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ABSTRACT

Phlebotomine sand flies (Diptera, Psychodidae) from genera Phlebotomus and Lutzomyia are
proven vectors of Leishmania (Kinetoplastea, Trypanosomatida), causative agent of
leishmaniases, tropical neglected diseases. To contribute on creating new control strategies we
investigated the molecular aspects of interaction between the vector and pathogen on the

immunity level.

Sand fly innate immunity is based on cellular and humoral events which work synergistically
to secure effective protection against pathogens. Here we present our research on humoral
aspects of sand fly immunity, specifically on main humoral pathways (Toll, Imd, and Jak-
STAT), their genes and function under different conditions especially during Leishmania

development in sand fly midgut.

We have described gene expression profiles of Toll and Imd — related genes in Phlebotomus
papatasi larvae fed with different microbe loads and in adult females infected with Leishmania
major. We have identified three antimicrobial peptides (AMPs) in P. papatasi and followed
their expression profiles during parasite infection and described a gut-specific defensin
upregulated by Leishmania infection. We have proven that the knockdown of defensin genes in
P. papatasi supports Leishmania infection and negatively affects sand fly survival. Moreover,
we identified a correlation between Imd pathway and expression of AMPs by silencing relish
resulting in reduced expression of some AMPs. We discovered that Leishmania
lipophosphoglycans or bacterial liposaccharides trigger the expression of AMPs, whereas
attacin showed the earliest and most dramatic changes in both studied species, P. papatasi and
Lutzomyia longipalpis. We have also investigated the role of Jak-STAT pathway during
Leishmania infection in L. longipalpis. While in LL5 cell line, a co-culturing with Leishmania
infantum led to overexpression of negative regulators of the pathway, the parasitic infection of
adult females did not lead to significant change in Jak-STAT related genes. However, use of
the gene silencing of STAT transcriptional factor in females reduced the gene expression of

inducible oxide synthase and Dual oxidase leading to increased Leishmania growth.

Lastly, we attempted to establish a CRISPR-Cas9 gene editing protocol in our laboratory. With
two different approaches using CRISPR plasmid constructs and direct sgRNA + Cas9 injection,
we injected more than 14,000 sand fly’s embryos. Unfortunately, we were not able to establish
any edited sand fly line. However, we have made important steps on which future experiments

can be built.



ABSTRAKT - CZ

Flebotomové (Diptera, Psychodidae) z rodt Phlebotomus a Lutzomyia jsou pienaseci parazitl
Leishmania (Kinetoplastea, Trypanosomatida), pivodct leishmanidzy. Ve snaze prispét
k vytvoteni novych strategii kontroly pfenosu tohoto onemocnéni, jsme se zam¢fili jsme se na

molekularni aspekty interakce mezi imunitou vektoru a patogenem.

Imunita flebotoml se skladd z bunécné a humoralni slozky, které funguji synergicky, aby
zajistily i¢innou ochranu proti patogenim. Nas§ vyzkum byl zaméfeny na humoralni slozku
imunity flebotomu, konkrétné na jeji hlavni drdhy (Toll, Imd a Jak-STAT), jejich geny a

fungovani za riznych podminek, zejména béhem parazitarni infekce.

U Phlebotomus papatasi jsme popsali profily exprese genti Toll a Imd drah béhem rizné
bakteridlni zatéze u larev a béhem infekce Leishmania major u dospélych samic. Dale jsme
identifikovali geny pro tfi antimikrobidlni peptidy (AMP) a sledovali jejich expresi pii
parazitarni infekci. To umoznilo identifikaci, defensinu, ktery byl specificky pro stfevo a jehoz
exprese byla zvySena béhem leishmaniové infekce. Prokazali jsme, Ze umlceni defensinovych
genl u P. papatasi vede k silngjsi infekci leishmaniemi a negativné ovliviiyje preziti flebotomd.
Popsali jsme korelaci mezi Imd drahou a expresi AMP pomoci uml¢eni transkripéniho faktoru,
relish. Zjistili jsme, ze lipofosfoglykan leishmanii a bakteridlni liposacharidy, mohou vyvolat
zvySenou expresi efektorovych molekul, pfiCemz atfacin vykazoval nejcasnéjsi a
jsme zkoumali roli Jak-STAT humorélni drahy béhem infekce Leishmania infantum u L.
longipalpis. Zatimco u buné¢né linie LLS vedla spole¢na kultivace s L. infantum k nadmérné
expresi negativnich regulatorti drahy, infekce dospélych samic nevedla k vyznamné zméné
testovanych gend. Presto, pfi pouziti genového umlceni transkripéniho faktoru STAT, jsme

zaznamenali sniZenou genovou expresi inducibilni oxid syntdzy a dudlni oxidazy, coz vedlo

k nartistu parazitt.

Dale jsme se v naSich laboratornich podminkach pokusili zavést protokol pro editaci genomu
pomoci CRISPR-Cas9 systému. Se dvéma rliznymi pfistupy vyuzivajicimi plasmidové
konstrukty a pfimou injekci sgRNA + Cas9 jsme injikovali vice nez 14 000 embryi flebotomti.
Ptesto, Ze se ndm nepodaftilo Uspésné detekovat vytfazeni genu (knockout), ucinili jsme dtlezité

kroky pro budouci experimenty.



INTRODUCTION

Diseases transmitted by arthropods account to significant part of all infective diseases (17 %)
worldwide while afflicting mostly poor areas and negatively affecting quality of life of millions
of people. Moreover, these vector-borne diseases are directly responsible for 700 000 deaths
annually mostly in children under 5 years (WHO, 2023). Leishmaniases are vector-borne
disease caused by over 20 species of protozoan parasites from genus Leishmania. The three
main forms of leishmaniasis are: visceral, cutaneous, and mucocutaneous. Every year, occurs
up to 1 000 000 new cases mostly in poor areas with poor housing and sanitary conditions

(WHO, 2023).

The transmission of most Leishmania species is exclusively tied to sand flies (Diptera,
Psychodidae) with one confirmed exception when biting midges (Diptera, Ceratopogonidae)
are included in transmission of parasite belonging to subgenus Mundinia (Dougall et al., 2011;
Becvar et al., 2021). There are around 1000 known sand fly species of which roughly 10 % is
proven or suspected vectors of Leishmania (reviewed by Cecilio et al., 2022). In this thesis we

focus on 2 sand fly species which play crucial role in the Leishmania cycle.

Phlebotomus papatasi is an Old World species and a main vector of Leishmania major,
causative agent of cutaneous leishmaniasis (Akhoundi et al., 2016; Cecilio et al., 2022).
Lutzomyia longipalpis is, on the other hand, a New World sand fly susceptible to infection of
various Leishmania species with the main importance in transmission of Leishmania infantum,
parasites causing visceral leishmaniasis (R€go & Soares, 2021). From the point of view of
Leishmania-vector interactions and transmission, L. longipalpis is referred as a permissive
vector, enabling development of distinct Leishmania species, while P. papatasi is referred as a
restrictive (or specific) vector with a remarkable specificity for L. major (Volf & Myskova,
2007). Different vector competence is caused by mechanism of the parasite’s attachment to the
sand fly gut. While in the permissive vectors parasites attach due to mucin like-protein present
on midgut epithelium (Myskova et al., 2016), in restrictive species the interaction is mediated
by binding a lipophosphoglycan (LPG) molecules from Leishmania surface to a specific midgut
receptor, B-galactoside binding family of lectins (Kamhawi, 2006; Volf & Myskova, 2007;
Dostalova & Volf, 2012).

Leishmania development in the vector is relatively well studied but the knowledge about sand
fly immunity and its interactions with parasites is very limited in comparison to other insect

vectors such as Anopheles sp., Aedes sp. mosquitoes. Since the Leishmania cycle in sand fly



vector is limited to the gut, it is also necessary to consider mutual interactions with the intestinal
microbiota. We decided to focus on characterization of humoral immunity in sand flies and

searching for candidate molecules with a potential use in genetic vector-control strategies.

Treatments traditionally used to cure leishmaniases (e.g. amphotericin and antimonials) may
have significant side effects and are burdensome for the human body (e.g. cardiotoxicity, kidney
failure, anaemia, fever, hypotension.). In addition, the treatment requires an immunocompetent
system because itself it does not eliminate the parasite from the body, therefore there is a risk
of the disease relapses when immunosuppression occurs. Immunosuppression may occur as a
result of different events such as concomitant diseases (e.g. AIDS, cancer, immune deficiency
syndromes) or malnutrition (Aronson et al., 2017; WHO, 2023). Effective prevention of the
disease transmission includes the vector control, which is based mainly on use of insecticides
which can have an effect even on environment, non-target species and there is a risk of
resistance rise (Purusothaman et al. 2021). There were 47 sand fly populations described with
reported resistance including significant Leishmania vectors. In India, P. papatasi and
Phlebotomus argentipes populations were repeatedly resistant to
dichlorodiphenyltrichloroethane (DDT), P. papatasi showed resistant also to other insecticide
such as carbamate propoxur, dieldrin or malathion (reviewed by Rocha et al., 2020). Insecticide
resistances were also observed in many populations of L. longipalpis, e.g. resistance to
deltamethrin (Balaska et al., 2021). Genetic approaches which may reduce vector population or

vector competence are a good alternative of vector control strategies.



1. Insect immunity
Bearing in mind that we have a very good understanding of immune defence and molecular
insights in some models such as Drosophila melanogaster or Anopheles sp., this chapter will

discuss the insect’s immunity mainly from perspective of these model organisms.

Despite of lack of adaptive and highly specific immune response, found only in vertebrates,
insects rely successfully on innate immunity. Many of the innate mechanisms are conserved
between insects and mammals (Buchmann, 2014) and were firstly described in insect.
Subsequently, they were discovered and studied in mammals, which proves the importance of

studying the insect immunity also from evolutionary aspect.

In the first line for protection there are physical barriers, such as the insect exoskeleton and
epithelia that are in contact with external environment. Together with local and systemic
mechanisms, they act against invading pathogens (Lemaitre & Hoffmann, 2007). Insect’s innate
immunity is composed by cellular and humoral components that work in synergy to create
effective protection. The cellular response is mediated by freely circulating blood cells, namely
haemocytes. Haemocytes circulate in haemolymph, but in case of infection or injury they can
cluster and adhere at the injured tissue or directly on invading pathogens (Lackie, 1988). The
haemocytes of Diptera can be divided into three main cell types according to their function and
structure: plasmacytes are mainly responsible for phagocytosis and are also the most abundant;
lamellocytes provide encapsulation and neutralization of especially multicellular pathogen, that
are not possible to phagocyte; and crystal cells are the least abundant and take part in

melanisation process (reviewed by Lemaitre & Hoffmann, 2007).

Humoral immunity in invertebrates is composed of various processes that maintain
homeostasis. These includes clotting/coagulation system; phenoloxidase (PO) activation and
melanisation; lysozyme; and humoral immune signalling pathways leading to production of
antimicrobial peptides (AMPs) (Lemaitre & Hoffmann, 2007; Tsakas & Marmaras, 2010).
Insect haemolymph clotting prevent from pathogen entry and infection, and from loss of
haemolymph by creation of clot (Dushay, 2009). Melanisation play a role in immunity and
healing but also in sclerotization and colouration processes. It relies on prophenoloxidase
activation of PO cascade. The pathogen is then killed either by toxic compounds from cascade
or encapsulated and phagocyted (Cerenius et al., 2010; Sheehan et al., 2018). Lysozymes are
hydrolysing a glycosidic linkage between N-acetylmuramic acid and N-acetylglucosamine in

bacterial peptidoglycans. Their synthesis is mainly induced by bacteria infection because



lysozymes have bacteriostatic and bacteriolytic effects (Fujita, 2004). Finaly, the humoral
immune response leads to production of different AMPs. Such plethora of molecular events are
controlled by regulatory pathways such as Toll, Imd or Jak-STAT pathway that play crucial

roles in many immune-related and developmental events (Sheehan et al., 2018).

The activation of innate immunity is mediated by Pathogen-associated molecular pattern
molecules (PAMPs). These microorganism-related molecules are recognized by Pattern
Recognition Receptors (PRRs) which bears the immune response (Tang et al., 2012). Many
diverse groups of PAMPs can be recognized such as bacteria peptidoglycans (PG),
lipopolysaccharides (LPS) or lipoteichoic acid (LTA), fungal betaglucans or mannans, or

parasite surface molecules such as Leishmania LPG.

1.1. Humoral immune signalling pathways

1.1.1. Toll pathway
The molecular components of Toll pathway were firstly identified in the 80’s during the series
of genetic screens investigating Drosophila development. For example, the Toll gene was
discovered to be responsible for dorsoventral polarity in Drosophila embryo (Nusslein-
Vollhard & Wieschaus, 1980; Valanne et al., 2011). It is derived maternally by signal-
transduction pathway producing a nuclear morphogen gradient. Nevertheless, Toll has also a
role as membrane receptor in the centre of cascade leading to dorsoventral axis formation
(reviewed by Kimbrell & Beutler, 2001). The developmental role of Toll pathway will not be
further described at the expense of immune-related role which has greater significance in our

research.

In 1995 a connection of 7o/l gene with immune activation was found when a Drosophila
haemocyte cell line with overexpression of 7o/l has significantly increased transcription of

cecropin A1, an antibacterial peptide gene (Rosetto et al., 1995).

Concomitantly to the discovers in Drosophila, human-related research also started, and in 1997,
a human homologue of Drosophila Toll protein with function in signal activation of innate
immunity was described (Medzhitov et al., 1997). The research done on human’s Toll Like

Receptors consolidated Drosophila Toll pathway as an evolutionary conserved cascade.
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Figure 1 - Toll signalling pathway.

The Toll pathway scheme represents
microbes” PAMPs recognition by insect’s
PRR at the extracellular environment,
regulation of the pathway by a cascade of
molecular events including cactus (a
repressor of the pathway) in the
intracellular environment, translocation
of transcription factor DIF/Dorsal to the
cell nucleus, and expression of effector-
molecule genes such as the antimicrobial
peptide Drosomycin.

The figure was extracted from Hoffmann,
2003

The activation of Toll pathway-derived immune
response relies on the recognition of danger signals. It is
mediated by PRRs which recognize specific molecular
structures on pathogens, apoptotic or damaged cells.
Extracellular recognition leads to activation of protease
cascade which activates cytokine like molecule, Spétzle
(Spaetzle) a Toll receptor ligand. Spitzle is encoded by
maternal effect gene, and its activation is necessary in
both, development, and immune response (Morisato &
Anderson, 1994; Hoffmann, 2003). To achieve a
biological activity of Spitzle, its cleavage induced by
early pathogen infection and subsequent proteolytic
cascade is required. In the mature form, it binds as a
dimer to an ectodomain of Toll receptor leading to
subsequent signalling events (Weber et al., 2003;
Parthier et al., 2014). In the next step, the Toll receptor
binds to adaptor protein called MyD88. MyD88-Tube-
Pelle complex is formed, and the next signal event leads
to the phosphorylation and degradation of the
Drosophila 1kB factor Cactus (Horng & Medzhitov,
2001; Valanne et al., 2011). Cactus is an inhibitory
protein associated with NF-kB proteins such as Dorsal-
related immunity factor (DIF) and Dorsal, and its
phosphorylation (mediated by Pelle kinase) and
degradation is necessary for translocation of DIF and/or
Dorsal to nucleus (Hoffmann, 1995; Nicolas et al.,
1998). Finally, the translocation of transcriptional factors

into nucleus leads to transcription of set of various target

genes. Toll signalling pathway is displayed in Figurel.

As the research in Drosophila has shown, the Toll
signalling pathway is active especially against the G+
bacterial and fungal infections. But it was also proven

that in mosquito the Toll pathway has its role in many



others immune defence strategies. The participation on antiviral defence has been reported, for
example, when the Toll pathway activation in Aedes aegypti leaded to transcription of a set of
related genes which are involved in inhibition of Dengue virus (DENV) proliferation (Xi et al.,
2008; Pan et al., 2012). Toll pathway has also the antiparasitic role in mosquitoes. In Ae. aegypti
infected by avian parasite Plasmodium gallinaceum, the Toll pathway protected from infection
indirectly by silencing the negative regulator of the pathway, cactus (Zou et al., 2008). The
antiparasitic role was also shown in Anopheles sp. mosquito and mammalian Plasmodium
berghei combination, when the overactivation through the cactus silencing resulted in

significant decreased parasite burden (Frolet et al., 2006; Garver et al., 2009).

Incomparably less has been so far investigated in sand fly Toll pathway. In L. longipalpis, two
genes associated with Toll pathway, cactus and dorsal, were identified and further studied upon
different conditions (Tinoco-Nunes et al., 2016). The activation of Toll pathway was studied in
L. longipalpis LLS embryonic cell line by associated genes expression after silencing of the
repressor, gene, cactus. The authors also reported a related activation of Toll pathway after
various challenges. An increased expression of Toll-related genes, cactus and dorsal, were
described after Escherichia coli, Staphylococcus aureus, Saccharomyces marcescens,
Saccharomyces cerevisiae , and L. infantum infection showing the involvement of the pathway
in the defence against bacterial, fungal, and parasitic infections (Tinoco-Nunes et al., 2016). In
more recent study, two different cell lines (LL5 and Lulo) were used in Wolbachia infection.
The early infection in LL5 cell line led to increased expression of dorsal indicating the Toll
pathway involvement, but in the stably-infected Lulo lines the expression was lower in
comparison to non-infected lines (Da Silva Gongalves et al., 2019). While in L. longipalpis the
association of Toll pathway with bacterial and parasite infection was proven, such information

was lacking for P. papatasi.

We were interested in the Toll-mediated production of AMPs in P. papatasi larvae and adult
sand flies. Indirectly through the expression levels of identified transcriptional factor, dorsal,
we investigated the Toll pathway involvement in the gut response of larvae exposed different
microbial intake and adult females infected with Leishmania parasites. This information partly
uncover the role of Toll pathway in P. papatasi and is included in the publication presented as

a result in this thesis (Kykalova et al., 2021 = PUBLICATION 1).
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PGRP recognizes PAMPs, signalling
complex in cell cytoplasm including
relish (a repressor of the pathway),
translocation of transcriptional complex
into the nucleus, and expression of
effector molecule genes such as
antimicrobial peptide Diptericin.

The figure was extracted from Hofmann,
2003

1.1.2.Immune deficiency (Imd) pathway
The immune deficiency (Imd) pathway is another
regulatory signalling cascade in mechanism of insect
innate immunity. The Imd pathway was firstly
discovered by Bruno Lemaitre and his colleagues in 1995
in the experiments with fruit fly mutants. Using the Bc
(Black Cell) cell line with second chromosome mutation
they discovered that the expression of most of the
investigated AMP genes was impaired. As a first, they
described a different mutation but very close to Bc
mutation and they called it an immune deficiency (Imd)
mutation in the used line and proved its connection with
impaired AMPs expression (Lemaitre et al., 1995). A
discovery of other members of the pathway followed
shortly after (reviewed by Kleino & Silverman, 2014).
Like a previously described Toll pathway, the activation
of Imd pathway relies on the recognition of non-
self/pathogenic molecules using PRRs. In particular, the
activation requires a member of PGRP (Peptidoglycan
Recognition Protein) family (Hoffmann, 2003). The
binding of pathogen surface molecules on PGRP-LC
(large) leads to recruitment of a signalling complex. This
complex consists of Imd, adaptor protein dFadd and
caspase Dredd (Georgel et al., 2001). Dredd caspase
cleaves the Imd and thereby create new binding sites,
which leads to activation of Tab2/Takl complex
responsible for activation of IKK complex (by
phosphorylation) (reviewed by Myllymdki & Réamet,
2014). The NF-kB protein (transcription factor) in this
pathway 1is called Relish. Whereas the DIF/Dorsal
(transcriptional factors of Toll pathway) have an
associated inhibitory protein that is independent molecule

which associate with Dorsal during the signalling cascade

activation and allows the Dorsal to be phosphorylated,
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Relish has its own inhibitory domain. An endoproteolytic cleavage mediated by active IKK
complex is necessary to allow a nuclear translocation of Rel homology domain (Stdven et al.,
2000). This cleavage event is also a target of Caspar, negative regulatory protein which is
responsible for blocking of nuclear translocation (Kim et al., 2006). It also has been shown that
the Dredd caspase can associate directly with Relish and play role as a Relish endoprotease. It
is called a rapid signal-dependent proteolysis of Relish when the Dredd caspase claves Relish
into two parts while there persist both cleaved products. One of them translocates into the
nucleus, and the other stays in the cytoplasm (Stéven et al., 2003). Once the Rel homology
domain is delivered into nucleus, it leads to expression of pathway associated genes, such as

various AMPs. The Imd signalling pathway is displayed in Figure 2.

