOS family (Dimopoulos et al., 1998, Dimopoulos et al.,
2001). A strong response was reported in the midgut 24 h after infection with
Plasmodium, the time at which malaria ookinetes are migrating across the gut
epithelium. Conversely, at 24 h after infection there was little immune response
observed in the salivary glands, but they were activated about 10 to 25 days later at
the point when sporozoites have been released from the gut into the haemolymph and
invade the salivary glands (Dimopoulos et al., 1998). Research on other insect groups
indicated that parasite infections induced immune gene expression. Work with tsetse
flies indicated that established Trypanosoma infection induced many AMPs including,

attacin, cecropin, diptericin and defensin expression (Hao et al., 2001, Hu and Aksoy,
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2006). Studies on Rhodnius and Trypanosoma molecular interactions are scarce when
compared to other parasite/vector pairs. However, some work with Rhodnius spp.
indicates that Trypanosoma infection induces a host immune response in which
lectins bind to the Trypanosoma parasite to prevent their attachment to midgut and
salivary glands (Fig. 3.1) (Ursic-Bedoya and Lowenberger, 2007). Additionally, in R.
prolixus, infection with T. cruzi and T. rangeli induced NOS expression while
infection and haemocelic injection of T. cruzi induced lysozyme-A expression (Fig.
3.1) (Whitten et al., 2007, Ursic-Bedoya and Lowenberger, 2007). Work on L.
longipalpis reported that Leishmania parasites that were injected into the haemolymph
induced defensin expression 72 h post-injection (Telleria et al., 2013). Manipulation
of immune genes has‘been reported to play an important role in Leishmania
development in L. longipalpis. For example, previous studies indicate that inducing
the Imd pathway by partial silencing of Caspar, a negative regulator of Imd, results in
a significantly decreased population of parasites in infected sand flies (Telleria et al.,

2012).
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One of the major controllers of microbial proliferation in the gut epithelia is reactive
oxygen species (ROS). Recent studies on Drosophila indicate that bacterial infections
induce production of ROS in the gut (Ha et al., 2005a). These oxidative bursts of ROS
play an important role in controlling microbial populations within the gut and for
survivability of the fly (Ha et al., 2005a, Ha et al., 2005b). In the gut, ROS are
produced by the membrane-associated dual oxidase (Duox) (Ha et al., 2005a), which
is part of the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase family
(Rada and Leto, 2008). The production of superoxide anion results from the reaction
being catalyzed by the NADPH protein complex. Cytoplasmic NADPH is converted
to NADP' by the liberation of 2 electrons and a proton (Rada and Leto, 2008). The
proton remains within the cytoplasm while the 2 electrons are transported through the
plasma membrane and bind to 2 oxygen molecules, resulting in the production of
superoxide anion (Rada and Leto, 2008). Along with the NADPH domain Duox
proteins also contain N-terminal peroxidase-homology domains which show high
homology to other peroxidases (Donko et al., 2005). Between the NADPH and
peroxidase domains there are also EF-hand motifs, which binds calcium (Donko et al.,
2005). The presence of calcium has been found to have a stimulatory effect on ROS
production (Dupuy et al., 1988, Geiszt et al., 2003). Although ROS play an important
role in protection against pathogens, continuous production can lead to oxidative
stress (Ha et al., 2009b, Buchon et al., 2009b, Lee et al., 2013, Lee and Lee, 2014). A
recent study indicated that ROS play a role in protection against pathogens in sand
flies. Entomopathogenic bacteria Serratia marcescens was introduced into sand flies

and there is an increase in ROS activity in the midgut (Diaz-Albiter et al., 2012).

The Duox system has not yet been well studied in haematophagous insects, but Duox

enzyme expression and ROS were found to play an important role in pathogen-insect

68



interactions. The dietary supplementation of antioxidants to An. gambiae and the
tsetse fly Glossina morsitans morsitans led to a dramatic enhancement of Plasmodium
berghei and Trypanosoma brucei, respectively (Peterson et al., 2007, MacLeod et al.,
2007). Duox is the main producer of ROS in the gut, but it has also been found to
react with peroxidase to form a dityrosine network as a physical barrier by making the
gut less permeable to immune elicitors in Anopheles gambiae (Kumar et al., 2010).
However, another source of ROS within the haematophagous insect gut may be from
the degradation of haem from the blood meal (Graca-Souza et al., 2006, Citelli et al.,
2007, Toh et al., 2010). Conversely, there is some evidence that ingestion of a blood

meal may decrease ROS within haematophagous insects (Toh et al., 2010).

The Janus Kinase and Signal Transducer and Activator of Transcription (Jak/STAT)
pathway, similar to Duox, reportedly plays a role in a number of immune responses to
infection. Previous studies on the Jak/STAT pathway in Drosophila concluded that it
plays a role in a number of biological functions from developmental events such as
haematopoiesis, cellular responses such as stimulating cell proliferation, eye
development, and embryonic segmentation (Agaisse et al., 2003, Gregory et al., 2008,
Buchon et al., 2009a, Agaisse and Perrimon, 2004). Research with Drosophila
indicated that damaged cells induce the Jak/STAT pathway which stimulates cell
proliferation (Buchon et al., 2009b, Jiang et al., 2009, Zhou et al., 2013). Furthermore,
Jak/STAT has been implicated in eliciting expression of immune induced genes and
participates in some antibacterial responses (Boutros et al., 2002, Agaisse and

Perrimon, 2004).

The Jak/STAT pathway and its homologues have been found in vertebrates and
insects alike. There are two negative regulators of the Jak/STAT pathway namely,

PIAS (Protein Inhibitor of Activated STAT) and Suppressor of Cytokine Signalling
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(SOCS). There have been multiple PIAS proteins discovered in mammalian systems
including PIAS1, PIAS3, PIASx and PIASy (Shuai, 1999, Shuai, 2000, Shuai and
Liu, 2003, Shuai and Liu, 2005). A homologue of the mammalian PIAS protein,
dPIAS/ZIMP has been found in Drosophila (Mohr and Boswell, 1999, Betz et al.,
2001). The domain structures of the PIAS protein family are highly conserved and
contain a RING-finger-like-zinc-binding domain. The PIAS proteins regulate
Jak/STAT by binding directly to STAT to target them for degradation (Wormald and
Hilton, 2004). Research with dPIAS mutants indicates that it plays a role in
controlling the chromosome structure and function by acting on the chromosome
organization during interphase (Hari et al., 2001). Over-expression of dPIAS in
Drosophila mutants has also resulted in small and rough eyes (Betz et al., 2001).
Therefore, to explore the Jak/STAT response in L. longipalpis, we measured PIAS

expression in L. longipalpis.

The majority of research into Jak/STAT in insects has been on Drosophila, although
recent research into this pathway has begun to be focused on vector insects. As an
example, reduction of Dengue virus proliferation in Aedes aegypti is thought to be
mediated via the Jak/STAT pathway, as suppression of this pathway leads to higher
proliferation of this virus (Souza-Neto et al., 2009). Additionally, the silencing of
PIAS resulted in the mosquitoes becoming more resistant to the virus (Souza-Neto et
al., 2009). Furthermore, in recent years this pathway has been reported to play an
important role in Plasmodium development within its vector. Gupta et al.
demonstrated the inhibition of the Jak/Stat pathway through depletion of STAT-A in
Anopheles gambiae resulted in an increased intensity in P. berghei oocysts (Gupta et
al., 2009). Similarly, the depletion of STAT through RNAi within A. aquasalis

resulted in more oocysts within the midgut (Bahia et al., 2011). Moreover, activation
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of the pathway through depletion of the negative regulator, SOCS, resulted in survival
of fewer oocysts (Gupta et al., 2009). In addition, the expression of STAT and
negative regulator PIAS increased from 24 to 36 h in A. aquasalis after infection with

P. vivax (Bahia et al., 2011).

In contrast to parasites such as Onchocerca volvulus that migrate out of the midgut
early in the infection, malaria parasites which migrate later, and dengue which
colonises other parts of the insect body, Leishmania parasites develop entirely within
the sand fly gut (Hawking and Worms, 1961, Ghosh et al., 2000, Salazar et al., 2007,
Dostalova and Volf, 2012). Therefore, the gut immune response would play a larger
role toward regulating or controlling Leishmania development within the sand fly.
However, it is important to note that systemic immune responses may also be
potentially important in regulating Leishmania. Injury to the sand fly external cuticle

can affect Leishmania development (Telleria et al., 2013).

In summary, nothing is known of the role Jak/STAT plays in bacterial or Leishmania
infections in sand flies. Additionally, although ROS and catalase were proven to be
important in the immune response of these flies and the development of Leishmania
parasites, the involvement of Duox within sand flies is unknown (Diaz-Albiter et al.,
2011, Diaz-Albiter et al., 2012). Moreover, although ROS production is activated by
the sand fly immune system in response to infection with pathogenic bacteria, the
introduction of Leishmania does not elicit this immune response (Diaz-Albiter et al.,
2012). It is not well known what effect the parasite has on sand fly health and
survival, but recent research suggests that, in some circumstances, there is a beneficial
relationship, with Leishmania increasing survival of sand flies infected with
entomopathogenic bacteria Serratia marcescens (Sant'Anna et al., 2014). The

purpose of this chapter is to examine what role the Duox and the PIAS element of the
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Jak/STAT pathway play in sand fly immune responses when challenged with bacteria
and Leishmania. To examine the expression of these two genes real-time, or
quantitative, polymerase chain reaction (QPCR) was utilised. Similar to conventional
PCR, qPCR can be used to amplify particular DNA sequences. Unlike conventional
PCR, gPCR can be used to analyze PCR products during amplification. This is
accomplished by measuring the amount of fluorescence in the product during
amplification and achieved by staining of the product with a fluorescent dye. As the
fluorescence is directly proportional to the amount of amplicon, gPCR can be used for

quantitative or qualitative analysis (Ginzinger, 2002).
3.2. Results
3.2.1. L. longipalpis PIAS.

The L. longipalpis mRNA sequence for PIAS contains 1,267 bp and encodes a
predicted peptide of 352 amino acids (GenBankAM106760). An alignment from the
available L. longipalpis PIAS sequence with three other dipteran species revealed that
this inferred protein is moderately conserved within the region enclosing the PINIT
domain, a protein domain found within PIAS proteins (Marchler-Bauer and Bryant,
2004, Marchler-Bauer et al., 2009, Marchler-Bauer et al., 2011, Marchler-Bauer et al.,
2013). Aedes aegypti had the highest identity score (67%) in comparison to L.
longipalpis (Fig. 3.2A). For comparison, a putative PIAS sequence for Phlebotomus
papatasi was found. Unfortunately, the available P. papatasi sequence is not
sufficient to identify the zf-MIZ domain of PIAS (Fig. 3.2B). To explore the
relationship between these protein sequences, a phylogenetic analysis was performed

with those from other insect species. The L. longipalpis sequence was grouped within
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a clade formed from the amino acid sequence for PIAS of other insects in the

suborder Nematocera (Fig.3.3).
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3.2.2. L. longipalpis Duox

The L. longipalpis mRNA sequence for Duox contains 1,239 bp and encodes a
predicted peptide of 618 amino acids (aa) (Vectorbase LLOTMP002199-RA).
Unfortunately the L. longipalpis genome is not sufficiently annotated to identify the
peroxidase domain of the Duox protein. Therefore, P. papatasi, a related
phlebotomine sand fly, was used for comparisons. The putative Duox protein of P.
papatasi is nearly identical to the available L. longipalpis putative Duox sequence and
contains 4,389 bp and encodes a predicted peptide of 1416 aa (Fig. 3.5). An alignment
from available Duox sequences with three other dipteran species revealed that this
inferred protein is highly conserved within the region enclosing the Nox/Duox — like
FAD/NADP binding region and FNR-like superfamily, a protein domain found within
Duox proteins (Marchler-Bauer and Bryant, 2004, Marchler-Bauer et al., 2009,
Marchler-Bauer et al., 2011, Marchler-Bauer et al., 2013) and Aedes aegypti and
Anopheles gambiae had the highest identity scores (97%) (Fig. 3.4). To explore the
relationship between these protein sequences a phylogenetic analysis was performed
with other insect species. L. longipalpis was grouped within a clade formed from the
partial amino acid sequence for Duox of other insects in the suborder Nematocera
(Fig. 3.6). Additionally, the conserved FAD/NADP binding regions and EF — hand
domain was found in both the L. longipalpis and P. papatasi putative gene sequence

(Fig. 3.6).
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3.2.3. Real — time PCR (qPCR)

To measure expression levels in organisms, qPCR has become an established technique
(Ginzinger, 2002, Klein, 2002, Huggett et al., 2005). As a result, gPCR was used to
measure the expression levels of two putative immune genes, Duox and PIAS, within L.
longipalpis. Specific primers were designed from putative gene sequences for PIAS
(AM106760.1) and Duox (LLOTMP002199-RA). The putative PIAS gene sequence was
obtained from a cDNA library constructed from whole body sand flies, while Duox was
obtained from the genome sequence of the Jacobina strain of L. longipalpis on
Vectorbase (Dillon et al., 2006). GAPDH was used as a reference gene as it has been
found to be stable within multiple insect species (Hornakova et al., 2010, Teng et al.,
2012, Scharlaken et al., 2008). The use of relative quantification is dependent on the
primers for both the gene of interest and the reference gene having the same PCR
efficiencies. Therefore, both PIAS and Duox primers were checked for efficiency to

GAPDH, resulting in 99% efficiencies.