The activation of Imd pathway was firstly described by expression of linked AMPs related to
bacterial challenge using Drosophila cell lines (Lemaitre et al., 1995). The antibacterial
function such as production of diptericin, attacin, drosocin, cecropin, and defensin of this
pathway is the best described, and it is primarily but not exclusively target against G™ bacteria

activated by bacteria PG (Hoffmann, 2003; Myllymiki et al., 2014).

In mosquitoes, the Imd pathway is involved as a defence strategy against various pathogens.
For example, in Ae. aegypti it is an important component of antifungal defence after Beauveria
bassiana and Isaria javanica infection. Interestingly in this study, they also observed an tissue
and fungal-strain specific AMPs induction besides the systemic response coming from the fat
body, (Ramirez et al., 2019). The pathway is also induced by arboviruses such as DENV or
O'nyong'nyong virus and play an important role in the antiviral immunity by producing
downstream AMPs (reviewed by Cheng et al., 2016). Furthermore, the parasitic activation of
the pathway was described in mosquitoes as well. While the Toll pathway was active in
Anophles sp. mosquitoes toward the mammalian P. berghei infection, the Imd pathway was
mostly efficient against human Plasmodium falciparum infection (Garver et al., 2009). The
silencing of caspar, an inhibitory protein of Imd pathway, led to almost complete protection of
Anopheles gambiae, Anopheles stephensi, and Anopheles albimanus against P. falciparum
parasite infection (Garver et al., 2009). Lately, it was found that the pathway is most efficient
toward ookinete stage of parasite and again confirmed its potential in control strategies (Garver

etal., 2012).

Limited number of studies involving the Imd pathway compounds were also done on sand flies.

Heerman and colleagues investigated expression profiles of various immune-related genes in

10



larval stages of L. longipalpis upon bacterial infections. The genes connected with Imd
pathway, IMD and Pirk (another negative regulator of Imd pathway) showed an upregulation
after infection by the bacterial species Pantonea agglomerans and Bacillus subtilis (Heerman
et al., 2015). A changed expression of Imd-related genes, caspar and relish was also reported
in L. longipalpis LL5 embryonic cell line after bacterial challenges (Tinoco-Nunes et al., 2016).
Moreover, L. longipalpis females expressed caspar differentially when fed on G* and G*
bacterial species (Telleria et al., 2012). These results indicate the involvement of Imd pathway
in balancing the antibacterial defence in sand flies. An importance of Imd pathway in sand fly
antibacterial defence was also reported by Louradour et al., when the knockout (KO) of relish
(the sole transcriptional factor of Imd pathway) in P. papatasi using CRISPR/Cas9 editing
technique caused a high susceptibility of mutants to bacterial infections (Louradour et al.,
2019). Correlation of Imd pathway and anti-Leishmania defence was also demonstrated when
L. longipalpis LLS5 cell lines reported an overexpression of relish after L. infantum infection but
caspar stayed unchanged (Tinoco-Nunes et al., 2016). Lutzomyia longipalpis females infected
by L. infantum or Leishmania mexicana and silenced in caspar gene, showed significant
reduction of parasites in both species. It indicates that Imd pathway has a role in the control of
parasites, but during unchanged conditions (non-use of gene silencing), it has no effect on
disruption of parasite cycle (Telleria et al., 2012). The study with relish-KO P. papatasi flies
also reported the correlation with L. major infection when mutant flies showed high
susceptibility to infection (Louradour et al., 2019). Nevertheless, this work did not investigate
further the relish expression during Leishmania infection and its correlation with the

downstream effector molecules.

In our work we decided to follow the relish levels in infected females but also in larvae under
different microbe intake (Kykalova et al., 2021 = PUBLICATION 1). Moreover, we were also
interested in the comparison of relish expression in gut and carcass (rest of body without head
and legs) under colony condition and possible connection between relish / Imd pathway and
expression of specific AMPs. For this purpose, we used relish-silencing approach with
following investigation of expression levels of three P. papatasi AMPs in gut and carcass
tissues. These experiments create part of presented thesis in PUBLICATION 2 = Vomackova
Kykalova et al., 2023.
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1.1.3. Jak-STAT signalling pathway
In addition to Toll and Imd pathways, the Janus kinase/signal transducer and activator of
transcription (Jak-STAT) pathway is also a key component of insect’s innate immunity. The
pathway was originally discovered and described in vertebrate system when studying how
interferons lead to the activation of transcriptional factor (reviewed by Hu et al., 2021). Lately,
the related molecules have been identified in invertebrates including Drosophila (Zeidler et al.,
2000). Originally in the vertebrates, it has been reported that the Jak-STAT signalling pathway
has a role in various events connected to immunity, tumour formation, cell division and death.
In Drosophila, this pathway was shown to be involved in sex determination during the earliest
process of embryonic development. Gonads can express Jak-STAT ligand Unpaired (see
below) in a male-specific manner leading to activation of the Jak-STAT pathway in male germ
cells at the time of gonad formation. Some other components are necessary for embryonic
segmentation, larval haematopoiesis, a signalling activity across eye and ommatidial polarity

determination, and of course immunity (reviewed by Zeidler et al., 2000).

The first evidence of involvement of this pathway in innate insect immunity has been reported
from A. gambiae after bacterial challenge (Barillas-Mury et al., 1999). With the help of whole-
genome techniques, the main components of the Jak-STAT pathway in insect models were
identified. Focusing on Drosophila, there are four essential components: the ligand Unpaired
(Upd), the receptor Domeless (Dome), the associated Jak tyrosine kinase Hopscotch (Hop), and
the substrate, STAT (Stat92E) (reviewed by Bang, 2019). The main components of the pathway
in Drosophila were evolutionary conserved and the homologues can be found in mammals and

human.
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Figure 3 - Jak-STAT signalling pathway.

Transmembrane receptor Dome receives signal from extracellular environment,
Jak-STAT signal is amplified in cytoplasm with regulation by e.g. PIAS.
Phosphorylated STAT (transcriptional factor) is translocated into the nucleus,
and target genes are transcribed.

The figure was extracted from Bang, 2019.

The Upd ligands are cytokine-like extracellular glycoproteins, having three of them been
identified in Drosophila. The way of the pathway’s activation is followed. The signalling goes
through the ligands via single-pass receptor Dome inducing its dimerization. Dome has an
extracellular domain with cytokine binding motif and cytoplasmic domains containing Jak-
binding motif. The Jak kinase phosphorylates the Dome receptor and thereby amplifies the Jak-
STAT signal. Only one STAT transcription factor serves as a substrate for Jak kinase in
Drosophila sp. and its phosphorylation leads to dimers formation and translocation into nucleus
where the transcription of target genes occurs (Myllymiki & Rémet, 2014; Bang, 2019).
Considering that the Jak-STAT pathway is a multifunctional signalling pathway with a role in
multiple developmental and immune events, it must be strictly regulated. This regulation is
mediated by multiple mechanisms in Drosophila which share similarities with mammal’s

regulation. The main regulators of the pathway are SOCS (suppressor of the cytokine
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signalling), PIAS (protein inhibitor of activated STATSs), PTP (protein tyrosine phosphatase)
and ET (eye transformer) but here are more molecules with potential or proven role in
regulatory mechanisms of this pathway. SOCS regulates the pathway on the level of negative
feedback loop interacting with both, STAT and Jak. It serves as a pseudo-Jak substrate. In
Drosophila genome, three of these molecules have been found but only two of them have
proven regulatory function. PIAS affects the pathway via interaction with STAT and
coactivators by promoting SUMOylation which is the process when SUMO (small ubiquitin-
related modifier) proteins attach to target protein causing regulation protein function. Its
abundance and activity are essential for blood cells and eye development in Drosophila. Other
regulators are PTP which regulate the pathway on kinase level via dephosphorylation of
tyrosine residues and work in the system of negative feedback loop. Last regulator mentioned
here is ET. This regulator is associated with dome receptor and STAT substrate (Zeidler et al.,

2000; Myllymédki & Ramet, 2014; Bang, 2019).

Many studies of role of Jak-STAT pathway in development and immunity have been done on
Drosophila and on mosquitoes. For example, an antiviral immunity of Jak-STAT pathway was
shown in mosquito vectors, particularly, it has a role in the immune response of Ae. aegypti
toward ZIKA virus (Angler6-Rodriguez et al., 2017). Also, the Dengue virus infection was
controlled in Ae. aegypti by STAT-regulated effectors (Souza-Neto et al., 2009). Another
antiviral activity was observed in Culex mosquito from, where an ortholog of Vago gene (gene
connected with antiviral response in Drosophila), was upregulated after West Nile Virus
challenge and this peptide restricted the WNV by activation of Jak-STAT pathway (Paradkar
et al., 2012).

Beside the antiviral activity, Jak-STAT mediated immune response toward fungus and parasites
was also observed in mosquitoes. For example, in Ae. aegypti the infection of
entomopathogenic fungus Beauveria bassiana was controlled by the pathway’s effector genes
(Dong et al., 2012). Anopheles stephensi limits Plasmodium parasites by Jak-STAT mediated
Nitric Oxide Synthase (NOS) expression and enzyme activity (Luckhart et al., 1998). And in
Anopheles aquasalis, the early infection of Plasmodium vivax was also under control of Jak-

STAT pathway (Bahia et al., 2011).

In sand flies, two studies covering the Jak-STAT pathway and its role in sand fly immunity
were published previously. Bacterial infection was shown to have effect on some Jak-STAT-

related gene expression, using a LLS5 embryonic cell line, an early Wolbachia infection led to
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increased expression of inducible Nitric Oxide Synthase (iNOS) resulting in decrease of
Wolbachia detection (da Silva Goncalves et al., 2019). In L. longipalpis larvae infected with P.
agglomerans an increase expression of Domme gene was observed after 24 hours post infection
as a possible homeostatic response to damage by the larvae immune response (Heerman et al.,
2015). Though, any further investigation of Jak-STAT pathway role during Leishmania

infection was missing.

We studied the role of this pathway by gene expression profiles of related genes in both, LL5
cell line and adult females. To have broader view we tracked four related genes: PIAS, PTP,
STAT and VIR-1 and we also used a gene silencing approach in cell line and adult females
before Leishmania infection to investigate role of PIAS and STAT gene. This study is
summarized in PUBLICATION 4 (Telleria et al., 2021a).

1.2. Antimicrobial peptides (AMPs)
Antimicrobial peptides (AMPs) are key effector elements of innate immunity. In insect, they
work in synergy with other innate immune’s mechanisms to provide an effective protection
against variety of pathogens (reviewed by Staczek et al., 2023). First AMP was discovered in
1980’s by Steiner et al. in the haemolymph of Hyalophora cecropia and it has been named as
cecropin (Steiner, et al., 1981) and since then hundreds of others were discovered and described

(https://aps.unmc.edu/).

In general, AMPs are oligopeptides with varying number of amino acids and sharing some
common elements such as low molecular weight, positive net charge in physiological pH,
hydrophobicity and structure (mostly amphiphilic a-helices or harpin-like B-sheets or mixed)
(reviewed by Bahar & Ren, 2013). Classes or groups of AMPs can be characterized by many

distinctive features such as structure, amino acid sequence, mechanism of action, or targets.

The main mode of AMPs action is based on a cell membrane disrupting mechanism. The
cationic peptides interact with the anionic components of the bacterial membrane which leads
to increased permeability of the membrane, lysis, cell content leakage, and cell death (Zhang et
al., 2021). In addition to disrupting cell membranes, AMPs actions include alterations in

translation, biosynthesis of cell wall and nucleic acids or cell division (Dho et al., 2023).

Based on amino acid sequence and structure, insect’s AMPs are divided into 3 big groups:
defensins, cecropins, and AMPs with an overrepresentation of proline and/or glycine residues

such as glycine-rich attacins (Wu et al., 2018).
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Defensins are small (4 kDa) proteins containing 6-8 cysteine residues and 3-4 intramolecular
disulfide bridges (Cociancich et al., 1993; Cong et al.,, 2013). Defensins have strong
antimicrobial activity reported against both, G+ and G- bacteria (Hoffmann & Hetru, 1992).

Defensins mostly act on the bacterial membrane causing perforation (Bulet et al., 1999).

Cecropins were the very first AMPs isolated. They are linear peptides with a-helix structure
and missing cysteine residues (Wu et al., 2018). They have a broad range of targets, G+ and G-
bacteria, fungi, and parasites (Owens & Schweizer, 2011). Also cecropins act on the bacterial

membrane causing pore formation, membrane depolarization and cell death (Brady et al., 2019).

Attacins are relatively large (190 aa) glycine-rich heterogenous group of AMPs with random
coil secondary structure and lack of cysteine bridges (Buonocore et al., 2021). Attacins also
interact with bacterial membrane aiming on major outer membrane protein in dividing G-
bacteria. They block the protein synthesis which leads to disruption of the membrane (Wu et

al., 2018)

AMPs have irreplaceable role in the insect’s immunity, aiming on bacteria, viruses, fungi, and
parasites. The synthesis of AMPs is concentrated predominantly in the fat body then they are
released into the haemolymph (Meister et al., 1997). Beside this central AMPs synthesis, a side-
specific immune defence including the local AMPs production was also observed (Buchon et
al., 2009; Andoh et al., 2018). Thus showing that AMPs play role in both, systemic and side-

specific defence.

Various research was done on sand fly’s AMPs covering especially their role in Leishmania
infection but also during bacterial challenge. Most of the sand fly’s AMP genes were identified
in L. longipalpis such as genes for attacin, cecropin, and four different defensins (Telleria et
al., 2013; Telleria et al., 2021b). One of the studies investigate the role of AMPs in larvae and
adults during different feeding regiments and during Leishmania infection in adult females.
Expression of two defensins (Def2, Def4) and attacin was triggered in larvae in voracious L3
stage corresponding to an abundant presence of bacteria. Adult females infected by L. infantum
reported increased expression levels of attacin, cecropin, and defensin (Def2) in response to
parasite presence but not indicating any interference with Leishmania development in sand fly
midgut (Telleria, et al., 2021b). This information is precious evidence of involvement of AMPs
in sand fly immune response. Such studies were missing in P. papatasi although it is an

important Old-World vector of L. major.
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We were interested in AMPs in P. papatasi and their expression dynamics in the gut tissue
during development and Leishmania infection. Bearing in mind that sand fly digestive tract is
the only location of Leishmania cycle, and it is also a place where bacteria abundance is
balanced, we also hypothesized if any of the investigated AMPs could be gut-specific. We were
able to answer this question in two publications that are part of presented thesis (Kykalova et
al.,, 2021 = PUBLICATION 1; Vomackova Kykalova et al., 2023 = PUBLICATION 2).
Besides, we were also interested in the effect of PAMPs derived from Leishmania and bacteria
on sand fly AMPs levels. We investigated a response of gene expression of two defensins and
attacin in P. papatasi and L. longipalpis to experimental feeding with two different Leishmania
LPG and bacterial LPS. Obtained results are summarized in PUBLICATION 3 of this thesis
(Vomackova Kykalova et al., 2024 (IJPara23 415)— in press).

2. Reverse genetic approaches in gene-function studies

Reverse genetics is a collective name for techniques that allow to study the gene function by
impairing on the nucleic acid levels and analysing the phenotypic effect using genetic
engineering aiming specific nucleic acid sequence within the gene. Various approaches were
established to study the biological function of genes such as mutagenesis by directed deletions
and point mutations on the DNA or gene silencing by RNA interference (RNA1) to influence
the mRNA levels. In the following chapters a knockdown by RNAi-mediated gene silencing
and knockout by CRISPR-Cas9 techniques will be introduced in more detail.

2.1. RNAi-mediated gene knockdown
Gene silencing or knockdown of a gene is a process when the expression of that gene is
significantly reduced. The gene knockdown can be achieved by RNA interference, a naturally

occurring mechanism of antiviral defence and gene regulation.

17



A

A vy dSRNA

Dicer-mediated cleavage ‘

%
I giRNAs

B -

RISC assembly i

@ RISC

RISC activation *

@ RISC*

siRNA-induced binding
with mRNA-target

mRNA-target
] L m‘rr
AGO
cleavage of mRNA-target i

Figure 4 - scheme of RNAi

A -Dicer enzyme mediated cleavage of
exogenous/endogenous dsRNA resulting in miRNAs
or siRNAs.

B - RNAs in association with RISC and AGO lead to
degradation of target mRNA.

The figure was modified from Petrova et al., 2003.

RNAI is a defence mechanism responsive to
double stranded RNA aiming exogenous
and/or endogenous nucleic acids and thereby
provide antiviral defence and/or regulation
of gene expression, respectively. The
principle of RNAI is cleavage of mRNA by
molecular events in the cell (Figure 4). It all
starts when dsRNA is recognized by
ribonuclease RNA II enzyme called Dicer or
Dicer-like enzyme. This enzyme processes
the cleavage of dsSRNA resulting in two types
of small regulatory dsRNAs: microRNAs
(miRNAs); and small interfering RNAs
(siRNAs). Small RNAs are in the next step
associated with RNA-induce silencing
complex (RISC) during which the double
strand winds and as a single strand RNA
connects to target mRNA in the cell. The
resulting dsRNA is degraded by nucleolytic
enzyme Argonaute (AGO) (Ding & Voinnet,
2007; Saurabh et al., 2014; Hung & Slotkin,
2021). The understanding of RNAI1 created a
powerful tool for reverse genetic studies. An
artificially prepared short dsSRNAs is used as
template for RNAi and therefore targeted

gene silencing. This tool allows to study the gene function and participation in biological

processes. Gene silencing has been used countless times in studies on Drosophila and mosquito

genes including immune-related genes (e.g. Flatt et al., 2008; Molina-Cruz et al., 2008;

Antonova et al., 2009; Magalhaes et al., 2010; Yan et al., 2022).

In sand flies, RNAi-mediated gene silencing also allowed to study genes involved in immunity

and/or parasite defence strategies. Targeting the P. papatasi gut chitinase significantly reduced

the number of L. major parasites in the sand fly midgut. Gut- chitinase has presumptive role in

maturation and degradation of peritrophic matrix and therefore its silencing may lead to
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entrapment of parasites in endoperitrophic space (Coutinho-Abreu et al., 2010). It has also been
published that knockdown of L. longipalpis catalase (ROS regulatory gene) negatively affects
L. mexicana infection in the vector midgut by reducing parasite population (Diaz-Albiter et al.,
2012). A different study done on L. longipalpis showed that silencing of caspar gene (negative
regulator of Imd pathway) leading to significantly decreased number of Leishmania parasites

in treated sand flies (Telleria et al., 2012).

In our research we also utilized the RNAi-mediated gene silencing to bring new knowledge in
immune-related gene function. To uncover some details of the role of Jak-STAT pathway
during Leishmania infection in L. longipalpis, gene silencing of STAT gene was performed

(Telleria, et al., 2021a = PUBLICATION 4).

All previous studies followed the protocol when firstly the gene was silenced, and parasite
infection followed. In our study done on P. papatasi investigating role of defensin genes during
L. major infection, we decided to change the order of these steps to increase the silencing effect
during the crucial part of parasite cycle in the vector, we silenced defensins in infected P.
papatasi females. We also focused on silencing effect in the insect gut instead of whole body.
These unique adaptations and obtained results are part of PUBLICATION 2 of this thesis
(Vomackova Kykalova et al., 2023).

2.2. CRISPR-Cas9 gene knockout

In contrast to RNAI silencing, gene editing is a process when specific sequence of DNA is
changed permanently. The sequence can be changed by cutting at specific sites, removing, or
inserting DNA sequences. Nowadays, the most powerful tool for gene editing is a CRISPR-
Cas9 method. The beginnings of discovery of this groundbreaking technology date back to 1987
when clustered regularly interspaced short palindromic repeats (CRISPR) were first discovered
by Ishino’s research group. A lot more discoveries were needed to present a CRISPR-Cas9 as
a tool for genetic engineering and a great merit on in had Emmanuelle Charpentier and Jennifer
Doudna who has been awarded with Nobel Prize in Chemistry in 2022 (reviewed by
Gostimskaya, 2022).

CRISPR-Cas systems serve as an adaptive immunity in bacteria and are sorted in classes, types,
and subtypes. Only type II CRISPR-Cas9 system has been used in gene editing (Hryhorowicz
et al., 2017; Nidhi et al., 2021). There are basically two components necessary for gene editing:
a single guide RNA (sg/gRNA); and a CRISPR-associated (Cas) endonuclease. The sgRNA

however must meet certain requirements. The sgRNA must be composed by two short RNA
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sequences: a CRISPR RNA (crRNA) which is complementary to the target DNA sequence; and

a transactivating crRNA (tractRNA) playing a role in maturing of crRNA and creating the

biding site for a Cas endonuclease (Deltcheva et al., 2011; Hryhorowicz et al., 2017).
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Figure 5 - Scheme of CRISPR-Cas9 gene
knock-out.

gRNA and Cas9 endonuclease form a complex that
binds on target sequence and results in double
stranded break and non-homologous end joining
repairing pathway.