3.2.4. Assessment of Duox expression in adult female sand flies after blood feeding,

sugar feeding, Leishmania or Serratia marcescens infection

To analyze changes in Duox expression caused by parasite or bacterial interactions, adult
females were infected with L. mexicana or S. marcescens. These changes were assessed
by qPCR. All samples analyzed had an average fold difference higher than 7 times the
control (24 h old unfed adult female sand flies). Leishmania and Serratia infected flies
did not have a significant change in Duox expression from 4 h to 48 h post feed. The

blood fed control flies had a significant increase of Duox expression at the 48 h time
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point when compared to the 4h, 12h and 24h time points (Fig. 3.7, ANOVA, p<0.011).
Sugar fed flies had an increase of Duox expression at the 24h time point when compared
to the other 3 time points (Fig. 3.8, ANOVA, p<0.017). Duox expression of sand flies
orally infected with Leishmania and Serratia did not differ significantly from their
controls. But a significant increase of Duox expression was found in blood fed flies when
compared to sugar fed flies at 48 h post feed (Fig. 3.9, ANOVA, p<0.01). Sand flies were
infected with Leishmania by oral infection in a blood meal while Serratia flies were
infected through a sugar meal. Leishmania infected sand flies and blood fed control flies
have a significantly increased level of Duox expression when compared to the sugar fed

control and Serratia infected flies (Fig. 3.9, Mann-Whitney, p<0.016).
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3.2.5. Assessment of PIAS expression in adult female sand flies after blood feeding,

sugar feeding, Leishmania or Serratia marcescens infection

To analyze any changes in PIAS expression caused by parasite or bacterial interactions,
adult females were infected with L. mexicana and S. marcescens. These changes were
assessed by quantitative real-time PCR (qQPCR). All samples analyzed had an average
fold difference higher than 5 times the control (24 h old unfed adult female sand flies).
There were no significant changes in PIAS expression found between 4h, 12h, 24h, 48h
and 96h for sand flies challenged with either Leishmania or Serratia (Fig. 3.10 and 3.11,
respectively). Additionally, for Leishmania infected and blood fed controls, there were no
significant changes in PIAS expression found at 96h. Similarly the blood fed and sugar
fed controls had no significant changes in expression of PIAS for samples taken at the
four times points (Fig. 3.10 and 3.11, respectively). Flies challenged with Leishmania and
Serratia have expression levels similar to the controls but a significant increase of PIAS
expression was detected in flies that had fed on blood when compared to sugar fed flies at
48 h post feed (Fig. 3.12, Kruskal-Wallis, p<0.003). Sand flies were infected with
Leishmania by oral infection in a blood meal while Serratia flies were infected through a
sugar meal. Leishmania infected sand flies and blood fed control flies have a significantly
increased level of PIAS expression when compared to the sugar fed and Serratia infected

flies (Fig. 3.12, Mann-Whitney, p<0.023).
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3.2.6. RNAi depletion of PIAS

To explore the role of PIAS in gut homeostasis and Leishmania development within sand
flies, the depletion of PIAS by RNA interference (RNAi) was attempted with dsSRNA
microinjection. The PIAS template was obtained from PCR product amplified from
cDNA of whole body L. longipalpis. Synthesis of dSRNA was carried out using specific
primers containing the T7 site at their 5’ ends. Primer sequences for putative PIAS were
obtained from data available from a whole body cDNA library (GenBank: AM106760.1).
As a “mock injected” control group, some flies were microinjected with dsRNA of
unrelated gene, green fluorescent protein (GFP). Confirmation of gene silencing was
investigated by sampling of uninjected, GFP - dsRNA injected, and PIAS - dsRNA
injected sand flies 3 and 4 days post — injection; the time points were selected to
correspond to the optimal time before initial Leishmania infections of adult flies.
Additionally, previous gene silencing in phlebotomine flies found 3 to 4 days post
injection gave highest percentages of gene silencing for various genes (Sant'Anna et al.,
2008, Telleria et al., 2012). RNA was extracted from the samples followed by cDNA
synthesis. The experiment was conducted in duplicate. The outcome of PIAS gene
depletion by microinjection of dSRNA was analysed using gPCR. Gene silencing was not
successful as expression levels for PIAS, measured by both qPCR and conventional PCR
with gel electrophoresis, were not significantly different between non-injected adult

female sand flies and the dsRNA injected flies (PIAS or GFP).
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3.3. Discussion

Work presented in this chapter indicated that immune gene expression in L. longipalpis
was influenced by blood meal digestion. Expression of Duox and PIAS was increased in
sand flies 48 h after feeding on blood. There was no statistically significant change in
gene expression for either flies infected with the protistan L. mexicana or by
entomopathogenic bacteria S. marcescens when compared to blood fed and sugar fed

controls.
3.3.1. Sand fly gene expression related to blood feeding and Leishmania infection

In L. longipalpis a number of genes have now been studied and shown to be induced to
different degrees after ingestion of a blood or sugar meal. Examples are trypsins,
chymotrypsins, oxidative stress molecules, proteases, and immune genes (Dillon et al.,
2006, Telleria et al., 2007, Jochim et al., 2008, Sant'Anna et al., 2009). Feeding,
especially blood feeding, is known to induce gene expression in other related insect
species such as Phlebotomus perniciosus and P. papatasi (Ramalho-Ortigao et al., 2007,
Dostalova et al., 2011). The process of taking a meal, whether that is blood or sugar
based, stimulates the expression of a number of genes and it seems that the genes
investigated during the present work are likewise stimulated. For every sample analysed
the difference in expression of both PIAS and Duox was at least five fold higher than the

controls, unfed adult female sand flies 24 h post emergence.
3.3.2. Influences on immune gene expression by blood digestion

It was concluded from the results that ingestion of a blood meal had a larger impact on
expression of Duox and PIAS in L. longipalpis than infection with either L. mexicana or
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§. marcescens. The act of blood feeding is important for production of eggs in sand flies
and many other haematophagous insects. The act of taking a blood meal results in
dramatic physical and physiological changes in haematophagous insects. Mosquitoes and
triatomine insects can take over three times their body weight in blood and in some cases
as high as nine times (Friend et al., 1965). The ingestion of blood meals elicits multiple
- gene expression (Barillas-Mury et al., 1991, Ribeiro, 2003, Jochim et al., 2008, Dostalova
et al., 2011). In sand flies an increase in expression of Duox and PIAS was seen in blood

fed females 48h after the blood meal.