The figure was extracted from
www.addgene.org/guides/crispr/.

In our experiments, we aimed on creating
knockouts by using CRISPR-Cas9 systems.
The sgRNA guides the Cas endonuclease to
the target site of the gene where creates double
stranded break (DSB). The target is approx. 20
nucleotides genomic sequence which must be
unique in the genome and is connected to
Protospacer Adjacent Motif (PAM) specific
for selected Cas endonuclease. Nowadays,
there is a number of software helping to design
the most promising sgRNA for target gene,
such as CHOPCHOP; CRISPOR; Cas-
OFFinder; etc. (Dalvie et al., 2022). Once the
DBS occurs one of two repair pathways takes
place. First and more frequent is non-
homologous end joining (NHEJ) pathway
causing small changes (insertion or deletion)
at the DBS site. The second pathway is
homology directed repair (HDR) pathway. It is
less frequent, very precise, and is a high-
fidelity repair mechanism that can only occur
when a homologous DNA sequence is present

in the nucleus (Shin & Oh, 2020).

CRISPR-Cas9 gene manipulation quickly
became an object of vector-borne diseases
control  strategies with a mosquito’s
transmitted diseases in the first place. For this
reason, the majority of research was done on

mosquitoes (e.g. Dong et al., 2015; Hammond

etal., 2016; Hammond et al., 2017; Dong et al., 2018; O’leary & Adelman, 2020). Some studies
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were focused on vector immune-related genes as well. Dong et al. studied the role of FREPI
gene from a family of fibrogen domain immunolectins in 4. gambiae. FREPI showed to be
involved in Plasmodium ookinete’s invasion of the vector’s gut epithelium, whereas FREPI
knockouts mosquitoes showed a supressed P. falciparum and P. berghei infection. The deletion
of the gene also had an negative effect on mosquito’s fitness (Dong et al., 2018). Another study
was done on Ae. aegypti and its juvenile hormone-binding protein (mJHBP) regulating innate
immune responses including humoral and cellular events. Knockout of mJHBP led to
immunosuppression of mosquitoes such as delayed expression of AMPs — defensin A and
cecropin A (Kim et al., 2020). Lastly, the research was focused on 4. stephensi’s Leucin-Rich
protein (LRIM1) which is involved in regulation of Plasmodium development in the vector.
Knocking out the LRIMI gene resulted in gut microbial dysbiosis, affected reproduction and
reduced sporogony of P. falciparum in infected females (Inbar et al., 2021).

CRISPR-Cas9 gene manipulations represent powerful and uncomplicated tool for gene editing
in many organisms, therefore our effort was to apply it on sand flies as well. However, for many
reasons (small size; egg laying in organic material; fragility; etc.) the implementation of this
technique to the sand fly research became more challenging than other insect models. Martin-
Martin et al. described in detail the protocol adapted for sand fly embryo microinjection and
CRISPR-Cas9 manipulation in 2018. Their protocol describes detailed methodology for setting
up a sand fly embryo injection taking in account the sand fly life cycle (Martin-Martin et al.,
2018). The only successful CRISPR-Cas9 mutagenesis done on sand flies was published in
2019 by Louradour et al.. They were able to knockout the relish gene (transcription factor of
Imd pathway) in P. papatasi and successfully establish heterozygotes mutants. The edited flies
were further used in infection experiments showing greater loads of parasites as well as high
susceptibility to bacteria (Louradour et al., 2019). It ought to be mentioned that relish was the
only successful gene knockout out of more than 5 targets they aimed (Isabelle Louradour;

personal communication).

Our group carried out extensive experiments on P. papatasi and L. longipalpis which
unfortunately did not lead to successful establishment of edited sand fly strain. Nevertheless,
even our unsuccessful attempts are steps forward in gene editing in sand flies. For that reason,
part of our experiments and obtained observation are presented in the thesis as

SUPPLEMENTARY FILE 1 composed by unpublished results.
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OBJECTIVES

Leishmaniases are diseases of great importance, belonging to the group of Neglected Tropical
Diseases. It means they afflict hundreds of thousands of people annually, mainly in low-income
populations in developing regions. To fight the disease, vector control and/or transmission
control strategies are current important topics in Leishmania and sand fly research. In general,
this project aims to contribute to extension of knowledge between sand fly’s immune system
and parasites with the focus on humoral pathways and effector molecules. Such knowledge may
help in finding potential candidate molecules for genetic approaches in vector control strategies

and deepening the understanding of Leishmania-sand fly interaction.

Specific aims were following:

e To identify immune-related molecules in two significant Leishmania vector species (L.
longipalpis and P. papatasi) with potential role in the vector-parasite interaction.

e To characterize expression profiles of these immune-related molecules upon different
experimental challenges such as bacteria rich food, Leishmania infection, pathogen
surface molecules.

e To study the selected gene’s function using RNAi-mediated gene silencing approach.

e To establish the CRISPR-Cas9 gene editing technique in our laboratory (see
Supplementary file 1).
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Abstract: Phlebotomus papatasi is the vector of Leishmania major, causing cutaneous leishmaniasis
in the Old World. We investigated whether P. papatasi immunity genes were expressed toward
L. major, commensal gut microbes, or a combination of both. We focused on sand fly transcription
factors dorsal and relish and antimicrobial peptides (AMPs) attacin and defensin and assessed
their relative gene expression by qPCR. Sand fly larvae were fed food with different bacterial loads.
Relish and AMPs gene expressions were higher in L3 and early L4 larval instars, while bacteria 165
rRNA increased in late L4 larval instar, all fed rich-microbe food compared to the control group fed
autoclaved food. Sand fly females were treated with an antibiotic cocktail to deplete gut bacteria
and were experimentally infected by Leishmania. Compared to non-infected females, dorsal and
defensin were upregulated at early and late infection stages, respectively. An earlier increase of
defensin was observed in infected females when bacteria recolonized the gut after the removal of
antibiotics. Interestingly, this defensin gene expression occurred specifically in midguts but not in
other tissues of females and larvae. A gut-specific defensin gene upregulated by L. major infection, in
combination with gut-bacteria, is a promising molecular target for parasite control strategies.

Keywords: sand fly; insect immunity; gut-specific response; defensin; Leishmania

1. Introduction

Phlebotomine sand flies (Diptera: Psychodidae) belonging to Lutzomyia and Phleboto-
mus genera are proven vectors of Leishmania parasites (reviewed by [1]), causing 700,000
to one million new cases of leishmaniasis every year [2]. Phlebotomus papatasi is dispersed
across Mediterranean European countries, North Africa, the Middle East, and Central
Asia. It transmits Leishmania major, one of the etiological agents of cutaneous leishmaniasis
(reviewed by [3]). Nevertheless, migration and environmental changes constantly shape
the ecoepidemiology of leishmaniases [2].

During the cycle in the sand fly vector (reviewed by [4,5]), Leishmania parasites coexist
with a diverse microbial community that may interfere with the parasite establishment in
P. papatasi [6-13]. Concomitantly, the sand fly immune response is adjusted to the presence
of commensal and other possible harmful microbes (reviewed by [14]).

In insects, the activation of the Toll and immune deficiency (IMD) pathways occurs
when transmembrane receptors, such as Toll-like receptors and peptidoglycan recognition
proteins (PGRP), recognize pathogen-associated molecular patterns (PAMPs) [15]. Once
these receptors are activated, a sequence of intracellular signaling events occurs, involving
regulatory proteases and kinases, resulting in the translocation of transcription factors
(e.g., dorsal and relish) to the nucleus and transcription of effector molecules such as
antimicrobial peptides (AMPs) [15].

Regarding sand flies, the IMD pathway is involved in the response to Leishmania. For
instance, the upregulation of this pathway in Lutzomyia longipalpis, through the knockdown

Microorganisms 2021, 9, 2307. https:/ / doi.org/10.3390/ microorganisms9112307

https:/ /www.mdpi.com/journal / microorganisms


https://creativecommons.org/
https://www.mdpi.com/journal/microorganisms
mailto:barbora.kykalova@natur.cuni.cz
mailto:luc.ticha@email.cz
mailto:volf@cesnet.cz
mailto:erich.telleria@gmail.com
https://www.mdpi.com/article/10.3390/microorganisms9112307?type=check_update&version=2
https://www.mdpi.com/article/10.3390/microorganisms9112307?type=check_update&version=2
https://doi.org/10.3390/microorganisms9112307
https://doi.org/10.3390/microorganisms9112307
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/microorganisms9112307
https://www.mdpi.com/journal/microorganisms
https://orcid.org/0000-0001-5377-7559
https://orcid.org/0000-0001-5551-7515
https://orcid.org/0000-0003-1790-1123
https://www.mdpi.com/journal/microorganisms
https://www.mdpi.com/
https://www.mdpi.com/
https://www.mdpi.com/
https://www.mdpi.com/
https://www.mdpi.com/
https://www.mdpi.com/
https://orcid.org/0000-0003-0006-0057
https://www.mdpi.com/article/10.3390/microorganisms9112307?type=check_update&version=2

Microorganisms 2021, 9, 2307

20f19

of its repressor caspar, reduced Leishmania infantum and Leishmania mexicana survival [16].
In addition, the depletion of the pathway through the knockout of the transcription factor
relish resulted in an increase in L. major and gut bacteria in the P. papatasi gut [17]. The
sand fly AMPs are potentially responsible for a deleterious effect on the parasite. For
example, a recombinant defensin peptide encoded by the Phlebotomus duboscqi defensin
gene has effective activity against L. major promastigotes [18]. Moreover, the suppression
of a defensin gene in L. longipalpis, mediated by RNAi, slightly increased L. infantum
detection [19]. These results suggest that sand flies express defensins potentially driven
toward the parasites.

These studies showed that the IMD pathway and AMPs could affect both Leishmania
and gut bacteria. Nevertheless, it is not yet clear whether the parasite per se triggers the sand
fly immune response and if such a response would be triggered specifically in the sand fly
gut. In the present study, we focused on analyzing the effects of microbe-rich larvae food
with a particular interest in the expression of genes mediated by Toll and IMD pathways.
In addition, we depleted the gut bacterial community of adult females to assess the P.
papatasi female immune response to L. major. Our results provide information on P. papatasi
expression of dorsal and relish transcription factors and attacin and defensin AMPs.

2. Materials and Methods
2.1. P. papatasi Immunity Genes

Two transcription factor sequences that contain the rel homology domain (RHD) were
selected [20]. The Phlebotomus papatasi relish transcription factor gene was previously
identified [17]. Dorsal transcription factor, attacin, and defensin were identified by sim-
ilarity using L. longipalpis sequences [21] as a query to search on the P. papatasi RNAseq
database publicly available from the Vector Base website (www.vectorbase.org, accessed
on 10 September 2018), using blast search tools. Partial coding sequences were amplified
by PCR using P. papatasi cDNA as a template and were sequenced. Similarities between
P. papatasi sequences and other insect vectors were assessed by the MUSCLE multiple
sequence alignment tool [22] built-in Geneious 7.1.9 software (Biomatters, Auckland, New
Zealand). This was followed by phylogram analysis using the Maximum Likelihood
method with a bootstrap value of 400 repetitions in MEGA X 10.0.5 software [23]. The
best substitution model was estimated using MEGA X software using the lowest Bayesian
Information Criterion (BIC) score. The Whelan and Goldman (WAG) model [24] was used
in dorsal, relish, and defensin analyses, while the Le_Gascuel (LG) model [25] was used in
the attacin analysis.

2.2. L. major Culture

Leishmania major parasites (FV1 MHOH/IL/80/Friedlin) were cultivated in Medium
199 (Sigma-Aldrich, Saint Louis, MI, USA) at 23 °C, supplemented with 10% heat-inactivated
fetal bovine serum (Thermo Fisher Scientific, Carlsbad, CA, USA), 1 % BME vitamins
(Sigma-Aldrich), 2 % of sterile urine, and 250 pg/mL amikacin (Medopharm, Pozorice,
Czech Republic). Propagation of L. major promastigote culture had up to five passages
before the sand fly experimental infections.

2.3. P. papatasi Colony Rearing

The Phlebotomus papatasi colony, established from sand flies caught in Turkey in 2005,
was maintained under standard conditions [26]. Larvae were kept in plastic pots filled
with plaster of Paris and fed larvae food made from composted rabbit feces. Three- to
seven-day-old females were fed anesthetized mice and were transferred to plaster-lined
pots for oviposition four or five days after blood-feeding. Larvae and adult insects were

kept at 26 °C.
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2.4. Larvae Experimental Feeding

Larval food made from composted rabbit feces [26,27] was divided into two parts,
one part was sterilized in an autoclave, and another part was kept unaltered, henceforth
referred to as microbe-rich food. Both were collected from the same batch of composted
food; therefore, they had same initial composition. We did not make an identification of the
bacteriome present in the types of larvae food used in our experiments. Both autoclaved
(control group) and microbe-rich food were kept at 4 °C until use. Rearing pots from the
two different feeding regimens were kept separately, and fresh food was added three times
a week. Observation of larvae development and emerged adults was recorded following
colony maintenance routine three times per week. A suspension of each type of larvae
food was plated on Luria Bertani (LB) agar medium and incubated for 48 h at 25 °C to
estimate the bacterial load. Larvae of the second (L2), third (L3), and early- and late-fourth
(L4) instars were dissected, and the guts were collected in pools of 15 individuals from
each instar. The experiment was repeated three times. First instar larvae were not sampled
due to their diminutive size.

2.5. Depletion of Sand Fly Gut Bacteria

An antibiotic cocktail (AtbC) composed of 100 units/mL of penicillin (BB Pharma,
Martin, Slovakia), 50 pg/mL of gentamicin (Sandoz, Boucherville, Canada), and 4 pg/mL
of clindamycin (Sigma-Aldrich), adapted from [28], was used to deplete the bacteria
community of sand fly female guts. The AtbC was added to 30 % sucrose solution, and
100 pL of the mixture was offered to the recently emerged females ad libitum in small Petri
dishes. The AtbC-sucrose mixture was changed daily during the experiments.

Bacterial depletion was checked after one week of AtbC treatment on sucrose meal
(prior blood-feeding) and five days post blood-feeding of the control and experimental
groups. Insects were surface-cleaned twice in a 70 % ethanol bath and rinsed in a sterile
saline solution before dissections. Pools of 10 dissected guts from AtbC-treated or non-
treated females were homogenized in 100 pL of fresh sterile saline solution and plated ona
blood-agar medium. Colony-forming units (CFUs) were counted after 48 h of incubation
at 25 °C.

2.6. Leishmania Experimental Infection

One control (blood-fed, non-infected) and two (infected) experimental feeding groups
were prepared using seven-day AtbC-treated P. papatasi. The control group was fed blood
and sucrose meal, both containing AtbC. Female sand flies in the experimental groups
were fed defibrinated sheep blood (LabMediaServis, Jaromer, Czech Republic) seeded
with 10° L. major promastigotes/mL. In one experimental group, AtbC was added to
the infected blood meal and to the sucrose meal offered ad libitum to the sand flies after
infectious feeding. A second experimental group received the infected blood meal and
sucrose meal without AtbC. The suppression of AtbC allows bacteria to recolonize the
sand fly gut (Table 1).

Table 1. AtbC treatment and Leishmania experimental infection.

AtbC in Sucrose Meal . Leishmania in Blood AtbC in Sucrose Meal
Sand Fly Groups before Blood Meal AtbC in Blood Meal Meal after Blood Meal
Control group + + - +
Experimental group 1
(EG1) * ¥ * "
Experimental group 2 + _ 4 -

(EG2)
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Sand fly samples were collected at different time points post blood-feeding. Guts and
corresponding carcasses were stored at —70 °C in lysis buffer until RNA extraction.

2.7. RNA Extraction, cDNA Synthesis, and PCR

Total RNA was extracted from pools of 10 dissected guts or carcasses using the High
Pure RNA Tissue Kit (Roche, Pleasanton, CA, USA) according to the manufacturer’s
instructions. The RNase-free DNase 1 (Thermo Fisher) digestion step at 1 U/ pg of RNA
was used to clear possible genomic DNA traces. Synthesis of cDNA was carried using
a Transcriptor First Strand cDNA Synthesis Kit (Roche) following the manufacturer’s
instructions.

Conventional PCR targeting the P. papatasi actin gene (Table 2) was used to test
successful cDNA synthesis. Reactions were done according to the Emerald Amp GT PCR
Master Mix (TaKaRa, Shiga, Japan) instructions. Cycling conditions were as follows: 95 °C
for 3 min; 34 amplification cycles (95 °C for 30 s; 60 °C for 30 s, 72 °C for 1 min); and 72 °C
for 5 min. The same conditions were used with defensin primers (Table 2) for detection in
different tissues. Amplicons were visualized on 1.5 % agarose gel.

2.8. Relative Gene Expression by gPCR

Expression of sand fly immunity genes, Leishmania actin, and bacteria 165 rRNA
were determined by qPCR in a LightCycler 480 thermocycler (Roche) with gene-specific
oligonucleotides (Table 2) and SYBR Green I Master (Roche). The cycling conditions were
as follows: 95 °C for 10 min enzyme activation, 45 amplification cycles (95 °C for 10 s, 60 "C
for 20 s; 72 °C for 45 s). Relative gene expression was calculated in comparison to the P.
papatasi reference gene actin (PPAI004850-RA) and ribosomal protein L8 (PPAI008202-RA)
and expressed as the fold change in comparison to the autoclaved-fed or blood-fed control
groups [29].

2.9. Leishmania Infection Estimation and Morphometrics

Leishmania development in sand fly vectors was examined by light microscopy in
20 sand fly guts 144 h post infection (day 6 PI), a time when the blood meal was digested
and defecated. Under the conditions used, most P. papatasi females defecated on day
4 PI [30]. Guts were dissected in saline solution (NaCl 0.9 %), covered with a thin glass
slide, and examined under a 40X magnification objective lens. Parasite abundance was
estimated and classified as low (less than 100 parasites), moderate (between 100 and 1000
parasites), or heavily infected (more than 1000 parasites) [31]. The localization of parasites
in the gut (abdominal or thoracic gut, cardia, and colonized stomodeal valve) was recorded
to evaluate infection progress, following previously published methods [32]. Samples were
collected from two independent experiments.

Parasite developmental stages were assessed by morphometric methods. Images of
250 randomly selected promastigotes were captured from sand fly gut smears on Giemsa-
stained glass slides under a 100X magnification objective lens. Cell width, length, and
flagellum were measured using the microscope scale plugin in Image] 1.52a software [33].
Leishmania developmental stages were categorized as procyclic promastigotes (body length
<14 pm and flagellar length < body length), elongated nectomonads (body length = 14 ym),
metacyclic promastigotes (body length <14 ym and flagellar length = 2X body length), and

leptomonads (short nectomonads = remaining parasites) [32,34]. Samples were collected
from two independent experiments.
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Table 2. Oligonucleotides.

Reference

Gene Sequence

Nadkarni et al. 2002 [35]
Di-Blasi et al. 2015 [36]
(PPAI004850)
(PPAIO03791)
(PPAI004256)
(PPAIO01149)
Louradour et al. 2019 [17]

(PPAI008202)

5 TCCTACGGGAGGCAGCAGT 3t
5t GGACTACCAGGGTATCTAATCCTGTT 3¢
5t GTCGTCGATAAAGCCGAAGGTGGTT 3t
5t TTGGGCCAGACTCGTCGTACTCGCT 3¢
5t GCACATCCCTGGAGAAATCCTAT 3t
5t GGAAAGATGGCTGGAAGAGAGAT 3t
5t GCCATTTCTGCTGCGTACTC 3¢
5t GAGGCACCAAGTACACGACA 3¢
5t GCCCGGTTAAAGACGATGTAAAG 3t
5t AGTTGGTCCAAGGATATCGCAAG 3t
5t GCTGCAAATCCTGCAAAGA 3t
5t CCCAAGGAGGTCACAGGTTA 3t
5t ATCCATCCTTTATGCAACCG 3t
5t GCCTTTGAGTCGCAGTATCC 3¢
5! GACATGGATACCTCAAGGGAGTC 3¢
5t TIGCGGATCTTATAGCGATAGGG 3t

Bacteria 16S rRNA
Leishmania actin
P. papatasi actin

P. papatasi attacin
P. papatasi defensin
P. papatasi dorsal
P. papatasi relish

P. papatasi ribosomal protein L8

VectorBase gene identification shown in parenthesis.

2.10. Statistical Analysis

Ordinary two-way ANOVA with Sidak’s correction for multiple comparisons test built-
in GraphPad Prism software (version 6.07) (GraphPad Software Inc., San Diego, CA, USA)
was used to calculate significant differences in gene expression results obtained by qPCR,
and infection estimation and localization were obtained by light microscopy observation.

3. Results
3.1. Transcription Factors and Antimicrobial Peptide Genes

The two P. papatasi transcription factors belong to the nuclear factor-kappa B (NF-kB)
superfamily, namely, dorsal (PPAI001149) and relish (PPAI012820). The dorsal amino
acid sequence contains a rel homology domain (RHD) and a rel homology dimerization
domain (RHDD) (Figure 1A). The relish amino acid sequence also contains an ankyrin
repeat domain in addition to RHD, RHDD (Figure 1B). The Phlebotomus papatasi dorsal
sequence shares close similarity to the L. longipalpis dorsal sequence forming a sister branch
with the Aedes and Anopheles dorsal sequences (Figure 1C). The relish sequence was closely
grouped with the L. longipalpis sequence and formed a sister clade with sequences from
Aedes and Culex identified as NF-kB (Figure 1C).

The two P. papatasi AMPs identified by similarity with the L. longipalpis genes are
attacin (PPAI003791) and defensin (PPAI004256). The attacin deduced amino acid sequence
contains the corresponding superfamily domain (Figure 2A). The defensin sequence con-
tains the Defensin-2 superfamily domain (Figure 2B). The phylogenetic analysis showed
that P. papatasi defensin (PPAI004256) grouped with L. longipalpis defensin 4 (LIDef4), but
it was separated from a clade containing L. longipalpis defensin 2 (LIDef2) and P. duboscqgi
sequences (Figure 2C).
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Dorsal [PPAIO01149-RA]
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RHDD
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100

200 300 400 500 600 700 800

Relish [PPAI012820-RA]
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RHDD Ankyrin repeat

[EE—
Jure I
o
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! |
I T T I T
00 300 400 500 600 700 800

;ssi:dorsal 1A Rhodnius prolixus (ABU96698.1)
dorsal Pediculus humanus corporis (XP 002431518.1)
100 [ dorsal Aedes aegypti (XP 021704025.1)
dorsal Aedes albopictus (XP 029720229.1)
dorsal Anopheles stephensi (XP 035908780.1)

100

dorsal Lutzomyia longipalpis (ALC78349.1)
100 - @ dorsal Phlebotomus papatasi (PPAI001149-RA)

9 dorsal B Drosophila melanogaster (AAC35296.1)
dorsal Scaptodrosophila lebanonensis (XP 030383328.1)
dorsal Lucilia cuprina (XP 023293633.1)
dorsal Musca domestica (XP 005175014.1)

100 — dorsal Stomoxys calcitrans (XP 013118266.1)
NF-kappa-B p100 Ixodes scapularis (XP 029849859.1)

100 relish Drosophila melanogaster (AAF20133.1)

NF-kappa-B p110 Stomoxys calcitrans (XP 013099422 1)

100 ’: relish Lutzomyia longipalpis (AKU77026.1)
A relish Phlebotomus papatasi (PPAI012820-RA)

NF-kappa-B p105 Culex quinquefasciatus (XP 001862276.1)
W':{ NF-kappa-B p110 Aedes aegypti (XP 021697567.1)
100  NF-kappa-B p110 Aedes albopictus (XP 029735101.1)
100 — NF-kappa-B Trachymyrmex septentrionalis (KYN36803.1)
NF-kappa-B p100 Vollenhovia emeryi (XP 011867189.1)
NF-kappa-B p100 Bombus impatiens (XP 024227819.1)

NF-kappa-B p105 Osmia lignaria (XP 034190920.1)
NF-kappa-B p105 Megachile rotundata (XP 003704949.1)

100 [ NF-ATc3 Homo sapiens (AAA79174.1)
NF-ATx Homo sapiens (AAA86308.1)

93

98

100

0.50

100 I: NF-ATc Homo sapiens (AAA19601.1)
88 NF-AT1A Mus musculus (AAC52929.1)

Figure 1. P. papatasi dorsal and relish amino acid sequences. (A,B)- Signature domains identified on the amino acid sequence:

grey boxes indicate the rel homology domain (RHD), rel homology dimerization domain (RHDD), and ankyrin repeat

domain; numeric scales indicate amino acid positions. (C)- Phylogram of amino acid sequences from P. papatasi and

other organisms’ transcription factors inferred by the Maximum Likelihood method, with the WAG model and Gamma

distribution. Mammalian nuclear factor of activated T-cells (NF-AT) sequences were used as an outgroup. Numbers on

branch nodes indicate bootstrap values higher than 50 %. Phlebotomus papatasi dorsal and relish sequences are indicated by

a black circle and triangle, respectively. Species names are followed by corresponding VectorBase (P. papatasi) or GenBank
(other species) accession numbers; the scale bar indicates the number of substitutions per site.
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— defensin A Aedes aegypti (ASY93145.1)
Eefensin A Aedes albopictus (XP 019527044.2)

defensin D Aedes albopictus (AAC36346.1)
_|7 defensin 2 Lutzomyia longipalpis (AKU77027.1)

65 ' defensin Phlebotomus duboscqi (P83404.3)

— defensin 1 Hermetia illucens (AHH35097.1)
100 L defensin 3 Hermetia illucens (AHH35099.1)
73 | defensin 1 Lutzomyia longipalpis (AFN61300.1)

_|— defensin 3 Lutzomyia longipalpis (MW269862.1)
70 defensin 4 Lutzomyia longipalpis (MW269863.1)

93 Il defensin Phlebotomus papatasi (PPAI004256-RA)
| amercin Amblyomma americanum (ABI74752.1)

100 |_|—7 defensin Ixodes ricinus (ABK62871.1)
52 perculatusin Ixodes persulcatus (BAH09304.1)

£

63

—_—

050

Figure 2. P. papatasi AMP amino acid sequences. (A,B)- Signature domains identified on the amino acid sequences: grey
boxes indicate AMP superfamily domains; numeric scales indicate amino acid positions. (C)- Phylogram of defensin amino
acid sequences from P. papatasi and other arthropods inferred by the Maximum Likelihood method, with the WAG model
and Gamma distribution. Tick AMPs sequences were used as an outgroup. Numbers on branch nodes indicate bootstrap
values higher than 50 %. The Phlebotomus papatasi defensin sequence is indicated by a black square; species names are
followed by corresponding Vector Base (P. papatasi) or GenBank (other species) accession numbers; the scale bar indicates
the number of substitutions per site.

For all P. papatasi genes used in our experiments, we designed gene-specific primers
within each coding sequence used in PCR amplifications. Amplicons were sequenced
to confirm the targeted gene. In our current approach, we were not able to distinguish
differences between P. papatasi sequences derived from VectorBase (sand flies originated
from Israel) and from our colony (originated from Turkey).
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3.2. Expression of Immunity Genes in Larval Guts

We wanted to determine whether the selected P. papatasi immunity genes would be
expressed throughout development and altered under different diet conditions in guts
dissected from various larval instars. The larval growth period was slightly delayed in
the group fed autoclaved food between the L3 and early-L4 stages, but no difference was
observed between the early-14 and late-L4 stages (Table S1). Nevertheless, there was no
noticeable difference in the larvae size and survival rates, neither in the size or number of
emerged adults between the two groups of reared larvae. When we plated a suspension of
food samples on LB agar, we observed no bacterial growth in the sample of autoclaved food
while massive/significant bacterial growth was present in the microbe-rich food sample.
There was no significant modulation in the gene expression of dorsal in the group fed
microbe-rich food compared to the group fed autoclaved food (Figure 3A). On the other
hand, the expression of other immunity molecules was increased in larvae fed microbe-
rich food. Particularly, relish was increased in the early L4 stage (Figure 3B), attacin was
increased in the L3 and early L4 stages (Figure 3C), while defensin was increased in the L3
stage (Figure 3D). The relative gene expression of bacterial 16S increased significantly in
the late L4 stage (Figure 3E).

dorsal B relish
2.5+ e 257
[=]
= *
2.0+ 2.0
| 2w
ao
1.5+ ¥ E 157
@ £
1.04-mraceanaa-] S— 5o 104 N I S ——
P T 53 "
oe
0.5 £ 057
2
0.0 T T T T 0.0 T T
L2 L3  early-L4 late-L4 L2 L3 early-l4 late-L4
attacin D defensin E 16S (bacteria)
- - - *kkk
6 I 15 8

(fold change)
T 7

relative gene expression
n
1

relative gene expression
(fold change)

e Flall.

o

4

24

0 T T
L2 L3

T T
early-L4 late-L4 L2 L3  early-L4 lateL4

sl

early-L4 late-L4

Figure 3. Relative gene expression of P. papatasi immunity genes and bacteria detection in dissected guts of larvae fed
microbe-rich food. (A) Dorsal; (B) relish; (C) attacin; (D) defensin; (E) bacteria 165 rRNA. The y-axis represents the relative
gene expression of larvae fed microbe-rich food plotted as fold change values compared to the control group fed autoclaved

food (dotted line). The x-axis indicates larval stages. Vertical bars represent the average values of three independent

experiments, and error bars represent the standard error. Two-way ANOVA was conducted to determine significant
differences (* p < 0.05; ** p < 0.01; **** p < 0.0001).

3.3. Expression of Immunity Genes in Infected Females with Depleted Gut Bacteria

We first tested the efficiency of AtbC in blood-fed sand flies. We evaluated the CFUs
from dissected guts from sand flies five days post blood-feeding, when all females had
eliminated the digested blood content. The CFUs were significantly reduced in AtbC-
treated in comparison to the non-treated group (Figure S1).
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We also tested if AtbC treatment would interfere with the parasite development in the
sand flies. On the sixth day post infection, we assessed the intensity and progression of
infection in AtbC-treated (+AtbC) sand flies compared to the non-treated (-AtbC) group.
There was no significant difference in infection intensity and localization levels in the sand
fly gut (Figure 4A,B). In addition, we analyzed the parasite developmental forms on gut
smears, and we did not observe significant differences between the +AtbC- and -AtbC
groups (Figure 4C).

infection estimation B infection localization C parasite morphometrics

100

904
80+
80+

504 704

60+

504

percentage in infected sand flies
percentage in infected sand flies

20
- - 2

—_—

——
- AthC + AtbC - AthC + AtbC

-]

Figure 4. Leishmania infection intensity, localization, and development on the sixth day. (A) Infection intensity estimation.

The y-axis represents the percentage of all individually inspected insects (a total of 40 sand flies in each group). Bar colors

indicate infection intensity: light (light grey), moderate (mid grey), heavy (dark grey). (B) Infection progression in the sand

fly gut. The y-axis represents the percentage of infected insects. Bar colors indicate sand fly gut localization: abdominal

gut (white); thoracic gut (light grey); cardia (mid grey); stomodeal valve (dark grey). (C) Parasite development in the

sand fly gut. The y-axis represents the percentage of analyzed parasites. Bar colors indicate parasite developmental forms:

procyclic promastigote (white); elongated nectomonad (light grey); leptomonad (mid grey); metacyclic promastigote (dark

grey). The x-axis represents AtbC-treated (+AtbC) and non-treated (-AtbC) groups. Vertical bars represent the average

values of two independent experiments, and error bars represent the standard error. No significant differences were found

(two-way ANOVA).

We hypothesized that the sand fly immune response could be specifically induced
by L. major. To address this possibility, we used P. papatasi sand flies and assessed the
expression of dorsal, relish, attacin, and defensin genes in females infected by Leishmania
(experimental group 1-EG1) compared to the non-infected control group. Both control and
experimental groups were AtbC-treated before and after experimental feeding.

In dissected guts of the Leishmania-infected group EG1, dorsal expression was in-
creased at 48 h while relish showed no significant expression changes compared to the
AtbC-treated blood-fed control group (Figure 5A,B). Attacin did not show significant
changes while defensin expression significantly increased at 144 h post infection (Figure
5C,D). Leishmania detection showed that it increased at 72 h post infection compared to the
parasite loads detected on the first day post infection (Figure 5E).
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Figure 5. Relative gene expression of P. papatasi immunity genes in Leishmania-infected females with depleted gut bacteria
(EG1) (A) Dorsal; (B) relish; (C) attacin; (D) defensin; (E) Leishmania actin. The y-axis represents relative gene expression as
fold change values of Leishmania-infected females treated with AtbC (EG1) in comparison to the non-infected control group
also treated with AtbC (dotted line) collected at the corresponding time points (A-D); Leishmania detection was expressed
in comparison to 24 h (E). The x-axis indicates females collected at different times post infection. Vertical bars represent
the average values of three independent experiments, and error bars represent the standard error. Two-way ANOVA was
performed to determine significant differences (** p < 0.01; *** p < 0.001).

3.4. Immunity Genes and Infection Progression in Infected Females with Recovered Gut Bacteria

To test if the recolonization of gut bacteria would modify the immune response in the
Leishmania infected sand fly gut, we removed the AtbC treatment from a group of sand flies
(experimental group 2-EG2).

We assessed the effect of removing AtbC on bacterial detection in the sand fly guts.
We seeded gut homogenates on blood agar plates and observed an increase in CFUs at 72 h
and 144 h post infection in the recovered bacterial group compared to the AtbC-treated
group (Figure S2A). This increase was also detected by the relative expression of bacterial
16S rRNA (Figure S2B).

When we compared the EG2-infected group with recovered gut bacteria to the blood-
fed control group, there were no significant differences in the expression levels of the
transcriptional factors dorsal and relish (Figure 6A,B). At 72 h post infection, attacin expres-
sion was variable, therefore showing a non-significant increase (Figure 6C); nevertheless,
defensin was significantly increased at the same time point (Figure 6D). The expression
of the Leishmania actin gene used to assess the parasite detection showed that the parasite
increase at 72 h was quite variable, with no significant difference compared to the parasite
loads 24 h post infection (Figure 6E).

We also compared the gene expression data of Leishmania-infected sand flies with
recovered bacteria (EG2) compared to the infected group constantly treated with AtbC
(EG1). The relative gene expressions of all five analyzed genes were not significantly altered
(Figure S3).
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Figure 6. Relative gene expression of immunity genes in Leishmania-infected females with recovered gut bacteria (EG2). (A)
Dorsal; (B) relish; (C) attacin; (D) defensin; (E) Leishmania actin. The y-axis represents the relative gene expression as the
fold change values of Leishmania-infected females with recovered gut microbiota (EG2) in comparison to the non-infected
control group also treated with AtbC (dotted line) collected at the corresponding time points (A-D); Leishmania detection
was expressed in comparison to 24 h (E). The x-axis represents females collected at different time points post infection.
Vertical bars represent the average values of three independent experiments, and error bars represent the standard error. A
two-way ANOVA was performed to determine significant differences (* p < 0.05).

3.5. Defensin Gut-Specific Expression

We investigated if the P. papatasi defensin gene was also expressed in other sand fly
tissues in larvae and adult females. qPCR detected defensin amplification only in guts and
not in other tissues. Therefore, we performed non-quantitative PCR using dissected tissues,
followed by electrophoresis in 1.5 % agarose gel for visual representation. In larvae, we
observed defensin amplification in the guts of various instars but not in carcasses (Figure
7A). In blood-fed females, defensin expression was found in midguts dissected 24 and
144 h post blood meal (Figure 7A). However, no defensin expression was observed in
other tissues such as the head, thorax, Malpighian tubules, ovaries, or posterior end of the
abdomen of blood-fed females (Figure 7B).

A B

L3 e-Ll4 |-L4 24h  144h
g ¢c g ¢c g c g c g c h g t mt e p

Figure 7. PCR amplification of P. papatasi defensin gene in different tissues. (A) Defensin PCR from guts (g) and carcasses (c)
from L3, early L4 (e-L4), late L4 (I-L4) larval stages, and from females collected 24 h and 144 h post infection. (B) Defensin
PCR from heads (h), guts (g), thorax (t), Malpighian tubules (mt), eggs (e), and posterior end of the abdomen of females
collected on day four (96 h) post blood feeding. Representative images of electrophoresis of defensin (def) and control (ctr)
PCR products in 1.5 % agarose gel are shown.
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4. Discussion

We selected two transcription factors genes belonging to Toll and IMD pathways
(dorsal and relish) and two AMPs (attacin and defensin) to tackle the questions we raised
regarding the P. papatasi immune response toward the changes in gut bacteria and L. major.

We searched for the gene sequences in public databases and used their predicted amino
acid sequences to identify signature domains to support gene identification. Phlebotormus
papatasi dorsal and relish have RHD and RHDD domains characteristic of the NF-kB
superfamily [37,38]. The relish sequence contains a C-terminal ankyrin-repeat domain
that is characteristic of the ‘NF-kB protein” sub-family. Dorsal belong to the ‘rel protein’
sub-family sequences that lack the ankyrin-repeat domain [39-41]. Both P. papatasi dorsal
and relish sequences are similar to those previously identified in L. longipalpis [21]. They
form a group closely related to mosquitoes in both cases while less similar to other flies such
as Drosophila and Stomoxys. Phylogenetic analyses of these transcription factors commonly
show mosquito sequences forming a separate branch from Drosophila species [42] and
more distantly related to other insects such as Nasonia vitripennis and Tribolium castaneum
species [43]. These findings suggest that these sand fly and mosquito transcription factors
evolved from a common ancestor.

The P. papatasi AMPs attacin and defensin sequences have the signature domains of
their respective protein families. The attacin family signature domain contains a proline-
rich propeptide (N-terminus) and two glycine-rich domains (C-terminus) [44]. In a previous
study, the P. papatasi attacin sequence was shown to be closely related to L. longipalpis
and Nyssomyia neivai [19]. In addition, the dipteran attacin group formed separately
from the coleopteran and lepidopteran groups [45]. The insect defensins motif has six
conserved cysteines responsible for intra-chain disulfide bonds [46]. It was also previously
reported that the sand fly defensin group was divided into two branches, one containing the
L. longipalpis defensin 1, 3, and 4, (L1Def1, LIDef3, and LIDef4) and another containing the
LIDef2 and N. neivai defensin 2 [19]. Interestingly, the P. duboscqi defensin was previously
shown to be closely related to the black soldier fly Hermetia illucens [47], and in our current
analysis, it grouped with the L. longipalpis defensin 2. On the other hand, the P. papatasi
defensin sequence investigated in the present study (PPAI004256) is closely related to the
LIDef4, forming a separate branch from the P. duboscqi defensin. Together, these studies
show that sand fly defensins form diverse groups, but it is unclear which selection pressures
acted on their diversification.

In insects, feeding on an enriched microbe food triggers the expression of a complex
gene set. For instance, in the larvae of Trichoplusia ni moth, feeding on a food mixture con-
taining Micrococcus luteus (Gram-positive) and Escherichia coli (Gram-negative) can trigger
the expression of a group of effector molecules involved in the larvae immune response
including AMPs [48]. Similarly, in the larvae of L. longipalpis, feeding on Bacillus subtilis
(Gram-positive) or Pantoea agglomerans (Gram-negative) also modulates genes coding for
receptors, regulators, and effector molecules of immunity pathways [49]. Therefore, we
explored the effect of ingested microbes present in the larvae food on the P. papatasi immune
response. We cannot exclude possible effects on larvae immunity derived from nutrient
processing or absorption caused by the differences in the microbial composition of the
food [50]. Nevertheless, our experimental approach is supported by the fact that both food
types originated from the same batch, thus having the same initial nutrient composition. In
addition, there was no noticeable difference in development between the two larval groups.
Dorsal, the transcription factor of the Toll pathway, showed no increased expression
under the microbe-rich larvae rearing while relish, associated with the IMD pathway, was
upregulated in the actively eating L4 stage. Under this experimental condition, we cannot
rule out the participation of the Toll pathway in the regulation of P. papatasi AMPs, but its
contribution may be reduced. On the other hand, the IMD pathway has a more prominent
role through relish expression.

Attacin was highly expressed in the P. papatasi L3 and early L4 stages fed microbe-
rich food. These stages are voracious [49,51], thus indicating that attacin is necessary for
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controlling the increased ingestion of bacterial content in the food. Curiously, defensin was
increased in the L3 stage but not in early L4. This may have occurred as a counterbalance
between effector molecules or due to changes in bacterial diversity within the larvae gut.
Similarly, L. longipalpis larvae adjust their AMPs expression throughout their developmental
stages with a more evident increase in attacin and two defensin genes (LIDef2 and LIDef4)
in L3 larvae compared to the non-feeding larval stage [19]. In addition, AMPs expression
in L. longipalpis L3 larvae was also adjusted according to the microbial challenge offered
through artificial feeding. The ingestion of B. subtilis or P. agglomerans reduced attacin as
early as 12 h, while P. agglomerans increased LIDefl at 24 h post feeding [49]. Together,
these findings indicate that sand fly larvae adjust the AMPs expression to balance various
bacteria. Sand fly attacins may be responsible for balancing loads of general ingested
bacteria, while defensins are tuned to compose a more refined response. This balance is
crucial for sand flies since their breeding sites are rich in microorganisms and decomposing
material [52-54].