There are various explanations for this inducement of immune gene expression in blood
fed insects. During feeding, either blood or sugar based, there is an increased opportunity
for sand flies to ingest foreign microbes. Flies feeding on blood and plant based materials
in the wild are likely to ingest a number of microorganisms and their associated MAMPs.
Research into the microbial presence within the sand fly has found a number of different
bacteria, with the predominant species belonging to Enterobaceriaceae (Dillon et al.,
1996, Volf et al., 2002, Gouveia et al., 2008, Hillesland et al., 2008). Furthermore, work
by Hillesland et al., found in a survey of Phlebotomus argentipes in four VL-endemic
areas, that the bacterial demographic of the sand fly gut reflected the environment in

which the fly resided (Hillesland et al., 2008). Ingestion of bacteria has been shown to

induce defensin expression in L. longipalpis (Telleria et al., 2013). Infection with Gram

bacteria E. coli, Ochrobactrum spp., and S. marcescens induced an increase in defensin
expression. Additionally, infection with Gram" bacteria Micrococcus luteus induced a
sharp increase in defensin expression in early infection (Telleria et al., 2013). However,

infection with Gram™ Pantoea agglomerans did not increase defensin expression (Telleria
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Although there is a high population of bacteria detected in newly emerged flies, it is
likely that these bacteria are from the larval stages that remained during metamorphosis
(Fig. 3.13). However, bacteria populations in older adult sand flies are relatively low
(Fig. 3.13). Though bacterial numbers within the flies used in these studies were low, it is
still possible that the increased Duox expression observed in our experiments may be a
protective defence against potentially pathogenic ingested microbes. Therefore, although
the flies in our experiments may have fewer bacteria present in their gut when compared
to wild flies, they are certainly not “germ-free” and immune gene expression may be

induced by the presence of MAMPs in food.

This increase in gene expression also correlates well with blood digestion and the
breakdown of haemoglobin. Haemoglobin is the most abundant protein found within
mammalian blood, reaching concentrations as high as 150mg/mL (Graca-Souza et al.,
2006). The breakdown of haemoglobin within haematophagous insects leads to the
production of high concentrations of haem. Haem is a low-molecular mass iron that can
lead to degradation of lipids, proteins and DNA by its ability to produce reactive oxygen
species (Gutteridge and Smith, 1988). Haem can generate the strong oxidant hydroxyl
radical (OH") when in the presence of H>O, via a Fenton-like reaction. Additionally OH’
has the ability to react with other molecules to lead to the production of other highly

reactive radicals such as alkoxyl and peroxyl (Fig. 3.14)

93



FENTON REACTION
l—> Fe? + H,0, — Fe® + OH™ 4 E{Tl

LIPID PEROXIDATION ¢
RH + OH — HO + (A"

R + 0,— ROO
i —T o
——— ROO" + RH —> ROOH + | R » | OXIDATIVE
. | STRESS
A

Heme4.Fe+?-+ ROOH — Heme -Fe*» + OH + | RO® }

1
Heme -Fe«* + ROOH — Heme -Fe2 + H* + |ROO;

Fig. 3.14.The Fenton reaction. The Fenton reaction is thought to mediate iron-induced
oxidative stress by generating hydroxyl radicals (OH"). The OH’ can initiate lipid
peroxidation chains by abstracting electrons from other molecules such as an
unsaturated fatty acid (RH) which generates an alkyl radical (R"). Conversely, haem-
induced formation of radical species relies on conversion of low-reactive organic
hydroperoxides (ROOH) into highly reactive alkoxyl (RO") and peroxyl (ROO") radicals.
Adapted from (Graca-Souza et al., 2006).

This breakdown of haemoglobin into haem and the production of ROS work in a
synergistic manner with NADPH family enzymes such as NOX and Duox (Graca-Souza
et al., 2006). The NADPH oxidase complex produces superoxide by using the NADPH
complex as an electron donor to reduce molecular oxygen to superoxide (Pereira et al.,
2001). Superoxide quickly dismutes to H,O,, which in the presence of metal ion, such as

iron (Fe2+), is converted to hydroxyl radical (Pereira et al., 2001).

There was an increase in Duox at 48 h post blood feed (PBF) which correlates well with
previous work on blood digestion and antioxidant stimulation within sand flies. Earlier
research with L. longipalpis indicated that the digestive enzyme trypsin is detectable at
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high expression levels 2 — 72 h after a blood meal and peaks at 12 h PBF (Telleria et al.,
2007). Trypsin was also detected in related sand fly species Phlebotomus papatasi and P.
langeroni, with peak expression between 24 — 48 h PBF (Dillon and Lane, 1993). As
blood is digested, haem is released and can then lead to ROS production. To counteract
this influx of ROS there is an increase in antioxidant enzymes. The ROS detoxifying
enzyme catalase expression was detected in L. longipalpis with a peak at 48 h PBF (Diaz-
Albiter et al., 2012) which corresponds with the peak Duox expression that was found in

our research.

Oxidative bursts from the release of reactive oxygen species has been linked with cell
proliferation. In Drosophila melanogaster research has indicated that ROS promotes cell
proliferation and differentiation (Biteau et al., 2008, Buchon et al., 2009a, Lee, 2009,
Hochmuth et al., 2011). Interestingly, Drosophila with reduced Duox activity also had a
reduction in ISC proliferation and differentiation (Buchon et al., 2009a)(Buchon et al.,
2009a)(Buchon et al., 2009a)(Buchon et al., 2009a)(Buchon et al., 2009a)(Buchon et al.,
2009a)(Buchon et al., 2009a)(Buchon et al., 2009a). As oral feeding of tissue damaging
agents, such as DSS, SDS and bleomycin, also induced cell proliferation, it has been
hypothesised that cell proliferation is not due to the direct effect of ROS but was caused
by ROS induced damage to the gut epithelia (Buchon et al., 2009a)(Buchon et al.,
2009a)(Buchon et al., 2009a)(Buchon et al., 2009a)(Buchon et al., 2009a)(Buchon et al.,
2009a)(Buchon et al., 2009a). One of the major signalling pathways found to be
associated with cell proliferation is Jak/STAT (Buchon et al., 2009b, Cronin et al., 2009,
Jiang and Edgar, 2009, Jiang et al., 2009, Xu et al., 2011, Zhou et al., 2013). PIAS were

found to have increased expression in blood fed flies 48 h after a blood meal. Moreover,
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although there was no significant difference found after Leishmania infection and blood
feeding over time, there is a slight upward trend in PIAS expression. This may be due to
a build up of ROS due to the degradation of the blood meal and the attendant cell
proliferation from oxidative damage to cells. As these genes also play a large role in
inducing cell proliferation, it was then decided to investigate the effects of infection by
Leishmania and Serratia on cell proliferation within the sand fly gut. The next chapter

describes the results for this study.