Our study was not focused on changes in bacterial diversity. Nevertheless, we ob-
served that the overall bacterial load was slightly increased in P. papatasi L3 and early
L4, indicating that the sand fly immune response, possibly through attacin expression,
controlled the bacteria abundance in these larval stages. In the late L4 stage (a non-feeding
stage), the detection of bacteria was highly increased in the group fed microbe-rich com-
pared to the group fed autoclaved food, thus suggesting that a given bacterial population
resists after the peaks of AMPs. These remaining bacteria may survive transstadially and
contribute to the colonization of the gut in the adult stage, similar to P. duboscqi that carried
Ochrobactrum sp. from the larvae to the pupae and adult stages [55]. Therefore, the efficient
balance of the microbial community in the larvae gut can interfere directly in the adult
stage, with a possible impact on sand fly fitness.

We treated the adult sand flies with AtbC before the parasite infection to deplete their
gut bacteria. In previous studies, AtbC alone showed no deleterious effect on the parasites
Leishmania donovani and L. infantum or the sand fly L. longipalpis survival [28,56]. In our
initial trials, AtbC did not cause negative effects on L. major culture or P. papatasi survival.
Nevertheless, changes in the vectors’” gut microbial environment may have a distinct
outcome. The reduction of bacteria interfered negatively with the progression of L. infantum
infection in L. longipalpis, evidenced by the reduction of metacyclic promastigotes [28].
Under our conditions, our choice of AtbC did not eliminate bacteria but significantly
reduced them. In addition, the progression of L. major infection in P. papatasi evaluated
at the sixth day post infection was not significantly altered in the AtbC-treated group. In
both groups, parasites multiplied and migrated anteriorly from the abdominal midgut
to the thoracic part and the stomodeal valve, and a small percentage of metacyclic forms
could be detected in both AtbC-treated and non-treated groups, as observed in previous
studies [32,57]. Indeed, the induced variation of the gut microbiota may offer a considerable
challenge to the parasite, but the outcome of this balance reveals the potentials of the
Leishmania adaptability.

In the context of sand fly and Leishmania interactions, it is relevant to highlight that
the ingested parasites remain inside the P. papatasi peritrophic matrix (PM) during the
early phase of infection [58,59]. The PM poses a physical barrier between the parasite
and its vector, and it could level down the effect of the parasite over the sand fly immune
response. Nevertheless, we did not rule out the possibility that secreted parasite molecules
and exosomes [60-62] could affect the sand fly immune response during the early phase of
infection when the PM is formed and then degraded. Therefore, we analyzed the P. papatasi
gene expression before and after PM degradation.

We used the bacteria-depleted sand fly model to investigate the sand fly immune
response to L. major. One experimental group and the control group were AtbC-treated
throughout the experiment. The experimental group was infected by L. major, while the
control group was blood-fed. Dorsal was upregulated in infected sand flies at a time
when attacin was highly variable, and this points to a possible connection between this
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transcription factor and the effector molecule. Relish showed no significant modulation
except for a slight increase on the sixth day when defensin was upregulated, which may also
indicate the connection between these molecules. Phlebotomus papatasi attacin was slightly
but not significantly downregulated at three out of four time points analyzed, indicating
that the L. major infection caused this subtle reduction. Nevertheless, this variability may
also be a result of an under-detected variation of AtbC-resistant bacteria. Moreover, attacin
was possibly regulated by another pathway such as Jak-STAT, as similarly reported in
Drosophila [63,64].

In our experiments, the most significant difference in gene expression levels happened
with defensin. The upregulation of this AMP occurred 144 h post Leishmania infection in
the AtbC-treated group, in the late phase of infection when parasites migrate to the anterior
part of the digestive tract and colonize the stomodeal valve. The modulation of defensin
genes also occurred in L. longipalpis, where both of them were reported to be modulated
after the parasitic infection. LIDef]l was reduced after L. mexicana [65], and LIDef2 was
increased after L. infantum infection [19]. In addition, the P. duboscgi defensin, which is more
similar to LIDef2, was increased by L. major infection [18]. In P. papatasi, the PPAI004256
defensin, more similar to LIDef4, had different fold changes in gene expression after L. major
or L. donovani infection [66]. Variability of vector’s immune responses according to different
parasite species was previously described in Anopheles mosquitoes. The IMD-mediated
response was the most effective against Plasmodium falciparum, while the Toll-mediated
response was more effective against Plasmodium berghei [67-70]. 1t is possible that the
sand fly immune response also adjusted to the different Leishmania species, thus adding
another range of molecular events that will interfere with the sand fly permissiveness or
restrictiveness in hosting other parasite species.

The parasite increase on the third day post infection reflects the natural multiplication
of procyclic and its transformation into nectomonad promastigotes, which happens before
the termination of blood digestion and elimination of gut contents by defecation (reviewed
by [4,71]). Under our colony conditions, the P. papatasi blood digestion and defecation
processes ended between the fourth and fifth days post blood ingestion [58]. These results
indicate that the parasite infection in our experimental setting followed the commonly
observed pattern, thus indicating that the parasite cycle was adjusted to changes in the
sand fly microbial gut community.

To determine whether the sand fly immune response would be altered by the additive
effect of Leishmania infection and restored gut bacteria, we removed the AtbC treatment
during infection and from the sucrose meal in a second experimental group, thus allowing
bacteria to multiply and recolonize the sand fly gut. There is a possibility that part of the
bacterial community originates in adults from strains carried transstadially from larval
and pupal stages [55]. Nevertheless, most are acquired from environmental bacteria that
opportunistically colonize their hosts” guts (reviewed by [72]). Sand flies probe surfaces
with their mouthparts during their feeding process, and this habit allows new microbes to
be ingested and colonize the sand flies” guts. These studies support the hypothesis that
the gut environment would be readily recolonized after antibiotics are metabolized by
sand flies.

Indeed, we observed an increase in bacteria based on CFU calculation and qPCR
detection in the second sand fly group where the AtbC treatment was interrupted during
the experimental infection. This increase indicates that bacteria were reintroduced by
sucrose feeding and surface probing or they resisted the AtbC-treatment and regrew in
the sand fly gut. In this additional experimental setting, dorsal was slightly but not
significantly increased, as seen in the fully AtbC-treated group. The relish expression was
not significantly altered, but there was a slight increase at 72 h post feeding, indicating
an earlier activation of the IMD pathway. Attacin had a highly variable and slightly
increased expression at 72 h post feeding in the recovered-bacteria group. This variable
expression occurred one day later than what was observed in the AtbC-treated group.
This delayed attacin expression may reflect L. major infection reducing the pace of bacteria
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recolonization as similarly occurred in L. longipalpis infected by L. mexicana, which protected
the sand fly from the entomopathogenic Serratia marcescens [73]. These findings indicate
that both parasites and bacteria face a certain level of competition to survive in the sand
fly gut. Possible beneficial outcomes may occur, but this complex interaction is not yet
fully explored.

Interestingly, defensin increased earlier in the bacteria-recovered group, indicating
that the combination of the parasite with bacteria resulted in its earlier regulation. The
upregulation of defensin was observed at a time when relish was slight increased, which
corresponds with the findings in AtbC-treated females about a possible connection between
these two molecules. Simultaneously, the parasite detection at 72 h was variable and slightly
increased, reflecting the complex and dynamic balance within the gut microbiota. For
example, the reintroduction of Lysinibacillus or Serratia strains in L. longipalpis infected by
Leishmania chagasi (syn. L. infantum) reduced the number of parasites. At the same time,
Pseudocitrobacter had no deleterious effect on Leishmania amazonensis infection in the sand
fly gut [74]. Our results indicate that the combination of increased bacteria and L. major
resulted in an earlier modulation of P. papatasi immunity in the gut. It is possible that
bacterial growth was detected as a more imminent threat, thus inducing the AMPs gene
expression. These results reflect the complex dynamics between sand fly immunity and
gut-residing organisms.

We plotted the relative gene expression of AtbC-treated-infected (EG1) and the
bacteria-recovered (EG2) sand fly groups for comparison purposes. This alternative way
of visualizing our results revealed that in the context of L. major-infected sand flies, the
addition of bacteria did not cause a significant change in the P. papatasi immune response,
suggesting that the L. major infection buffered the response against bacteria or protected
the sand fly from pathogenic bacterial regrowth. This finding correlates with the protection
created by L. infantum against S. marcescens infection in L. longipalpis mentioned above [73].
It is possible that the parasite produces molecules that compete for sand fly receptors in
the gut or secrete virulent factors that would inhibit part of the bacterial community.

Some AMPs can be expressed in the fat body of insects and secreted into the
hemolymph [75,76]. In addition, others can be expressed in specific tissues [70] con-
stitutively or due to an injury-type of stimuli [77]. In Drosophila, the gut immune response
is mediated by the IMD and Jak-STAT pathways, but AMPs can be expressed in the gut or
systemically [78]. In P. duboscqi, a defensin peptide was identified in the hemolymph [18],
while in L. longipalpis, defensin mRNAs were expressed in reproductive organs [79], female
guts [80], or in female whole-body samples [19,65]. In addition, a L. longipalpis defensin
gene was expressed differentially depending on the route of infection [65]. Especially for
hematophagous insects, the digestive track is mostly exposed to pathogens that may be
present in the ingested blood.

In the current study, among the two investigated AMPs, we identified a defensin gene
exclusively expressed in gut tissue in larvae and adult females, indicating that this defensin
is responsible for the specific protection of the digestive tract of P. papatasi. Furthermore,
the defensin gene expression was upregulated by L. major infection. An additional load of
bacteria can trigger an earlier peak of expression before completing the sand fly digestion
process. The moment before defecation is strategic for parasite survival because parasites
are multiplying and preparing to colonize the sand fly gut.

Very little is known about the action of defensins against Leishmania. One interest-
ing study using a plant defensin PvD1 from Phaseolus vulgaris showed inhibitory activity
against L. amazonensis [81]. In in vitro assays, this plant defensin inhibited promastigote
proliferation and caused cytoplasmic fragmentation, the formation of multiple cytoplasmic
vacuoles, and cell membrane permeabilization [81]. Although we do not discard any poten-
tial antiparasitic effects of defensins, the P. papatasi defensin promotor sequence is a very
interesting candidate for coupling to a foreign gene coding for a parasite-killing molecule.
Such a molecular construct could lead to efficient expression of an anti-leishmanial molecule
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in a gene-edited P. papatasi. Such a molecular construct may lead to efficient strategies to
control parasite survival inside the vector’s gut.
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regimens; Figure S1: Effects of AtbC-treatment on CFUs from sugar-fed P. papatasi dissected guts;
Figure S2: Effects of AtbC-treatment based on CFU calculation and qPCR bacteria detection from
treated and non-treated females; Figure S3: Relative gene expression of immunity genes in Leishmania-
infected females with recovered gut bacteria compared to infected females treated with AtbC.
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RNAi-mediated gene silencing of
Phlebotomus papatasi defensins favors
Leishmania major infection
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Introduction: Production of different antimicrobial peptides (AMPs) is one of the
insect’s prominent defense strategies, regulated mainly by Toll and immune
deficiency (IMD) humoral pathways. Here we focused mainly on two AMPs of
Phlebotomus papatasi, vector of Leishmania major parasites, their association
with the relish transcription factor and the effective participation on Leishmania
infection.

Methods and results: We further characterized the role of previously described
gut-specific P. papatasi defensin (PpDef1) and identified the second defensin
(PpDef2) expressed in various sand fly tissues. Using the RNAi-mediated gene
silencing, we report that the silencing of PpDef1 gene or simultaneous silencing of
both defensin genes (PpDef1 and PpDef2) resulted in increased parasite levels in
the sand fly (detectable by PCR) and higher sand fly mortality. In addition, we
knocked down relish, the sole transcription factor of the IMD pathway, to evaluate
the association of the IMD pathway with AMPs expression in P. papatasi. We
demonstrated that the relish gene knockdown reduced the expression of PpDef2
and attacin, another AMP abundantly expressed in the sand fly body.

Conclusions: Altogether, our experiments show the importance of defensins in
the sand fly response toward L. major and the role of the IMD pathway in regulating
AMPs in P. papatasi.

KEYWORDS

sand fly, innate immunity, relish, antimicrobial peptides, knockdown, leishmania,
defensin

1 Introduction

Antimicrobial peptides (AMPs), including defensins, are prominent effector molecules
of innate insect immunity. Their transcription is regulated mainly by two humoral pathways,
Toll and immune deficiency (IMD) (Hoffmann, 2004). Very briefly, pathogens are
recognized by transmembrane receptors, which leads to numerous signaling events. The
signaling cascade terminates by translocation of transcriptional factors dorsal and relish
belonging to Toll and IMD pathways, respectively, into the cell nucleus followed by AMPs
transcription (De Gregorio et al., 2002).

In insect vectors, the IMD pathway has a role in the innate immune response against
parasites. For example, the over-activation of IMD-mediated response in three anopheline
mosquitoes caused the reduction of Plasmodium falciparum infection (Garver et al., 2009). Similatly,
this increased response in the sand fly Luzzomyia longipalpis caused the reduction of Leishmania
parasites (Telleria et al., 2012). The IMD-mediated response is controlled by
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the nuclear factor-kappa B (NF-xB) protein sub-family members,
also known as relish proteins in arthropods (Dushay et al., 1996;
Huguet et al.,, 1997). The importance of relish in controlling the
response against parasites was shown when the knockout of relish in
the sand fly Phlebotomus papatasi caused increased numbers of
Leishmania major parasites and bacteria loads in the sand fly gut
(Louradour et al., 2019).

Insects have a broad repertoire of AMP molecules acting in
synergy to effectively control a plethora of infectious agents,
although they are often targeted for specific microorganisms
(Bulet et al., 1999). In the present work, we focused on defensins,
small 4-kDa peptides with 6 cysteines and 3 intramolecular disulfide
bridges (Cociancich et al., 1993). Insect defensins act against a wide
spectrum of Gram-positive (G+) and Gram-negative (G-) bacteria
and fungi. Their mechanisms of action involve membrane
perforation, blocking the ion channel formation, or targeting
specific  pathogen structures (Bulet et al, 1999). Defensins,
however, have anti-protozoan activity as well; for example,
purified defensins from the blow fly Phormia terranovae and dragonfly
Aeschna cyanea acted against Plasmodium gallinaceum by
reducing the oocysts number in mosquitoes and altering sporozoite
morphology (Shahabuddin et al., 1998). In addition, a recombinant
defensin produced from Triatoma pallidipennis showed in vitro lytic
activity on Trypanosoma and Leishmania parasites (Diaz-Garrido et al.,
2021).

We are interested in the P. papatasi study model because it stands
out as a main vector of L. major parasites, causing cutancous
leishmaniasis and affecting hundreds of thousands of human
lives yearly (Akhoundi et al., 2016). Understanding how the sand
fly reacts to Leishmania infection may reveal alternative targets for
control Several studies have been

transmission strategies.

developed in this direction, but many aspects of this
multifactor relationship remain uncovered (Telleria et al., 2018). In
Phlebotonus  duboscgi, another vector of L. major, a recombinant
defensin showed 7z witro antiparasitic activity against ILeishmania
promastigotes (Boulanger et al., 2004). In L. longipalpis, a vector of
L. infantum in the Americas, the gene expression of AMPs
defensin2 (LIDef2), attacin (LIAtt), and cecropin (LICec) was
increased duting Leishmania infantum infection, and the systemic
silencing of [./Def2 gene resulted in a slight change in L. infantum
detection (Telleria et al., 2021b). Although the development of
Leishmania parasites in the sand fly is restricted to the gut, the
parasitic infection seems to trigger a systemic response produced
in fat body cells.

Interestingly, recent results of our team also reveal a tissue-
specific response in sand flies: the gene expression of a gut-
specific P. papatasi defensin (PpDefl) was increased after
L. major infection in bacteria-depleted sand flies (Kykalova et
al., 2021). However, it is unknown whether the IMD pathway
regulates this defensin and if PpDeflhas any role in controlling the
parasites in the sand fly gut. To address these questions, we silenced
relish by RNAi-mediated gene silencing and followed the AMPs
expression by gPCR. We investigated these immunity gene
expressions in dissected guts or carcasses. The Toll pathway can
also regulate AMPs expression (Hoffmann, 2004; Tinoco-Nunes et
al., 20106). Nevertheless, we did not address it in the present

study. We also silenced two defensin
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genes in bacteria-depleted sand flies to evaluate the effect on L.
major infection.

2 Materials and methods
2.1 Sand flies and antibiotic treatment

Phlebotomus papatasi colony was established from field-caught sand
flies from Turkey in 2005. Sand flies were kept under standard
conditions at 26°C, 45% relative humidity, and 14 h light/10 h dark
photoperiod (Volf and Volfova, 2011). Adult sand flies were fed on a
30% sucrose solution offered on cotton wool. For experimental
infections, adult females were fed on a 30% sucrose solution
containing an antibiotic cocktail (AtbC) to deplete gut bacteria.
AtbC was adapted from (Kelly et al, 2017): 100 units/mL of
(BB Pharma, Slovakia), 50 ug/mL of
gentamicin  (Sandoz, Boucherville, Canada), and 4 pg/mlL of
United States).

The bacteria depleted sand flies were used to access the immune

penicillin Martin,

clindamycin  (Sigma—Aldrich, Saint Louis, MI,

response caused mainly by L. major. The efficiency of our choice of
AtbC and a possible interference with parasite development in the
vector was previously addressed in this parasite-vector pair by
our team, and no

development and AtbC was detected (Kykalova et al., 2021).

negative correlation between — parasite

2.2 Parasites and experimental infections of
sand flies

Leishmania major parasites (FV1 MHOH/IL/80/Friedlin) were
Medium199  (Sigma—Aldrich)  at  23°C,
supplemented with 10% heat-inactivated fetal bovine serum
(Thermo Fisher Scientific, Catlsbad, CA, United States), 1%
BME vitamins (Sigma—Aldrich), 2% of sterile urine, and 250 pg/
mL amikacin (Medopharm, Pozorice, Czech Republic). Adult
females had access to AthC in sucrose solution served ad /libitum and

cultivated in

changed daily for 5 days after eclosion, during the experimental
infection and after infection. On day 5, females were fed through
chicken  skin  membrane on  defibrinated sheep  blood
(LabMediaServis, Jaromer, Czech Republic) with AtbC, seeded with
106 L. major promastigotes/mL. Blood-fed females were separated,
kept under the same conditions described above, and dissected

at different time intervals (indicated in figure legends). Guts
(without Malpighian tubules) and carcasses (i.e., all other
tissues) were dissected in sterile saline solution, collected in

pools of 10, and stored at —80°C until processing.

2.3 P. papatasi AMPs and relish
gene sequences

Phiebotonus -~ papatasi - relish — (PpRel)  (PPAI012820), attacin ~ (PpAtt)
(PPAIO03791), and PpDefl (PPAIO04256) gene sequences were
previously identified (Louradour et al., 2019; Kykalova et al., 2021;
Sloan et al., 2021) and are available from the Vector Base website (Amos
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TABLE 1 Oligonucleotides.

Gene name

Actin (PpAct)

Reference

Kykalova et al. (2021)

(PPAI004850)
Ribosomal protein L8 (PpRibL8) Kykalova et al. (2021)

(PPAI008202)

10.3389/fphys.2023.1182141

Sequence

5" GCACATCCCTGGAGAAATCCTAT 3'

5" GGAAAGATGGCTGGAAGAGAGAT 3'

5" GACATGGATACCTCAAGGGAGTC 3'

5" TTGCGGATCTTATAGCGATAGGG 3'

Relish (PpRel) Louradour et al. (2019)

(PPAT012820)

5' GGAGCTTCCGTTCCCATCAA 3'

5" TCGTCCTCTCGAATAGCCCA 3

Attacin (PpAtt) Kykalova et al. (2021)

(PPAI003791)

5" GCCATTTCTGCTGCGTACTC 3'

5" GAGGCACCAAGTACACGACA 3'

Defensinl (PpDefl) Kykalova et al. (2021)

(PPAT004256)

5" GCCCGGTTAAAGACGATGTAAAG 3'

5" AGTTGGTCCAAGGATATCGCAAG 3’

Defensin2 (PpDef2) present study

(PPAI010650)

PpDef2 confirmation present study

(PPAI010650)

Leishmania actin Di-Blasi et al. (2015)

5" ATTCACGCCAAAAACGAGCC 3'

5' CGATACAATGGGCAGCACAAG 3'

5" TGCGTACGTTCTTGGTAGTAGT 3

5" TGTGCAGACAGCCTTTGA 3'

5" GTCGTCGATAAAGCCGAAGGTGGTT 3'

5" TTGGGCCAGACTCGTCGTACTCGCT 3'

dsRel (PpRel) present study

5" TAATACGACTCACTATAGGGAGAACTCTTCTGACATTCCCCTGAC 3'

5" TAATACGACTCACTATAGGGAGATTTGATGGGAACGGAAGCTCCC 3'

dsDefl (PpDefl) present study

5" TAATACGACTCACTATAGGGAGATGTAAAGGACCCTGTGGAGGA 3'

5" TAATACGACTCACTATAGGGAGAATCATCGCACCATCCTCCTG 3

dsDef2 (PpDef2) present study

dsLacZ (LacZ) (adapted from Molina-Cruz et al., (2008)

5" TAATACGACTCACTATAGGGAGACTTGTCGTTGTTGTGGGAG 3'

5" TAATACGACTCACTATAGGGAGAAAGCAGCATGACCAACTC 3'

5" TAATACGACTCACTATAGGGAGATATCCGCTCACAATTCCACA 3'

5" TAATACGACTCACTATAGGGAGAGAGTCAGTGAGCGAGGAAGC 3'

Accession numbers of gene sequences obtained from VectorBase database are indicated below gene names.

*Underlined nucleotides indicate T7 Polymerase Promoter.

Bold characters indicate gene name followed by gene abbreviation.

et al., 2022). A second P. papatasi defensin sequence (PpDef2) was
identified by similarity using the L. /Jongipalpis defensin sequences
(Telleria et al., 2021b) as a query to search on the P. papatasi RN Aseq
database publicly available from the Vector Base using blast search
tools. The PpDef2 was amplified by PCR (Table 1) and P. papatasi
c¢DNA template and sequenced for confirmation.

The conserved domain present in the PpDef2 amino acid
sequence was identified using the InterPro (Blum et al., 2021)
and the NCBI Conserved Domain Database (Lu et al.,, 2020)
tools to support its identification. Similarities between the
PpDef2 and other insect defensins were assessed by the MUSCLE
multiple sequence alignment tool (Hdgar, 2004) built-in Geneious
7.1.9 software (Biomatters, Auckland, New Zealand). A phylogram
analysis was performed using the Maximum Likelihood method and
Whelan and Goldman model (Whelan and Goldman, 2001),
allowing for evolutionarily invariable sites (WAG + I) with a
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bootstrap value of 400 repetitions in MEGA X 10.0.5 software
(Kumar et al., 2018).

2.4 dsRNA synthesis and microinjections in
the sand flies

Templates for dsRNA synthesis were amplified by PCR using

P. papatasi cDNA and gene-specific primers for PpRel, PpDefl, and
PpDef2 containing the T7 promoter sequence on the 5’ends (Table
1). The template for control dsRNA was amplified from p-
GEM-T Easy plasmid (Promega, Madison, W1, United States) using
dsLacZ primers (Table 1). The PCR cycling conditions were as
follows: 95°C for 3°min; 34 amplification cycles (95°C for 30°s; 60°C
for 30%, 72°C for 1 min); and 72°C for 5 min. Amplicons were
visualized on 1% agatrose gel and purified using E.Z.N.A. Gel
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Extraction kit (Omega Bio-tek, Norcross, GA, United States).
Purified templates were used in dsRNA synthesis using the

MEGAscript RNAI Kit (Invitrogen, Carlsbad, CA,
United States) according to the manufacturer’s instructions.
Gene-specific  dsRNA  were lyophilized and resuspended in

sterile H>O to a final concentration of 4.5 pg/pL.

For gene silencing, dsSRNA was manually microinjected using
Nanoject 11 Broomall, PA,
United States) into the thorax of adult sand fly females anesthetized

microinjector  (Drummond,
on ice (Sant’Anna et al., 2008). To test the efficiency of gene silencing,
1-2°days old sucrose-fed colony females were microinjected with 32 nLL
(150 ng) of dsRNA specific for PpRé/ (dsRel), PpDefl (dsDefl), DpDef2
(dsDef2) genes, and a non-related LacZ dsRNA (dsLacZ) as a control.
After confirming the efficient gene silencing, that in our hands is usually
achieved between first and third days post dsSRNA injection, the dsSRNA
is used in further experimental conditions. Preliminary experiments
showed that sugar and blood feedings do not interfere with gene
silencing by RNAi pathway.

In addition, to study the role of defensins during L. major
infection, 3-day infected females were separated into three
groups. The first experimental group was injected with 64 nL
(300 ng) of dsDefl to silence the gut-specific defensin. The
second group was injected with a mixture of 32 nl. (150 ng) of
dsDefl plus 32 nl. (150 ng) of dsDef2 (dsDefl+2) to create an
additive effect of silencing another defensin that was systemically
expressed. The third group (control) was injected with 64 nlL
(300 ng) of dsLacZ. The choice of injecting dsRNA in 3-day
infected females was based on two factors. First, to match the
period of efficient gene silencing with the time when PpDefl is
differentially expressed in the sand fly gut (72 h or 144 h post
infection) (Kykalovd et al, 2021). Second, to match with the
crucial moment in Leishmania cycle in P. papatasi when blood
digestion ends, and the parasites migrate to the anterior part of
the sand fly gut (between 72°h and 96 h.post infection) (Dillon
and Lane, 1993; Pruzinova et al.,, 2015).

2.5 RNA extraction and cDNA synthesis

Total RNA was extracted from the samples stored at —80°C
using E.Z.N.A. Total RNA Kit I (Omega Bio-tek) following the
manufacturer’s instructions. A DNA digestion step with RNase-
free DNase 1 (Thermo Fisher Scientific, Waltham, MA,
United States) was included to clean RNA from possible DNA
residues. DNA-free RNA templates were used in a cDNA
synthesis reaction with anchored-oligo (dT)is primer using a
Transcriptor  First Strand c¢cDNA  Synthesis Kit (Roche Life
Science, Rotkreuz, Switzerland) following the manufacturer’s
instructions.

PCR amplification of P. papatasi actin (Table 1) was carried out to
control ¢DNA  synthesis using the same cycling conditions

mentioned above. Amplicons were visualized on 1% agarose gel.

2.6 Relative gene-expression analysis

Quantitative PCR (qPCR) was prepared with cDNA samples,
gene-specific primers (Table 1), and SYBR Green PCR Master
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mix (Roche) to detect the expressions of investigated genes using
a  LightCycler 480 (Roche).
expression was calculated relative to P. papatasi endogenous control
genes actin (PpAc) (PPALI004850) and 605 ribosomal protein subunit 1.8
(PpR:bLS) (PPAI008202) using the following cycling
95°C  for 10 min enzyme activation, 45 amplification cycles
(95°C for 10°s, 60°C for 20°s; 72°C for 45 s) (Kykalova et al,
2021). Expression levels were expressed as the fold change

thermocycler Relative  gene

conditions:

compared to the control groups.

2.7 L. major development in P. papatasi

Sand fly guts were examined 6 days post parasite infection
under a light microscope to determine the parasite loads and
localization. Day 6 of infection represents a late stage when the
defecation process is finished, and parasites start to migrate to the
thoracic midgut and the stomodeal valve (Dostialova and Volf,
2012). In addition, this time point corresponds with the third day
post dsRNA injection, when the gene silencing effects can still be
detected (Sant’Anna et al, 2008; Sant’Anna et al, 2009;
Coutinho-Abreu et al., 2010b; Telleria et al., 2012; Di-Blasi
ct al, 2019). A total of 65 females per group (dsDefl,
dsDefl1+2, and dslacZ) from three independent experiments
were dissected in sterile saline solution (NaCl 0.9%) and
inspected under a x40 magnification objective lens. Parasite
loads in the gut were classified as light (below 100 parasites
per gut), medium (between 100 and 1,000 parasites per gut), and
heavy (above 1,000 parasites per gut), as it was previously
described (Myskova et al, 2008). Also, the localization of
parasites was evaluated and recorded in the abdominal
midgut, thoracic midgut, cardia, and stomodeal valve (Sadlova
et al., 2010).

Smears of randomly selected gut samples were prepared on glass
slides for assessing the parasite development stages. Smears of

individual guts were fixed with methanol and Giemsa-stained.

Images of fifty randomly selected parasites per slide,
200  parasites from each group, were captured under
a X100 magnification  objective lens in an  Olympus

BX51 microscope (OLYMPUS, Tokyo, Japan). Parasite cell width,
length, and flagellum were measured using the microscope scale
plugin in Image] 1.52a software (Abramoff et al., 2004). Parasite
morphological forms were identified according to previously
published criteria as procyclic promastigotes (body length <
14 wm and flagellar length =< body length),
nectomonads (body length = 14 um), metacyclic promastigotes
(body length < 14 um and flagellar length = 2X body length),
and leptomonads (short nectomonads =
(Sadlova et al., 2010).

clongated

remaining parasites)

2.8 Mortality rate

To evaluate the possible negative effect of defensins silencing
after L. major infection, numbers of alive and dead sand flies from
experimental (dsDefl and dsDefl+dsDef2) and control (dsLacZ)
groups were recorded during three consecutive days post

intrathoracic microinjections, and mortality rate for each group
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FIGURE 1

Expression of P. papatasi immunity genes in guts and carcasses.

(A, B) Relative gene expression of PpRel and PpDef2 genes guts and
carcasses. The y-axis represents the relative expression as percentage
compared to endogenous controls PpAct and PpRibL8 genes.

The x-axis indicates sand fly samples. Vertical bars represent the mean
with standard error (SEM) of 3 biological replicates. Significant
differences were calculated using Student t-test with Holm-Sidak’s
correction (* p <0.05).

was calculated. Each of the three independent experiments
contained a minimum of 50 female sand flies per group.

2.9 Statistical analysis

Statistical analyses and graphs were performed using GraphPad
Prism software (GraphPad Software, Ia Jolla, CA, United States).
Student ~test was applied to calculate significant differences in gene
expression levels in the gut compared to carcass samples obtained
from a single time point. Ordinary two-way ANOVA was applied to
calculate significant differences in gene expression levels at several
time points in gut and carcass samples from experimental groups
compared to a control group. Two-way ANOVA was also applied to
calculate significant differences in mortality between
(dsDefl and dsDef1+2) (dsLacZ)
groups. Both student ~test and two-way ANOVA methods were
applied with Holm-Sidak correction for multiple compatisons. For

rates

experimental and control

analyzing several infection parameters, contingency tables were
created, and Chi-square was applied to test significant differences
between experimental and control groups injected with dsRNA.
Subsequently, Fisher’s test was used for each category between the
experimental and control group. Additional details were included in
figure legends.

3 Results

3.1 P. papatasi defensin2 and relish
expression in the sand fly tissues

Previously, the PpDefl (PPAI004256) was identified as a gut-
specific defensin (Kykalova et al,, 2021). We searched for other
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defensin-coding sequences in the VectorBase database and
identified the PPAI0O10650 sequence, here named PpDef2. The
translated amino acid sequence has 98 residues, including six
cysteine residues characteristic of the defensin superfamily
signature domain (Supplementary Figure S1A). The phylogenetic
analysis showed that the PpDef2 amino acid sequence is closely
related to P dubosegi defensin  (P83404.3) and L. /longipalpis 11Def2
(AKU77027.1). On the other hand, the gut-specific PpDefl and L.
longipalpis ~ defensin4  (MW269863.1) separate  clade
(Supplementary Figure S1B). The PpDef2 gene expression in P.
papatasi guts was highly variable after the L. major infection. Although

it was slightly increased at 24 h and reduced at 72 h post-

form a

infection, none of the analyzed time points showed significant
group

differences compared to the non-infected control
(Supplementary Figure S1C).

We explored whether PpRe/ and PpDef2 genes have gut-specific
expressions. Both were expressed in dissected guts and carcasses of
females from the colony (sucrose-fed). PpRe/ gene had similar
expression levels when compared between guts and carcasses
(Figure 1A). On the other hand, PpDef2 gene was expressed

significantly higher in carcasses than in guts (Figure 1B).

3.2 Relish correlation with AMPs expression

We hypothesized that the IMD pathway controlled the two
defensins through relish transcription factor. To test this hypothesis,
we injected 150 ng of PpRel dsRNA (dsRel) into sugar-fed P. papatasi
females. This amount of dsRNA was previously used with good
efficiency in sand flies, but no significant changes were observed in
PpRel expression in guts (Figure 2A). On the other hand, a
significant reduction occurred in carcasses at 24 h (Figure 2B).
Then, we selected the sand fly samples that showed low PpRel
expression collected at 24 h (carcass) and 48 h (gut) post dsRel
injection to test if there was an alteration of expression in the AMPs
genes. In sand flies injected with 150 ng of dsRel, there were no
significant changes in AMPs gene expression in the selected gut
samples (Figure 2C). At the same time, there was a significant
reduction in the expression of PpDef2 and PpA# genes in the
carcasses (Figure 2D).

3.3 Gene silencing of defensins and its effect
on Leishmania infections

In a first experimental setting, we injected a standard volume
32 nl. (150 ng) of dsRNA intrathoracically into sugar-fed non-
infected P. papatasi females to silence both defensins. While the
injection of the dsDefl did not result in successful gene silencing in
the sand fly gut (Figure 3A), the injection of dsDef2 resulted in a
reduced expression of PpDef2 gene (Figure 3B) in the sand fly gut on
the first day post-injection. For our control of dsRNA injection and
gene silencing, we followed the PpDef2 gene expression in carcasses
and we detected a significant reduction on the first day post

dsDef2 injection (Supplementary Figure S2). No  significant
changes were observed in PpDefl expression in sand fly guts
after dsDef2 injection (Supplementary Figure S3A), nor in

PpDef2 after dsDefl injection (Supplementary Figure S3B).
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AMPs gene expression in guts of
dsRel-injected sand flies
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PpRel expression in guts of PpRel expression in carcasses of
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Expression of P. papatasi immunity genes after silencing of relish. (A, B) The relative expression of PpRel gene in dsRel-injected sand flies is
represented in the y-axis, and time points when samples were collected post dsRNA injection are indicated in the x-axis. (C, D) The relative gene
expression of AMPs at 24 h post dsRel injection is represented in the y-axis, and AMPs gene names are indicated in the x-axis. (A, C) White background
color indicates guts. (B, D) Grey background color indicates carcasses samples. The relative expression was normalized to endogenous controls
PpAct and PpRibL8 genes and expressed as fold change compared to the dsLacZ control group collected at each correspondent time point (dotted line).
Vertical bars represent the mean with standard error (SEM) of 3 biological replicates. Significant differences were calculated using two-way ANOVA with

Holm-Sidak’s correction (**p < 0.01; ****p < 0.0001).

In a different experimental setting, on the third day post
Leishmania infection, we increased the injected volume to double of
dsDefl (64 nL; 300 ng) in P. papatasi females. The higher volume of
injected dsRNA resulted in similar survival rate as the standard
volume. Significant silencing of PpDef! gene was observed on days 1
and 3 post-injection (Figure 3C). For comparison purposes, we
tested the combined silencing of both PpDefl and PpDef2 genes
(considering the maximum volume that can be injected
intrathoracically) by injecting 32 nl. (150 ng) of each dsRNA into
infected P. papatasi females. The silencing of both defensins in the
sand fly gut was significant on days 1 and 3 post-injection
(Figure 3D).

We hypothesized that defensins could have a role in the L. #ajor
cycle in the gut of P. papatasi. Therefore, we silenced them
dsRNA,
of 150 ng of each defensin

independently using 300 ng of gene-specific or
concurrently using a mixture
dsRNA in infected sand flies. To assess the effect on Leishmania
parasites we used sand flies treated with AtbC to eliminate the
influence of the natural sand fly gut bacteria. We estimated the

parasite abundance by the gene expression of the parasite actin in the

dsDefl and dsDefl+2. On day 6 post- infection, parasite
numbers in both experimental groups were
Frontiers in Physiology 06

significantly increased compared to the control group inoculated
by dsLacZ (Figure 4A).
recorded during 3 days dsRNA

to detect a possible

Mortality  was after

microinjections in infected sand flies
negative effect of defensin silencing on P. papatasi survival. The
mortality was slightly higher in both experimental groups during the
entire course of experiments, but the most noticeable difference was
observed during late-stage infections. On day 6, mortality reached
roughly 15% in the control group, while in dsDefl was more than
42%, and in dsDefl4+2 was 34%. Statistical significance indicating a
negative effect of silencing the defensin genes in infected flies was
found in dsDefl and dsDef1+2 injected group (Figure 4B).

In addition to the molecular detection of the parasite, we
assessed the effect of the defensins gene silencing on the Ledshmania
infection load, parasite localization 7z sitn and morphology by light
microscopy. This method provides quick assessable information and
it is applicable even to low-intensity infection after the blood
digestion is completed (Myskova et al., 2008). A slight increase in
moderate infections and a concomitant decrease in heavy infections
in the dsDefl injected group were not statistically  significant

(Figure 5A). A similar percentage of
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(**p<0.01; ***p<0.001; ****p <0.0001).

Gene expression of P. papatasi defensins genes after dsRNA injections. The relative expression of PpDef] (black) and PpDef2 (light grey) genes in
dsRNA-injected sand flies is represented in the y-axis. Time points when samples were collected post dsRNA injection are indicated in the x-axis.
(A, B) Expression of PpDef1 and PpDef2 genes after 150 ng of gene-specific dsRNA in sugar-fed non-infected flies. (C, D) Expression of PpDef1 and
PpDef2 genes in Leishmania-infected flies (white stripes) after 300 ng of dsDef1 or dsDef1+2 mixture. In infected sand flies, 24 h and 72 h post
dsRNA injection correspond to day 4 and 6 post infection. The relative expression was normalized to endogenous control genes PpAct and PpRibL8 and
expressed as fold change compared to the dsLacZ control group collected at each correspondent time point (dotted line). Vertical bars represent the
mean with standard error (SEM) of 3 biological replicates. Significant differences were calculated using two-way ANOVA with Holm-Sidak’s correction

PpDef2 expression in guts of
dsDef2-injected (150 ng) sand flies
2.0
1.54

1.04--mmmmm- -- -

0.5+

relative gene expression
(fold change)

L .
24h 48h 72h

time post dsRNA injection

D

PpDef1 and PpDef2 expression in guts of
dsDef1+2 injected (150 + 150 ng) sand flies

o 15
o
w
8=
5%1.0— --------------------
-
[3]
g
©3 0.5 oL %
g )’ . %
£ S
B _&,/A/M
ENEE
& &
b@ 6@ b@ ()
24n 72h

time post dsRNA injection

moderate and heavy infected sand flies were found between
dsDef1+2 and the control group (Figure 5A).

In the two experimental and the control groups, parasites were
able to colonize the stomodeal valve. In the control group, the
stomodeal valve was infected in approximately 50% of examined
infections in all groups (Figure 5B). Interestingly, in the control and
dsDef1+2 groups, some of the infections remained localized only in
abdominal gut, while in dsDefl, all inspected infections colonized
also the thoracic parts of the gut (Figure 5B).

The parasite morphometric data analysis showed no significant
difference among the procyclic and metacyclic promastigote forms
between the dsDefl, dsDefl+2, and dsLacZ groups. Nevertheless,
there was a significant (p = 0.0055) decrease in the percentage of the
clongated nectomonads and a consequent increase in leptomonads
in the dsDefl+2 sand flies compared to the control group
(Figure 5C).

4 Discussion

Sand flies, like other insects, tely on innate immune mechanisms
to fight potentially harmful microbial and viral challenges (Telleria

Frontiers in Physiology

et al, 2018). Nevertheless, it is not yet clear how the sand fly
immunity affects Leishmania parasites. In this study, we focused
mainly on two AMPs, a previously reported gut-specific defensinl
(Kykalova et al, 2021) and newly identified defensin2, their
association with the relish transcription factor, and their role
during Ieishmania infection.

Based on phylogram analyses, the newly identified P. papatasi

defensin2 (PpDef2) grouped with L. /omngipalpis defensin2 and P.
dubosegi defensin. Moreover, P. papatasi defensin2 forms a wider clade
with mosquito and other insect defensins. On the other hand,
P. papatasi defensinl (PpDefl) formed a group with L. lngpalpis
defensin4, which is enclosed in a clade with two other L. /longipalpis
defensins (IKykalova et al., 2021). These findings indicate a broad
spectrum of insect defensins within the same sand fly species and
their similarity across insect species.