Therefore, it is still unclear whether the increased expression of Duox observed in our
work was due to the breakdown of haem or a defence against incoming microorganisms
ingested when feeding. One experimental approach to answer this question would consist
of feeding the flies with a blood meal without haem to determine if Duox is still induced.
For example, it is possible to feed sand flies on serum alone, with or without added haem.
Comparisons in Duox expression could then follow. It would also be of interest to
determine the immune response to flies that were raised “germ free” to see if it is the
feeding event itself that triggers the immune response or the presence of bacteria within
the meal. Work with germ-free insects has been largely overlooked, barring a few
exceptions (Toure et al., 2000, Dillon et al., 2005, Dillon et al., 2010, Shin et al., 2011,
Akhouayri et al., 2013), as it is difficult to establish and maintain germ-free insect
colonies (Toure et al., 2000, Dillon and Dillon, 2004). It is important to note that the
analysis of the immune response of germ-free insects would need to be carefully
interpreted. The physiology of germ-free insects may differ significantly from
conventionally reared insects. The mere presence of MAMPs, from bacteria or plant

extracts, may be sufficient to cause induction of an immune response. Additionally, the
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method used to create germ-free insects may affect the immune response. The use of
antimicrobials to clear microorganisms from the insect has a number of disadvantages.
There is the possibility of toxic effects on the host or antimicrobial resistance of the
microorganisms within the host which could overcome a broad-spectrum regime (Dillon

and Dillon, 2004).
3.3.3. The effects of Leishmania infection on immune gene expression

It was perhaps surprising to find that the presence of Leishmania in the sand fly gut
appeared to have little effect on the expression of either Duox or PIAS. During all time
points sampled the Leishmania infected sand flies had similar gene expression levels as
their blood fed controls. This contrasts to research in the vectors species An. gambiae,
where invasion of Plasmodium into the gut induced expression of Duox (Kumar et al.,
2004). Additionally an increase in ROS-detoxifying enzyme was detected in An. gambiae
after infection with Plasmodium 24 h after infection, the point at which malaria ookinetes

are traversing the midgut epithelium (Molina-Cruz et al., 2008).

Unlike Plasmodium infection within mosquitoes, the results here indicated that
Leishmania infection does not induce Duox expression in sand flies. In support of this
finding, previous research in sand flies found a lack of ROS production in response to
Leishmania infection (Diaz-Albiter et al., 2012). Leishmania infected sand flies had
similar levels of two different ROS (O»- » and H,0;) as was measured in blood fed, non-
infected controls (Diaz-Albiter et al., 2012). The presence of ROS, such as hydrogen
peroxide, was detrimental to Leishmania survival within the sand fly gut. Leishmania

infected sand flies that were orally administered H,O, or had knockdown of the
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H,0detoxifying enzyme catalase via RNAI, displayed lower parasite survival within the
gut (Diaz-Albiter et al., 2012). Therefore it may be beneficial to Leishmania parasites to

not induce Duox, as it is one of the producers of ROS within the insect gut.

There was a significantly higher expression of Duox detected 48hr after blood feeding
when compared to the other time points. Yet there were low levels of ROS found within
both Leishmania infected and blood fed control sand flies (Diaz-Albiter et al., 2012). The
expression levels of the ROS detoxifying enzyme catalase significantly increased 48hr
post blood feed (Diaz-Albiter et al., 2012). This increase of catalase in blood fed controls
at 48hrs may explain the lower levels of ROS found within the gut. Even so, in
Leishmania infected flies there was a marked decrease in catalase expression at 48hr post
feed (Diaz-Albiter et al., 2012). However, Leishmania infection in sand flies appears to
induce the Imd pathway (Telleria et al., 2012). When Caspar, a negative regulator of the
Imd pathway, was silenced with RNAI, there was a significant decrease in parasite
development within the sand fly gut (Telleria et al., 2012). It appears Caspar expression
protects developing Leishmania parasites from the response of the Imd pathway. It is
possible that Leishmania parasites induce immune genes such as Caspar to protect them
against other defences. It is also possible that Leishmania either prevent production or

actively detoxify ROS.

The Leishmania parasite proliferates in environments where it contends with ROS. As
mentioned previously the breakdown of haem results in a number of ROS in which, as a
blood-borne parasite, Leishmania had to adapt to survive. Along with the breakdown of
haem, there are also phagocytic oxidative bursts that the Leishmania parasite has to

contend with while in its mammalian host (Babior et al., 1973, Babior, 2000, Van Assche
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et al,, 2011). The metacyclic promastigotes are phagocytosed upon entry into their
mammalian hosts. Although an increase in superoxide ions is seen upon infection of the
macrophage by both amastigotes and promastigotes, the response to amastigotes is much
lower than that seen with promastigote infection (Channon et al., 1984, Pham et al., 2005,
Lodge and Descoteaux, 2006). Leishmania amastigotes have a number of ways to prevent
the production of superoxides within the macrophage by preventing assembly of the
NADPH oxidase by either preventing the maturation of gp91phox or inhibiting protein
kinase C (PKC), which is needed to recruit p67phox and p47phox (Watson et al., 1991,
Pham et al., 2005, Lodge and Descoteaux, 2006). As promastigotes are phagocytosed the
acidic environment of the phagolysosomes induced their change into amastigotes. But it
is important that promastigotes survive any oxidative bursts upon being phagocytosed. To
this end, promastigotes also have the ability to disrupt NADPH oxidase assembly,
primarily through the lipophosphoglycans, dominant surface molecules of promastigotes
(McNeely et al., 1989). Additionally, Leishmania parasites have developed various other
adaptations for detoxifying ROS to protect themselves. Unlike most eukaryotes,
Leishmania lack catalase and selenium-containing glutathione peroxidases. Instead they
have developed a number of antioxidant enzymes to help in the detoxification of ROS,
such as trypanthiones, a superoxide dismutase which contains iron (FeSOD), HSP70,
lipophosphoglycan, and peroxidoxins (Fairlamb et al., 1985, Chan et al., 1989,
Paramchuk et al., 1997, Miller et al., 2000, Barr and Gedamu, 2001, Ghosh et al., 2003,
Barr and Gedamu, 2003). These antioxidant enzymes found in the parasite have been

found to play a role in not only resistance to H,O, toxicity but also in the virulence of
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Leishmania (Goyal et al., 1996, Krieger et al., 2000, Acestor et al., 2006, Dolai et al.,

2008, Dolai et al., 2009, Pal et al., 2010).