We found that PpDef2 gene was expressed in the gut and the rest
of the body (carcasses), which includes the fat body. Nevertheless, a
significantly higher expression was found in the carcasses which
suggests a distribution of PpDef2 across various sand fly tissues. In
contrast, the previously reported PpDefl gene was expressed
exclusively in the P. papatasi gut and not detected in other tissues
(Kykalova et al., 2021). Similatly, in Anopheles gambiae,
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FIGURE 4

Leishmania actin expression and mortality after dsRNA injections in Leishmania-infected sand flies. (A) Leishmania actin expression in dsDefl and
dsDef1+2 injected groups are represented by black color and striped bars, respectively. The relative gene expression was normalized to endogenous
control genes PpAct and PpRibL8 and expressed as fold change compared to the dsLacZ control group collected at each correspondent time point
(dotted line). (B) Mortality levels are expressed as a percentage in comparison to the total number of live sand flies (y-axis) in each of the 3 days post
dsRNA injection (x-axis). Vertical bars represent the mean with standard error (SEM) of 3 biological replicates. Each experiment consisted by minimum of
50 female sand flies in each experimental and control groups. Significant differences were calculated using two-way ANOVA with Holm-Sidak’s

correction (*p < 0.05; **p < 0.01).
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Effect of defensins silencing in the progress of Leishmania on the sixth day post-infection. (A) Infection intensity estimation with the y-axis
representing the percentage of all individually inspected insects (minimum of 60 sand flies in each group). Bar colors indicate infection intensity.
(B) Infection progress in the sand fly gut with the y-axis representing the percentage of infected insects. Bar colors indicate sand fly gut localization.
(C) Parasite development in the sand fly gut with the y-axis representing the percentage of analyzed parasites. Bar colors indicate parasite
developmental forms. The x-axis represents dsRNA-injected groups. Vertical bars represent the average values of three independent experiments.
Significant differences were analyzed by Chi-square using both experimental and control groups. Fisher’s test was used between the experimental and

control groups to assess the differences within each category.

the AMP gambicin was highly expressed in the anterior midgut
while less expressed in other segments of the mosquito digestive
tract (Vizioli et al., 2001). In Rhbodnins prolixus, the defensin A, but not
defensin B, was highly expressed in the fat body and less expressed
in the anterior midgut when infected by Trypanosoma cruzi (Vieira et
al., 2016). These findings indicate that some AMPs are expressed
differently depending on the tissue or organ. The gut- specific
PpDefl, or other AMP, may compensate for the low expression of
PpDef2 in the gut. For example, Drosophila and Tenebrio insects used
AMPs synergy to resist different pathogenic challenges (Zanchi
et al, 2017; Hanson et al, 2019), but the such possibility was
never investigated in sand flies.

Frontiers in Physiology

During Ieishmania infection, these two defensins showed a
different expression pattern. While PpDef2 did not show significant
changes in the present study, PpDef! was upregulated on day 6 post-
infection (Kykalova et al.,, 2021). These findings suggest that PpDef! and
PpDef2 genes wete not concurrently expressed in the infected sand fly
gut. These different defensins may be under the control of different
transcription factors, therefore, under the control of different regulatory
pathways. In P. papatasi, knockout of relish using CRISPR/ Cas9
genome editing increased susceptibility to Ieishmania infection
(Louradour et al,, 2019). However, the direct cortrelation between relish
and the downstream expression of effector molecules in sand flies
remained unknown.
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We observed that the expression of PpRe/ gene was similar in
both guts and carcasses samples, indicating that the IMD pathway
can be regulated across P. papatasi body. Our results showed a
significant reduction of PpA# and PpDef2 genes in the carcasses
when PpRe/was silenced with 150 ng of dsRNA, a commonly used
amount of dsRNA in sand flies (Sant’Anna et al., 2008; Sant’Anna et al,
2009; Diaz-Albiter et al., 2011; Telleria et al., 2012; Telleria et al., 2021b;
Telleria et al., 2021a; Di-Blasi et al., 2019). Nevertheless, PpRe/ silencing
was not significantly reached in the guts with this same amount of
dsRel. The subsequent PpA# expression was quite variable, and
defensins’ expression was observed with a slightly reduced
expression of PpDef2. Our findings indicate that the PpRe/ silencing
correlated to the downregulation of AMPs in carcasses, but this
correlation remained unclear in the gut tissues. The correlation
between relish knockdown and the suppressed AMPs production
has been repeatedly reported in other insects such as Galleria mellonella
(Sarvari et al., 2020) and Octodonta nipae (Sanda et al., 2019), indicating an
evident conserved function. In Tenebrio molitor, the relish-silencing led to
reduced levels of attacin? in the fat body and hemocytes but increased
levels in the gut (Keshavarz et al., 2020). Therefore, in sand flies, the
relish correlation with AMPs may also differ depending on the organs
or tissues.

In addition to relish, we aimed to knock down the defensins genes
in the adult sand flies. In the first set of expetiments, we used 32.2 nl of
4.5 pg/pL dsRNA (150 ng). When injecting this initial amount of
dsDefl or dsDef2 in colony sand flies, we did not obsetve a
reducing effect on the expression of the gut-specific PpDef! gene,
while PpDef2 was significantly silenced in carcasses with the same
dsRNA amount. This result indicated that 150 ng of dsRNA injected in
P. papatasi was insufficient for obtaining a significant gene silencing in the
gut tissue.

Consequently, to silence the defensins in sand fly guts during
Leishmania experimental infections, we increased the amount of
injected dsRNA to 64.4 nl. of 4.5 pg/pL. dsRNA (300 ng), and we
obtained a significant silencing of PpDef7 gene in guts. The additional
strategy of injecting the same volume but composed of a mixture of
two different dsSRNA, 150 ng of each dsDefl and dsDef2, was used for
comparison purposes and resulted in the silencing of both defensin
genes. These results suggest that a larger volume allowed a better
distribution of injected dsRNA within the sand fly body, with the
consequent silencing effect in the insect gut. Nevertheless, an opposite
trend was previously reported when silencing another P. papatasi gene. A
more efficient silencing was obtained with a lower concentration and
volume (23 nL. of 3.5 ug/uL) of a chitinase dsSRNA (Coutinho-Abreu
et al., 2010a). Together these findings support the hypotheses that
different aspects such as dsRNA distribution, RNAi target region, or
transcription turnover may be at play in successful gene knockdown
(Pancoska et al., 2004; Dornseifer et al., 2015; Svoboda, 2020).

We hypothesized if defensins knockdown in infected females
may influence sand fly mortality. In our experiments, the mortality
rate on day 3 slightly increased in the dsLacZ control, while in both
experimental groups (dsDefl and dsDef1+2) increased sharply with
significant differences. These findings are similar to defensins’
suppression in A. gambiae and T. molitor leading to the reduced
viability of insects after G+, with a less remarkable effect after
G-bacterial infection (Blandin et al, 2002; Zanchi et al., 2017).
Therefore, the outcome of defensins’ activity varies with the
pathogenic challenge.
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Focusing on the possible effect of suppressed sand fly defensins on
Leishmania, we investigated parasite levels based on the relative gene
expression of a constitutive parasite gene in bacteria-depleted females.
The depletion of bacteria in the infection experiments was chosen to
reduce the additional effect of gut bacteria on immunity. The use of
antibiotic treatment may have distinct effect on the parasite
development. For example, antibiotic treatment alone had no
deleterious effect on the parasites Leishmania donovani in L. longipalpis
(Dey et al,, 2018). On the other hand, reducing bacteria interfered
negatively with L. infantum infection progress in the same sand fly,
evidenced by the reduction of metacyclic promastigotes (Kelly et al.,
2017). Under our experimental conditions, the choice of AtbC
treatment reduced significantly the bacteria load in the sand fly gut and
had no detectable effect on L. major development in P. papatasi
(Kykalova et al., 2021). Therefore, it is plausible to consider that
different factors such as choice of antibiotic combination, parasite,
sand fly species and its commensal microbiota are influencing the effect
of the antibiotic treatment.

Based on qRT-PCR results, we showed that the absence of defensins
led to significantly increased levels of Leishmania in the insects silenced
with PpDefl or PpDefl+2 dsRNA. This trend was not observed in
Leishmania-intected L. longipajpis females with I/Def2 gene silenced (Telleria
et al, 2021b). Nevertheless, several different factors must be
considered. In our experiments, P. papatasi females were injected with
dsRNA 3 days post Leishmania infection; therefore, the silencing effect
lasted until 72 h post dsRNA injection corresponding to day 6 of
infection, when the defecation process was finished. Differently, in the
previous study done with L. /lngpalpis, the females were injected with
dsRNA prior to the infection, with the silencing effect lasting until day
3 of infection when the Leishmania levels were measured by qPCR
(Telleria et al., 2021Db). Interestingly, the absence of attacin resulted in
increased levels of Trypanosoma parasite in Glossina morsitans morsitans (Hu
and Aksoy, 2000). Analogously, the overexpression of defensin A and
cecropin A reduced number of P. gallinacenn oocyst in the infected A. aegpri
females (IKokoza et al.,, 2010). On the other hand, in A. gambiae infected by
Plasmodinm berghei, the vector viability and the development of the parasite
in the gut were not affected in the suppression of a defensin (Blandin
et al,, 2002). Altogether these observations highlight the differences
that reflect the complex tunning of AMPs in regulating parasitic
insect infection.

To help understanding the effects of defensins silencing in the
development of the parasite inside the vector, we evaluated
individually dissected gut using light microscopy. No statistically
significant differences were observed in the localization of the
parasite within the vector’s gut and infection intensity, despite
the increased percentage of moderate infection in the
dsDefl silenced group. Similar negative results were previously
observed in L. longipalpis infected by L. infantunr: silencing of L/Def2
gene did not result in significant differences in intensity, localization,
and parasite morphology (Telleria et al., 2021b). Nevertheless, here
in P. papatasi dsDefl injected group, we observed that all insects
had infections in the thoracic parts of the gut on day 6,
suggesting that the parasites were developing faster than the other
groups. Based on parasite morphology, we conclude that the absence
of both defensins may provide room for the multiplication of the
parasites when the non-multiplying elongated nectomonads forms
were reduced at the expense of multiplying leptomonads.
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It is possible that the PpDef2 gene silencing in the carcass had an
influencing effect on the outcome of I eishmania infection in the gut.
AMPs are readily induced in the gut but also in hemocytes after a potential
risk, leading to other subsequent molecular signals that activate a broader
systemic immune response (IKrautz et al., 2014; Manniello et al., 2021). In
addition, different pathway regulatory events may take place. For example,
in Drosgphila, the expression of the AMP drosomycin is regulated by the
IMD pathway in response to tracheal epithelium infection. However, the
Toll pathway regulates it during a systemic response (Ferrandon et al.,
1998; Tzou et al., 2000). These findings revealed distinct regulatory
mechanisms in insects for systemic and local induction of AMPs genes.
silencing detected by ¢PCR
indicates the decrease in mRNA levels, but not peptide levels.

We emphasize that the gene

While complete suppression of mRNA and protein levels may
be through RNAi-mediated gene
significant differences between experimental and control groups

not obtained silencing,
can be attributed to the gene-specific mRNA suppression.

In summary, Phlebotomus papatasi has at least two defensin genes; one is
gut-specific (PpDef7), and the newly investigated PpDef2 is expressed
throughout the sand fly tissues. The IMD pathway transcription
factor relish regulated the expression of two investigated AMPs
(PpAtt and PpDef2). We adjusted the dsRNA microinjections
protocol and obtained successful gene silencing in the sand fly gut.
The suppression of PpDef! or the combination of both defensins
genes led to increased L. major loads and higher sand fly mortality.
Moreover, we demonstrated the importance of defensins in the P.
papatasi response toward L. major.
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Abstract

The interaction between pathogens and vectors’ physiology can impact parasite transmission. Studying this
interaction at the molecular level can help in developing control strategies. We study leishmaniases, diseases
caused by Leishmania parasites transmitted by sand fly vectors, posing a significant global public health
concern. Lipophosphoglycan (LPG), the major surface glycoconjugate of Leishmania, has been described to
have several roles throughout the parasite’s life cycle, both in the insect and vertebrate hosts. In addition, the
sand fly midgut possesses a rich microbiota expressing lipopolysaccharides (LPS). However, the effect of
LPG and LPS on the gene expression of sand fly midgut proteins or immunity effectors has not yet been
documented. We experimentally fed Lutzomyia longipalpis and Phlebotomus papatasi sand flies with blood
containing purified LPG from Leishmania infantum, Leishmania major, or LPS from Escherichia coli. The
effect on the expression of genes encoding gut proteins galectin and mucin, digestive enzymes trypsin and
chymotrypsin, and antimicrobial peptides (AMPs) attacin and defensins was assessed by quantitative PCR
(qPCR). The gene expression of a mucin-like protein in L. longipalpis was increased by L. infantum LPG
and E. coli LPS. The gene expression of a galectin was increased in L. longipalpis by L. major LPG, and in
P. papatasi by E. coli LPS. Nevertheless, the gene expression of trypsins and chymotrypsins did not
significantly change. On the other hand, both L. infantum and L. major LPG significantly enhanced
expression of the AMP attacin in both sand fly species and defensin in L. longipalpis. In addition, E. coli
LPS increased the expression of attacin and defensin in L. longipalpis. Our study showed that Leishmania
LPG and E. coli LPS differentially modulate the expression of sand fly genes involved in gut maintenance
and defence. This suggests that the glycoconjugates from microbiota or Leishmania may increase the
vector’s immune response and the gene expression of a gut coating protein in a permissive vector.

Keywords: Leishmania LPG; Bacteria LPS; PAMPSs; Lutzomyia; Phlebotomus; Gut protein; Digestion;
Innate immunity



1. Introduction

Pathogen-associated molecular patterns (PAMPs) are molecules containing highly conserved
structural motifs associated with pathogenic infections. These molecules act as ligands for host pattern
recognition receptors, triggering both innate immunity and acquired immune responses (Gazzinelli et al.,
2004). Notable examples include lipophosphoglycan (LPG) from Leishmania parasites and
lipopolysaccharide (LPS) from bacteria, complex cell surface glycoconjugates with lipid anchors and
intricate saccharide domains (De Assis et al., 2012; Bertani and Ruiz, 2018). These molecules exhibit
agonistic activity during the host-pathogen interaction, with Leishmania LPG acting as a potent Toll-like
receptor 2 (TLR2) and Toll-like receptor 4 (TLR4) agonist in mammalian hosts (de Veer et al., 2003; Ibraim
et al., 2013; Régo et al., 2022), while LPS from Gram-negative bacteria serves as a TLR4 agonist with high
pro-inflammatory potential (Poltorak et al., 1998). Although the pioneer studies on Toll pathways started in
Drosophila (Rosetto et al., 1995), there is no information on how PAMPs from pathogens modulate innate
immune responses in sand fly vectors of Leishmania.

LPG is a multi-virulence factor that allows Leishmania attachment to the sand fly gut and resists
digestive enzyme activity (Sacks and Kamhawi, 2001). These two events prevent elimination of the parasite
during sand fly defecation, thus allowing completion of the infection cycle in the insect. Regarding
attachment, a sand fly galectin is the receptor for Leishmania major LPG in the midgut of the restrictive
vector Phlebotomus papatasi (Kamhawi et al., 2004). In contrast, in permissive vectors, attachment does not
involve LPG-galectin interaction (Volf and Myskova, 2007; Svarovska et al., 2010). For example, in
Lutzomyia longipalpis, the parasite-binding molecule is a sand fly mucin-like gut protein (Myskova et al.,
2016).

Concerning digestive enzymes, the presence of these parasites was shown to reduce proteolytic
activity in the vector’s gut. For instance, L. major promastigotes reduce protease activity in the P. papatasi
gut and delay digestion in Phlebotomus langeroni (Dillon and Lane, 1993). Similarly, Leishmania mexicana
and Leishmania infantum reduce trypsin activity in L. longipalpis (Sant’Anna et al., 2009; Telleria et al.,
2010). In contrast, LPG-deficient L. major is eliminated during Phlebotomus duboscqi digestion, while the
addition of protease inhibitors and purified proteophosphoglycans (PPGs) promote parasite survival
(Secundino et al., 2010). However, the role of the parasite- or bacteria-shed glycoconjugates on the
physiology and innate immunity of the midgut is still an aspect of sand fly-pathogen interaction requiring
study.

The commensal bacterial community is important for insect nutrition, development, and protection
from potential pathogens (Engel and Moran, 2013); controlling the balance between gut microbiota and
insect immune response is crucial. In sand flies, increased quantities of bacteria in the sand fly gut trigger the
expression of antimicrobial peptide (AMP) genes in L. longipalpis and P. papatasi (Telleria et al., 2013;
Kykalova et al., 2021). Therefore, factors derived from the bacterial community could initiate an innate
immune response in the sand fly midgut and affect the Leishmania cycle.

The direct association between the parasite LPG and the sand fly immune response has not yet been
investigated. Our previous studies have shown that Leishmania infection in the sand fly also triggers the
insect immune response. In L. longipalpis females, L. infantum caused increased gene expression of attacin
and defensin antimicrobial peptides (AMPs) (Telleria et al., 2021b). In P. papatasi infected with L. major,
there were increased levels of gut-specific defensin and variable levels of attacin in the sand fly gut
(Kykalova et al., 2021).

Here, as a part of a wider study on innate immune mechanisms in sand flies, we artificially fed L.
longipalpis and P. papatasi with blood containing purified glycoconjugates; Leishmania LPGs and
Escherichia coli LPS. Then, the level of expression of key genes was evaluated at the mRNA level.
Addressing the functional properties of intact PAMPs bearing polymorphisms in their biochemical structures
will help to understand the complex mechanisms underlying the host-pathogen interactions in sand flies.



2. Materials and methods
2.1 Selected sand fly genes

We selected specific gene sequences from sand flies to investigate their expression. Among the gut
proteins, we selected a gut-specific galectin (PpGalec, renamed PpGalecA) in P. papatasi. This galectin has
been previously implicated in the attachment of L. major to the sand fly gut (Kamhawi et al., 2004; Abrudan
et al., 2013; Labbé et al., 2023). Similarly, the highly similar L. longipalpis galectin (Galectin A, renamed
LIlGalecA in the present study) was also identified (Dillon et al., 2006; Labbé et al., 2023). Additionally, we
selected the L. longipalpis mucin-like gut protein 19 kDa (LuloG, renamed L/Gprot19 in the present study)
that plays a role in L. infantum interaction with the L. longipalpis gut (Jochim et al., 2008; Myskova et al.,
2016). In the case of P. papatasi, as there is no highly similar sequence to L/Gprot19, we selected a 13.7 kDa
gut protein (PpGprotl13.7) (Ramalho-Ortigao et al., 2007) as the most similar sequence to be used in the gene
expression analysis.

Among digestive enzymes, we selected L. longipalpis trypsin 1 (LITrypl) and P. papatasi trypsin 4
(PpTryp4), which were upregulated after blood ingestion (Ramalho-Ortigdo et al., 2007; Telleria et al., 2007,
Jochim et al., 2008; Sant’Anna et al., 2009). We also selected L. longipalpis chymotrypsin 1A (L/Chym1A)
and P. papatasi chymotrypsin 2 (PpChym?2), which were downregulated after the parasitic infection
(Ramalho-Ortigdo et al., 2007; Jochim et al., 2008).

In addition to gut proteins and digestive enzymes, we selected gene sequences encoding AMPs. For
L. longipalpis, attacin (L/Att) and defensin 2 (L/Def2) were selected; both were upregulated after L. infantum
infection (Telleria et al., 2021b). Additionally, L. longipalpis defensin (L/Def, renamed L/Defl) was
selected, which was downregulated after L. mexicana (Telleria et al., 2013) but not significantly altered after
L. infantum infection (Telleria et al., 2021b). In P. papatasi, we selected a gut-specific defensin (PpDef,
renamed PpDefl), a systemically expressed defensin (PpDef2), and attacin (PpAtt), all of which were
upregulated after L. major infection (Kykalova et al., 2021; Vomackova Kykalova et al., 2023).

The gene sequences used to design primers for qPCR, together with their corresponding accession numbers,
references, and primer sequences, are listed in Table 1.

2.2. Leishmania culture and glycoconjugates

Promastigotes of L. infantum (MCAN/BR/89/Ba-262 strain) and L. major (MHOM/IL/80/Friedlin
strain) promastigotes were cultured in M199 medium (Sigma Aldrich, Burlington, MA, USA) supplemented
with 0.005% hemin (Sigma), 40 mM HEPES pH 7.4 (Sigma), 100 uM adenine (Sigma), 4 mM sodium
bicarbonate (Sigma), 20 pg/mL of gentamicin (Sigma), and 10% fetal bovine serum (FBS) (Gibco Life
Technologies, Grand Island, NY, USA). LPGs from L. infantum and L. major procyclic parasites were
extracted and purified using phenyl-sepharose (Sigma) as reported elsewhere (Soares et al., 2002), with an
average yield of 1 mg of glycoconjucates per 1 L of culture (Dubois et al., 1956). The LPG of L. infantum
(strain Ba262, type I) is devoid of sidechains, whereas that of L. major (Friedlin strain) has
galactose/arabinose as sidechains (McConville et al., 1990; Cardoso et al., 2020). Escherichia coli (serotype
026:B6) LPS was commercially available (SIGMA, Saint Louis, MO, USA). The basic structure of E. coli
LPS comprises the O-antigen, an oligosaccharide core, and the lipid-A, the endotoxic motif (Bertani and
Ruiz, 2018) (Fig. 1).