In summary, it is still unclear how blood digestion induces immune gene expression in
Lutzomyia. It is possible that the increased immune gene expression seen here is in direct
response to a feeding event as a precaution against possible incoming microbes. On the
other hand it may be possible that it is a response to actual microbiota within the meal.
Experimental work in the future can explore these questions further by feeding female
sand flies a blood meal without haem to assess whether it is the breakdown of blood that
is inducing gene expression. A meal of only serum or saline and latex beads may also be
a viable option to measure whether the increase of Duox is induced by the feeding event
alone or whether Duox is working synergistically with the breakdown of haem to

increase ROS production.
3.3.4. The effects of Serratia marcescens infection on immune gene expression

The ability to defend against pathogens is essential for the continued survival of an
insect. Yet, perhaps unexpectedly, infection with S. marcescens did not induce PIAS or
Duox in L. longipalpis. There was no significant difference in Duox or PIAS expression
at any time point for S. marcescens infected flies when compared to their sugar fed
controls (Fig. 3.9 and Fig. 3.12). However, S. marcescens is a known insect pathogen and
has been isolated from a number of haematophagous insects, including Culex pipiens, An.
gambiae, R. prolixus, P. papatasi, and L. longipalpis (Chadwick et al., 1990, DeMaio et
al., 1996, Dillon et al., 1996, Straif et al., 1998, Azambuja et al., 2004, Gouveia et al.,

2008). Research indicates that S. marcescens is a potent entomopathogen, requiring a low
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inoculum to cause bacteremia and rapid killing (Chadwick et al., 1990, Ishii et al., 2012).
As S. marcescens is pathogenic it stands to reason that an immune response would be
mounted against it. Previous work with Drosophila and An. gambiae supports this
hypothesis as a number of immune genes are induced, particularly those related to the
Imd pathway after infection with S. marcescens (Nehme et al., 2007, Cronin et al., 2009,
Stathopoulos et al., 2014). For example, an immune gene related to the Imd pathway,
diptericin, was induced in Drosophila after infection with S. marcescens (Nehme et al.,
2007). Additionally, silencing of Imd related genes results in reduced survival in
Drosophila after S. marcescens infection (Cronin et al., 2009). In L. longipalpis, after
oral infection with S. marcescens, there is an increase in ROS within the midgut (Diaz-
Albiter et al., 2012). Additionally, there is an increase in defensin expression levels in L.
longipalpis after infection with S. marcescens (Telleria et al., 2013). However, recent
studies indicate that S. marcescens may be able to suppress or evade the insect immune
system (Ishii et al., 2012, Ishii et al., 2014a, Ishii et al., 2014b). The virulence factor
Serralysin, a metalloprotease, was discovered in S. marcescens and contributes to
pathogenesis by inhibiting wound healing resulting in excessive haemolymph bleeding in
silkworm (Bombyx mori) larvae injected with the bacteria (Ishii et al., 2014b).
Additionally, recent work with Serralysin indicates that this metalloprotease may
suppress the cellular immune response by reducing cell adhesiveness and therefore
preventing bacterial phagocytosis by haemocytes (Ishii et al., 2014a). Therefore, the lack
of Duox and PIAS expression in L. longipalpis may be due to the ability of S. marcescens

to evade the sand fly's immune system.
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Previous research indicates that S. marcescens may also have the ability to induce
apoptosis of cells (Ishii et al., 2012). Work conducted by Ishii ez al. found that silkworm
larvae injected with S. marcescens have increased cell death in haemocytes (Ishii et al.,
2012). Additionally, there was an increase in expression of signalling pathways involved
in apoptosis, such as c-Jun NH,-terminal kinase (JNK) and caspases, in B. mori larvae
injected with S. marcescens (Ishii et al., 2012). This increase in cell death was also
observed in Drosophila infected with another well known entomopathogenic bacteria,
Pseudomonas entomophila (Buchon et al., 2009a)(Buchon et al., 2009a)(Buchon et al.,
2009a)(Buchon et al., 2009a)(Buchon et al., 2009a). After infection with P. entomophila,
Buchon et al. found there was a decreased amount of intestinal stem cells (ISC) present
along with missing or damaged enterocytes within the Drosophila gut (Buchon et al.,
2009a)(Buchon et al., 2009a)(Buchon et al., 2009a)(Buchon et al., 2009a)(Buchon et al.,
2009a). The absence of increased expression of Duox and PIAS after infection with S.
marcescens may be due, in part, to excessive damage to gut cells by the bacteria (see
Chapter 4). It is possible that there may not be a sufficient number of remaining

undamaged cells after infection with S. marcescens to mount an immune response.

In summary, it is unclear whether the lack of Duox and PIAS expression in L. longipalpis
after S. marcescens infection is due to the bacteria actively evading and/or suppressing
the sand fly's immune response or as a result of excessive cell damage. Further research
needs to be conducted to better understand Duox and PIAS expression after bacterial
infection. Understanding the immune response to bacterial infection will allow for

comparisons to Leishmania infection. This could allow a better understanding of the
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vector - parasite immune response and the possibility to manipulate this immune response

to make the sand fly refractory to parasite development.
3.3.5. dsRNA-mediated gene depletion of PIAS

RNAIi was pioneered nearly 20 years ago when it was found that application of
exogenous dsRNA could silence the endogenous mRNA of Caenorhabditis elegans (Fire
et al., 1998). Since then RNAIi, when used carefully with the appropriate controls, has
proven to be a useful tool in determining gene function. In sand flies, successful RNAi
was first accomplished with the partial silencing of xanthine dehydrogenase in L.
longipalpis, an important enzyme for the catabolism of protein (Sant'Anna et al., 2008).
To explore the influence of PIAS on the relationship between L. longipalpis and the
Leishmania parasite, RNAi knockdown was attempted via the injection of dsRNA into
the insect thorax. In our research injection of dsPIAS did not reduce gene expression as

expression levels were similar to those in the controls.

The Jak/STAT pathway plays an important role in insect immunity and gut homeostasis
(Buchon et al., 2009a, Buchon et al., 2009b, Gupta et al., 2009, Souza-Neto et al., 2009).
The successful knockdown of PIAS with RNAi would help to explore its role within sand
flies and help define the relationship between the vector and Leishmania parasite. There
are a number of factors needed to achieve successful RNAI, including: method of
delivery of dsRNA (via microinjections), the concentration of dsSRNA used, the correct
nucleotide sequence and/or the length of the dsRNA fragment (Araujo et al., 2006,
Jaubert-Possamai et al., 2007, Meyering-Vos and Mueller, 2007, Shakesby et al., 2009,

Liu et al., 2010, Huvenne and Smagghe, 2010). It is possible that the concentration,
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nucleotide sequence and dsRNA fragment length was insufficient for successful gene

knockdown in our studies.
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CHAPTER 4

The effect of Leishmania and Serratia infection on epithelial cell proliferation in the

sand fly midgut
4.1. Introduction

The insect gut is typically divided into three sections: the foregut, the midgut and the
hindgut (Fig. 4.1). The foregut and hindgut are both ectodermal in origin and both are
lined with cuticle that consists of chitin and other proteins (Nation, 2011, Chapman et al.,
2012, Engel and Moran, 2013). This cuticular lining is shed and renewed at each moult.
The foregut can be further divided into 4 sections: the pharynx, the oesophagus, the crop
and the diverticulum. The primary functions of the foregut are for food movement or
storage (Nation, 2011, Chapman et al., 2012, Engel and Moran, 2013). The hindgut can
also be differentiated into three sections: the pylorus, ileum and rectum. The Malpighian
tubules attach to the pylorus and mark the beginning of the hindgut. The primary
functions of the hindgut are for reabsorption of water, ions and dissolved substances,
along with specialised structures that help with excretion (Nation, 2011, Chapman et al.,
2012, Engel and Moran, 2013). The midgut is the primary site for digestive enzyme
secretion and for digestion and absorption of nutrients (Nation, 2011, Chapman et al.,
2012, Engel and Moran, 2013). The insect midgut has an endodermal origin and
therefore, unlike the foregut and hindgut, lacks a cuticular lining. In most insects there is
an envelope-like material known as the peritrophic matrix (or membrane; PM) that is
secreted by the epithelial cells and lines the entire midgut. The PM divides the midgut

into endoperitrophic and ectoperitrophic space where microorganisms are typically
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contained within the PM to prevent their contact with the midgut epithelium (Lehane,
1997, Billingsley and Lehane, 1996). There are two types of PM: type I and type II. Type
I PM lines the entire midgut and is actively produced by the epithelial cells after
ingestion of certain foods, while type I PM is only found in certain regions of the
anterior midgut (Lehane, 1997). Adult female sand flies produce a type I PM while the
larvae have type II PM (Gemetchu, 1974, Walters et al., 1993, Secundino et al.,
2005a).The purpose of the PM is multifaceted; the first line of defence of the insect by
protecting the epithelium from mechanical damage from food particles, from exposure to
large toxin molecules that may be in the food, from microbial invasion, and concentrating
food and digestive enzymes (Shao et al., 2001). The Malpighian tubules are attached at
the pylorus, marking the end of the midgut and beginning of the hindgut. They are
extensions of the anterior hindgut that extend into the body cavity and whose primary
function is to absorb waste, like uric acid, and deliver them into the anterior hindgut. The
hindgut therefore contains a mixture of nitrogenous waste and food waste and is the site

of water regulation (Engel and Moran, 2013).
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and stimulates cell proliferation. Studies indicated that ingestion of invasive bacteria
Erwinia carotovora subsp. carotovora (Ecc15) or Pseudomonas entomophila can cause
ISC proliferation in Drosophila melanogaster (Amcheslavsky et al., 2009, Buchon et al.,
2009a). Anti-phosphohistone 3 (PH3) antibody staining was utilised as an indicator of
mitotic activity to observe cell proliferation in Drosophila. With this method, an increase
in ISCs was observed in Drosophila guts after Ecc15 infection (Buchon et al.,
2009a)(Buchon et al., 2009a)(Buchon et al., 2009a)(Buchon et al., 2009a). Bacterial
recognition is not essential for ISC proliferation as PGRP-LC recognition and the
induction of the IMD pathway are not essential for ISC division and enteroblast (EB)
differentiation (Buchon et al., 2009a)(Buchon et al., 2009a)(Buchon et al.,
2009a)(Buchon et al., 2009a). Instead, in Drosophila, the first immune response to
control bacterial infection in the gut is the production of ROS by Duox; NADPH oxidase,
and it appears that this oxidative burst from ROS produced soon after Ecc15 infection is
the major inducer of ISC activation and intestinal tissue renewal. This does not occur in
Drosophila fed anti-oxidants or where the Duox gene is silenced using RNAi (Buchon et

al., 2009a)(Buchon et al., 2009a)(Buchon et al., 2009a)(Buchon et al., 2009a).

The pathway and activation of ISC proliferation is still not completely understood but
studies indicate that the JAK/STAT pathway plays an important role (Biteau et al., 2008,
Amcheslavsky et al., 2009, Jiang and Edgar, 2009, Buchon et al., 2009a). It was found
that the production of the JAK/STAT ligand, Upd3, in damaged cells activated ISC
proliferation and this cytokine is strongly induced in damaged enterocytes (EC) after
bacterial infection, while reduction of JAK/STAT in ECs decreased proliferation

(Buchon et al., 2009a)(Buchon et al., 2009a)(Buchon et al., 2009a)(Buchon et al., 2009a).
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Although the trigger for Upd3 is not completely understood, it appears that cell damage is
key as physical damage of Drosophila ECs increased Upd3 expression in the surrounding
tissue (Buchon et al., 2009a)(Buchon et al., 2009a)(Buchon et al., 2009a)(Buchon et al.,
2009a). The Upd3 pathways work in conjunction with the cytoprotective JNK pathway, a
bacteria-dependent activation of ISC production that is strongly expressed in ISCs and
ECs (Buchon et al., 2009a, Gregory et al., 2008). Survival of Drosophila after infection
with Ecc15 is highly dependent on gut renewal via activation of the JAK/STAT and JNK
pathways. Flies in which JAK/STAT or JNK signalling were reduced or where Upd3
cytokines were missing in ECs, succumbed more quickly to Ecc15 infection than control
flies (Buchon et al., 2009a)(Buchon et al., 2009a)(Buchon et al., 2009a)(Buchon et al.,
2009a). Although these pathways are important in the response to infection, basal levels
of JAK/STAT and JNK signalling in uninfected flies are important for gut homeostasis
(Buchon et al., 2009a)(Buchon et al., 2009a)(Buchon et al., 2009a)(Buchon et al., 2009a).
The presence of JAK/STAT and JNK signalling and its role in ISC proliferation in
normal flies indicated that infection is a stimulator of gut cell proliferation, not an
initiator (Buchon et al., 2009a)(Buchon et al., 2009a)(Buchon et al., 2009a)(Buchon et

al., 2009a).

A number of studies have indicated that infection with protistan parasites cause damage
within their vector insect. For example, invasion of Plasmodium falciparum inAnopheles
stephensi resulted in morphological changes within the invaded cells (Baton and
Ranford-Cartwright, 2004). Penetration of the ookinete into cells caused morphological
changes including condensation and fragmentation of the nucleus, vacuolisation, loss of

microvilli, and extrusion of the cell into the midgut lumen (Baton and Ranford-
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Cartwright, 2004). Similarly, in other mosquito species, the invasion of Plasmodium
ookinetes into midgut epithelial cells led to morphological changes and, eventually, cell
death (Han et al., 2000). These infected cells also exhibited expression of NOS enzymes
(nitric oxide synthase) (Han et al., 2000, Kumar et al., 2004). After induction of NOS a
number of peroxidases were also expressed resulting in tyrosine nitration which appears
to play a role in the apoptotic response (Kumar et al., 2004). The generation of these
toxic metabolites lead to the “time bomb” theory, in which ookinetes must invade into the
midgut cell before production of these toxic chemicals and migrate out of the cell before

the eventual cell death (Han and Barillas-Mury, 2002, Kumar and Barillas-Mury, 2005).

In an analysis of ESTs, from Lutzomyia longipalpis, two contigs were discovered that
shared similarities to one of the five induced peroxidases associated with tyrosine
nitration during Plasmodium invasion into the midgut cells of mosquitoes (Dillon et al.,
2006)(Dillon et al., 2006)(Dillon et al., 2006). How these peroxidases might be involved
in the sand fly — Leishmania relationship is still unknown and may differ to that seen in
the mosquito — Plasmodium relationship. It is highly possible there may be interesting
differences as Leishmania develop primarily within the sand fly midgut lumen (Fig.4.2),
unlike Plasmodium in mosquitoes, which invade epithelial cells and quickly move on to

the salivary glands.
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Figure 4.2. Development of Leishmania in the sand fly midgut. Both the sand fly
foregut and hindgut are chitin lined. In contrast, the midgut is formed of a single layered
epithelium lined with microvilli. Amastigotes (a) transform into procyclic promastigotes
(b) within the abdominal midgut after being ingested with a blood meal, then continue to
replicate and transform to long nectomonads (¢). The parasites, along with the blood
meal, are surrounded by the peritrophic membrane (PM). The PM is degraded by sand
fly enzymes allowing the nectomonads to escape and attach to the midgut microvilli. The
nectomonads then transform into replicative short nectomonads known as leptomonads
(d). Leptomonads then transform into the infective metacyclic promastigotes (e) or
attach to the stomodeal valve and transform into haptomonads (f). In the later stages of
development nectomonads secrete a filamentous proteophosphoglycan that obstructs
the thoracic midgut. This obstruction, coupled with damage to the stomodeal valve,
promotes reflux of parasites when the sand fly takes a blood meal. Haptomonads attach
to the chitin lining of the pylorus region in subgenera Viannia and Sauroleishmania.
Adapted from (Dostalova and Volf, 2012).

Opportunities to ingest microorganisms are high as female sand flies are telomophagic,
that is they cut the host epidermis to create a pool of blood to feed. This pool could
contain many microorganisms. Additionally, microorganisms may be ingested during
normal plant feeding behaviour. The Leishmania parasite develops within the sand fly
midgut as part of its life cycle and is acquired by the sand fly through a blood meal on an
infected mammal. There is often a large population of Leishmania developing within the
midgut and in close contact with the gut epithelium. However little is known about their

effect on the gut epithelial cells. Promastigotes of many Leishmania species attach
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themselves to the midgut epithelia, a necessary precaution to prevent expulsion during
defecation. Attachment of the parasites occurs via the flagellum, which is inserted
between the microvilli (Killick-Kendrick et al., 1977, Warburg et al., 1986, Lawyer et al.,
1987, Walters et al., 1987, Walters et al., 1989). Little research has been ddne on the
effect that attachment has on the midgut epithelia cell although it is thought that
Leishmania development within the sand fly may cause damage to the stomodeal valve
(Schlein et al., 1992). There is some ultrastructural evidence that Leishmania infection
affects gut cells. Using electron microscopy it was found that there was an increased
number of degenerating cells within Plebotomus langeroni after infection with

Leishmania infantum (El Sattar and Dillon, unpublished).

Until recently most of the focus on the Leishmania — sand fly relationship was on the
status of the Leishmania. There has been little research done on the effect of Leishmania
on the sand fly gut. Although previous research has found regenerative cells present
within the sand fly it is not known what role they have in cell replacement and
proliferation (Rudin and Hecker, 1982). The purpose of this study was to explore cell
proliferation during sand fly development and to find out if development of the
Leishmania parasites within the gut increased or decreased cell proliferation. Serratia
marcescens infection was compared to Leishmania infection. The results showed that
Leishmania resulted in an increase in cell proliferation when compared to cells of control

insects.
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4.2. Results

4.2.1. Cell proliferation at different life stages

The first experiment was designed to study cell proliferation during the life cycle of the
larvae and adult. Preliminary investigations suggested that PH3 stained cells were
virtually absent in adults of more than 2 days of age. Therefore, the initial study focused

on last instar larvae and young adults up to 48 h post-emergence (PEM) from pupae.

Fourth instar larvae (n = 16) had a much higher percentage of PH3 positive stained cells
than any of the other time points (Fig. 4.3 — 4.4) (Mann-Whitney p-value < 0.01). The
mean percentage of PH3 positive cells in fourth instar larvae was 58.1% versus 39%
(newly emerged; n = 18), 9.1% (24 h post-emergence (PEM); n = 19) and 2.2% (48 h
PEM; n = 20). Furthermore, newly emerged adult female sand flies had a higher
percentage of PH3 positive cells than either 24 h or 48 h PEM (Fig. 4.3; Fig. 4.5 - 4.7)
(Mann-Whitney p-value < 0.001). By 24 h the amount of PH3 positive cells fell
significantly although there was still a higher percentage of positively stained cells at 24

h than 48 h (Fig. 4.3) (Mann-Whitney p-value = 0.002).
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4.2.2. Effect of Leishmania and Serratia marcescens infection on cell proliferation

The experiment was designed to study cell proliferation after infection with Leishmania
or Serratia. Adult female sand flies that were 4 ~ 5 days old were infected with L.
mexicana or S. marcescens. Flies infected with Leishmania were dissected 5 days post
infection to allow the parasites to develop within the gut. Serratia infected sand flies
were dissected 24 h post infection as the virulence of the bacteria resulted in high
mortality of the flies after 24 h. Blood fed controls were conducted alongside both

infections.

Flies infected with Leishmania (n = 18) had higher percentage of PH3 positive cells when
compared to their controls (Mann-Whitney p<0.002) (Fig. 4.8-4.10). The mean
percentage of PH3 positive cells in Leishmania infected flies was 30.6% versus the
10.7% of PH3 positive cells in the blood fed controls (n = 21) 5 days post feeding. Flies
infected with Serratia (n = 15) had lower percentage of PH3 positive cells than their
controls (n = 16) (Mann-Whitney p<0.005) (Fig. 4.11-13). The mean percentage of PH3
positive cells in Serratia infected flies was 39.3% versus the 68.4% of PH3 positive cells

in the blood fed controls 24 h post feeding.
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