2.3. Sand fly colonies

Phlebotomus papatasi and L. longipalpis females used in the experiments were established from
field-caught sand flies from Turkey (Cukurova region) and Brazil (Jacobina), respectively. The insects were
kept under standard conditions at 26 °C and a 14:10 h light:dark photoperiod (Volf and Volfova, 2011).



Adult sand flies were fed on a 30% sucrose solution offered on cotton wool, which was changed every other
day.

2.4. Sand fly experimental feeding and gut samples

Five days old females were used for experimental feeding through a chicken skin membrane
containing defibrinated sheep blood (LabMediaServis, Jaromét, Czech Republic) mixed with L. infantum or
L. major LPGs, or E. coli LPS, to reach a final concentration of 1 pg/mL of blood. Considering that a sand
fly can ingest approximately 1 uL of blood (Sant’Anna et al., 2008; Burniston et al., 2010; Valinsky et al.,
2014), the amount of LPG or LPS taken by the insect is approximately 1 ng. One nanogram of LPG
corresponds to 6.7 x 10* parasite cells (McConville and Bacic, 1990; Ponte-Sucre et al., 2001). Therefore, 1
ng of LPS corresponds to approximately 2.5 x 10* E. coli cells (Watson et al., 1977; Zhang et al., 1998). Our
preliminary experiments testing two different LPG concentrations (1 and 5 pg/mL) in the blood for sand fly
feeding showed that the lowest was sufficient to increase the L1IAtt and LIDef2 gene expression
(Supplementary Fig. S1). Therefore, we decided to use this lowest concentration in all subsequent sand fly
feeding assays. Females from the control group were fed on blood only. We highlight that sand flies harbor
resident gut microbiota that may be altered after feeding on blood, either growing from the already present
bacteria or introduced from the feeding process (Telleria et al., 2018). Sand fly guts were dissected 24, 48,
and 72 h post artificial feeding, corresponding to the period from the main blood digestion to defecation.
Blood-fed females were anaesthetized on ice and dissected in a sterile saline solution. For each time point,
one pool of 12 guts (midguts plus hind guts) randomly selected from three independent experiments was
collected and stored at -80°C until processing. All dissected sand fly guts contained partially digested blood,
although at 72 h after feeding, we observed a slight variation in gut content within individuals.

2.5. Total RNA extraction and cDNA synthesis

Pooled gut samples were used for total RNA extraction using an E.Z.N.A. Total RNA Kit I (Omega
Bio-tek, Norcross, GA, USA). A DNA digestion step with RNase-free DNase I (Thermo Fisher Scientific,
Waltham, MA, USA) was included to eliminate potential DNA residues. cDNA was synthesized from total
RNA (up to 1 pg per reaction) using a Transcriptor First Strand cDNA Synthesis Kit and anchored-
oligo(dT):s primer (Roche Life Science, Rotkreuz, Switzerland). The protocols were followed according to
each manufacturer’s instructions.

2.6. Relative gene expression

The relative expression of the selected sand fly genes was assessed from cDNA samples using gene-
specific primers (Table 1) and SYBR Green PCR Master mix (Roche) in qPCR performed on a LightCycler
480 thermocycler (Roche). Gene expression was calculated using the AACt method (Livak and Schmittgen,
2001) from two technical replicates, relative to endogenous control gene transcripts, actin and ribosomal
proteins (Table 1), using the following cycling conditions: 95 ~C for 10 min enzyme activation, 45
amplification cycles (95 °C for 10 s, 60 °C for 20 s; 72 °C for 45 s) (Kykalova et al., 2021).

2.7. Statistics

Significant differences compared with the control group fed on blood were calculated in GraphPad
Prism software (GraphPad Software, La Jolla, USA) using a two-way ANOVA with Dunnett test for
multiple comparisons.



3. Results

Our choice of glycoconjugates was based on their distinct structure and potential recognition by sand fly
physiology. The L. infantum promastigote LPG (Ba262 strain) has no side chains in the repeat unit domain (Coelho-
Finamore etal.,2011a, 2011b; De Assis etal., 2012), while the L. major promastigote (Friedlin V1 strain) has several side
chains with galactose and arabinose residues but no glucose residue (McConville et al., 1992; Volfet al., 2014). On the
other hand, the overall structure of E. coli LPS is conserved, although some variations on these structural domains may
occur among different strains (Bertani and Ruiz, 2018) (Fig. 1).

3.1 Effect of Leishmania or bacteria surface components on gut proteins in L. longipalpis

In the group fed on blood containing L. infantum LPG and E. coli LPS, the gene expression of
LIGprot19 was significantly increased at 72 h (means: 10.878 and 31.829 fold change, respectively) (Fig. 2A
and C). In sand flies fed on blood with L. major LPG, the LIGalecA gene expression increased at 48 h (mean:
2.402 fold change) (Fig. 2B).

3.2 Effect of Leishmania or bacteria surface components on gut proteins in P. papatasi

PpGalecA and PpGprot13.7 were also analyzed. In the group fed on blood containing L. infantum
and L. major LPG, the gene expression of PpGalecA and PpGprot13.7 did not show significant alterations
(Fig. 3A and B). Nevertheless, in the group fed on blood with E. coli LPS, the PpGalecA gene expression
increased at 48 h post-feeding (mean: 2.392 fold change) (Fig. 3C).

3.3. Effect of Leishmania or bacteria surface components on digestive enzymes in L. longipalpis gut

Expression levels of LITrypl and L/Chym1A were observed during 3 days post-feeding. In the
groups fed on blood containing LPGs from L. infantum or L. major, the gene expression of both digestive
enzymes did not show significant alterations during the three time points observed (Fig. 4A and B). In the
group fed on blood containing E. coli LPS, the gene expression of both enzymes was not significantly
changed. Nevertheless, expression of the L/Chym1A transcript was increased at 72 h post-feeding compared
with the control group fed on blood, although it exhibited high variability within the three biological
replicates (0.065, 0.548, and 31.724 fold change) (Fig. 4C).

3.4. Effect of Leishmania or bacteria surface components on digestive enzymes in P. papatasi gut

The expression levels of PpTryp4 and PpChym?2 were also assessed by qPCR. In the three groups
fed on blood containing LPG from L. infantum or L. major, or E. coli LPS, the gene expression of these two
digestive enzymes was not significantly altered during the experiments (Fig. 5A-C).

3.5. Effect of Leishmania or bacteria surface components on AMP expression in L. longipalpis gut

The LPG from L. infantum (naturally transmitted by L. longipalpis) significantly increased the levels
of LIAtt and L/Def2 at 48 h post-feeding (means: 74.632 and 36.470 fold change, respectively), while the
levels of LIDef1 did not significantly differ from the blood-fed control group (Fig. 6A).



In the group fed with blood containing the LPG from L. major (not naturally transmitted by L.
longipalpis), LIAtt expression increased readily but not significantly at 24 h, with a significant increase
occurring at 48 h p.i. (mean: 62.378 fold change). L/Def1 and L/Def2 did not show any significant changes
in expression. Nonetheless, L/Def2 exhibited a non-significant increased expression at 72 h post-feeding
(Fig. 6B).

Unlike LPGs, L/Att and L/Def2 showed significantly increased expression at 72 h post-feeding
(means: 45.974 and 156.320 fold change, respectively), while L/Defl did not exhibit any significant changes
in expression at the observed time points when exposed to bacteria LPS (Fig. 6C).

3.6. Effect of Leishmania or bacteria surface components on AMP expression in P. papatasi gut

Expression levels of PpAtt, the gut-specific PpDef1, and the systemically expressed PpDef2 were
observed 3 days after artificial feeding, in the gut samples. In the group fed on blood containing LPG from L.
infantum (a species that does not infect naturally), PpAtt levels were significantly increased at 24 h post-
feeding compared with the control group fed on blood (mean: 17.253 fold change). Neither PpDefl nor
PpDef2 showed significant changes in expression levels in P. papatasi fed on L. infantum LPG (Fig. 7A).

PpAtt levels were also overexpressed at 24 h post-feeding in the group fed on blood with LPG from
L. major (mean: 12.271 fold change). PpDef1 showed variability in this group but did not exhibit significant
changes, while PpDef2 showed a non-significant increase with highly variable fold change values (three
biological replicates: 0.408, 12.756, and 20.086) at 72 h post-feeding (Fig. 7B).

None of the examined gene transcripts significantly changed expression levels in the P. papatasi
group fed on blood containing the E. coli LPS. However, the PpAtt levels exhibited a non-significant
increase at 24 h post-feeding (Fig. 7C).

4. Discussion

Leishmania-sand fly interactions represent an intricate part of the parasite cycle. In a natural
infection, sand flies ingest the host blood containing amastigote forms of Leishmania. These forms are
rapidly surrounded by the peritrophic matrix (PM) secreted by the sand fly gut epithelium. After degradation
of the PM, the differentiated procyclic forms attach to the surface of the sand fly gut (Pimenta et al., 1997;
Dostéalova and Volf, 2012; Pruzinova et al., 2015). Considering this direct contact between parasites and sand
flies, we focused on how LPG expressed by procyclic forms can influence a few aspects of insect
physiologyin in two Leishmania-vector models. The LPG structural modification determines the successful
attachment of L. major to P. papatasi gut epithelium in some restrictive pairs of Leishmania and sand fly
species (Kamhawi et al., 2004). Therefore, LPG from different Leishmania spp. with different
phosphoglycan side chain structures may affect sand fly gene expression differently.

Moreover, the presence of LPS in insect hemolymph (Kato et al., 1994; Charles and Killian, 2015)
and muscle tissue (Potter et al., 2021) results in characteristics of antigenicity.

In our experiments, the sand flies ingested an approximate amount of LPG comparable to the amount
of parasites ingested during an experimental infection with L. infantum or L. major (Kimblin et al., 2008;
Telleria et al., 2013; Martin-Martin et al., 2015; Vaselek et al., 2020; Ashwin et al., 2021; Kykalova et al.,
2021). In addition, the amount of ingested LPS corresponds to the number of colony-forming unit (CFU)
detected in sand fly guts (Hurwitz et al., 2011; Peterkova-Koci et al., 2012; Kelly et al., 2017; Louradour et
al., 2017). Therefore, the combination of the resident microbiota and ingested LPG or LPS is comparable to
common experimental conditions and not expected to harm the insects. Indeed, we did not observe a
significant difference in mortality rates between experimental and control groups. Different combinations of



LPG and LPS would reveal other interesting aspects of the sand fly response to PAMPs. However, the
current experimental design focused on how the insect gene expression responds to the individual PAMPs.

The gene sequences investigated in the current study were selected according to their role in the
parasite interaction with the sand fly. For instance, galectins belong to a family of carbohydrate (glycan)
binding proteins that are expressed by a vast group of cells and bind to galactose-containing glycans (Liu and
Stowell, 2023). Mucin and mucin-like proteins belong to a large family of O-glycosylated proteins and, in
vertebrate guts, compose the primary barrier of defense and a niche for the gut microbiome (Werlang et al.,
2019). In sand flies, both PpGalecA (Kamhawi et al., 2004; Abrudan et al., 2013; Labbé¢ et al., 2023) and
LIGprot19 (Jochim et al., 2008; Myskova et al., 2016) were shown to be involved in attachment of the
parasite to the sand fly gut. L/GalecA is highly similar to PpGalecA (Labbé et al., 2023), probably sharing
biochemical and biological roles in the gut epithelium but these have not yet been investigated. PpGprot13.7
is the P. papatasi sequence most similar to L/Gprot19 (Ramalho-Ortigdo et al., 2007; Myskova et al., 2016;
Amos et al., 2022) available. Both L/Gprot19 and PpGprot13.7 amino acid sequences contain a quiver family
domain (IPR031424) present in a potassium channel subunit in Drosophila (Koh et al., 2008). PpGprot13.7
has not yet been investigated regarding its role in the sand fly gut. Therefore, no further correlative roles may
be speculated.

Chymotrypsins and trypsins are endopeptidases that belong to the serine protease family (Rawlings
and Barrett, 1994). In addition to their widely known role in digestion, serine proteases can also be involved
in hemolymph coagulation, activation of AMP synthesis, and melanin synthesis in mosquitoes (Gorman and
Paskewitz, 2001). The digestive enzymes L/IChym1A and PpChym?2 were selected due to their
downregulation after Leishmania infection. In contrast, L/Tryp1 (Telleria et al., 2010) and PpTryp4
(Ramalho-Ortigdo et al., 2003) were selected for comparison due to their direct association with blood
digestion.

The L. longipalpis AMPs LIAtt and L/Def2 were selected due to their upregulation after L. infantum
infection, and L/Defl was included for comparison since it was not altered (Telleria et al., 2021b). The P.
papatasi AMPs PpAtt, PpDefl, and PpDef2, on the other hand, were all upregulated after L. major infection
(Kykalova et al., 2021; Vomackova Kykalova et al., 2023). We hypothesized that L. longipalpis gene
transcripts L/Gprot19, LIChym1A, LIAtt, and L/Def2, as well as the P. papatasi PpGalecA, PpChym?2,
PpAtt, PpDefl, and PpDef2, could be differentially expressed after sand flies ingest Leishmania LPGs.
Thus, it addresses whether the LPGs can influence the expression of these transcripts.

We highlight that the relative gene expression levels based on the mRNA levels do not reflect the
quantity of corresponding proteins.

Feeding L. longipalpis with LPG from L. major caused the upregulation of L/GalecA mRNA
expression. Although L. major does not naturally occur in the Americas, it can colonize the L. longipalpis
gut in experimental infections (Volf and Myskova, 2007; Cecilio et al., 2020). The upregulation of L/GalecA
suggests that L. major LPG can affect the expression of this lectin in the L. longipalpis gut.

In P. papatasi, the L. infantum and L. major LPGs caused a slight non-significant variation in
PpGalecA transcript expression, while it increased after E. coli LPS feeding. Escherichia coli can be found
in Phlebotomus sand flies, including P. papatasi (Fraihi et al., 2017). Therefore, the P. papatasi gut gene
expression may be affected by E. coli LPS. In addition, galectins can interact directly with bacterial surface
glycans such as vertebrate galectin 3 binding to Gram-negative bacteria LPS in a feedback regulation of the
inflammatory response (Li et al., 2008; Ayona et al., 2020).

In summary, while the role of P. papatasi gut galectin in L. major attachment through LPG is well
known (Kamhawi et al., 2004), the role of L. longipalpis galectins remains scarcely investigated. However,
the transcript expression of both sand fly species can be altered depending on the ingested microbe molecule.

Feeding L. longipalpis with L. infantum LPG or E. coli LPS caused the increase in L/Gprot19 mRNA
expression. The LIGprot19 gene sequence (EU124597) was originally identified as a putative 19 kDa protein



(Jochim et al., 2008) and later identified as a mucin-like glycoprotein localized in the L. longipalpis midgut
epithelial surface (Myskova et al., 2016). The corresponding recombinant protein, with a mass of 45 kDa,
exhibited a robust binding to the surface of L. major (Myskova et al., 2016). Later investigations involving L.
mexicana showed that the parasite LPG can bind to this mucin-like protein in L. longipalpis (Hall et al.,
2020). Therefore, there is an evident interaction between these Leishmania LPG and L. longipalpis mucin-
like proteins.

The L. infantum and L. major LPGs caused a slight non-significant variation in P. papatasi
PpGprotl3.7 transcript expression. The PpGprot13.7 protein sequence (ABV44735) (Ramalho-Ortigdo et al.,
2007) contains the same quiver conserved domain as in L/Gprot19 (ABV60315) (Jochim et al., 2008).
Considering that no further characterization of PpGprot13.7 is available and its expression was not altered
after the feedig with LPGs, it is impossible to infer that PpGprot13.7 is connected to Leishmania infection.

In invertebrates, mucins and mucin-like proteins are found in cuticle-free tissues such as the midgut
and the PM (Hegedus et al., 2009; Dias et al., 2018). In many other organisms, they compose a substrate
where commensal gut microbiota and pathogens can thrive (Hansson, 2020; Mantle et al., 1989; Wang and
Granado, 1997). In Aedes albopictus, mucins can be upregulated in the midgut by blood meal (Deng et al.,
2020). Our results suggest that in L. longipalpis, the LIGprot19 production is increased in response to
Leishmania, creating a favourable niche for the parasite to bind.

Earlier transcriptomic studies showed that the expression of some genes coding for digestive
enzymes was altered after Leishmania infection. For example, L. major and L. infantum caused a decrease in
the expression of some, but not all, chymotrypsins and trypsins from P. papatasi, P. perniciosus, and L.
longipalpis transcripts, respectively (Ramalho-Ortigao et al., 2007; Jochim et al., 2008; Dostalova et al.,
201;). In our experiments, feeding sand flies with LPGs and LPS did not alter transcript expression of
LiTrypl and PpTryp4. Indeed, expression of these genes was reported to be increased by the blood meal but
not affected by the parasitic infection (Ramalho-Ortigdo et al., 2007; Telleria et al., 2007; Jochim et al.,
2008; Sant’Anna et al., 2009). Nevertheless, the non-altered expression of L/Chym1A and PpChym?2 differs
from previous transcriptomic studies (Ramalho-Ortigdo et al., 2007; Jochim et al., 2008). Therefore, our
results indicate that Leishmania LPGs are not the molecules involved in the consequent downregulation of
LIChym1A and PpChym?2 after Leishmania infection in L. longipalpis and P. papatasi, respectively. If the
parasite can interfere with the sand fly digestion process, it may occur through an inhibitory effect of the gut
enzymatic activity.

The E. coli LPS caused a non-significant increase in L/IChym1A expression. Interestingly, some
serine proteases may have antibacterial activity. For example, trypsin-like protease was expressed by the
flesh fly Sarcophaga peregrina during remodelling of the pupa midgut and had an antibacterial effect against
Gram-negative and Gram-positive bacteria (Tsuji et al., 1998). Therefore, the variable increase in L/IChym1A
after ingestion of E. coli LPS may reflect a delayed response of L. longipalpis in controlling bacteria in the
gut.

LPG from different parasite species causes distinct effects in the mammalian host. For instance,
Leishmania braziliensis LPG induced a stronger murine macrophage immune response than L. infantum LPG
due to its biochemical differences on the side chains of the phosphosaccharide-repeat domain (Ibraim et al.,
2013). Therefore, we investigated the effect of parasite LPGs on the sand fly innate immune response.

In L. longipalpis, we found that L. infantum LPG triggers the sand fly immune response through an
overexpression of L/Att and L/Def2. These results correspond with previously published studies using L.
longipalpis infected by L. infantum, where LIAtt and L/Def2 were upregulated. At the same time, L/Defl did
not show a significant change in transcript expression (Telleria et al., 2021b). Here, in the group fed on blood
containing LPG from L. major, we also observed a non-significant but intriguing increased expression of
LIAtt even earlier than in the L. infantum LPG group, suggesting that L/Att expression was quickly triggered,
especially to non-adapted Leishmania spp. Interestingly, LIDef2 gradually increased after L. major LPG,
suggesting a tailored response to changes in the sand fly gut. Our studies showed that L. longipalpis can
activate its immune response during Leishmania infection, but how the parasite overcomes the sand fly



immune response is still not completely understood. Nevertheless, recent studies showed that Leishmania
could upregulate immunity repressors associated with Jak-STAT and Toll pathways in the sand fly (Telleria
et al., 2021a, 2023), revealing how the balance between the parasite and the sand fly immune response is
dynamic and complex.

The ingestion of LPS led to a significantly increased expression of L/Att and L/Def2. Intriguinly,
these transcripts were not significantly upregulated in L. longipalpis with increased gut bacteria (Telleria et
al., 2021b). Attacins can bind to bacterial LPS and increase outer-membrane permeability (Carlsson et al.,
1998); therefore, it is plausible to consider that the purified E. coli LPS represented an intense stimulus to the
sand fly immune response.

We observed that P. papatasi attacin (PpAtt) levels rise rapidly after exposure to the LPG molecule
from both L. major and L. infantum, which points to PpAtt being an AMP acting in the first response after
exposure. In the experiments with live parasites, PpAtt levels also increased after L. major infection
(Kykalova et al., 2021).

Curiously, PpDefl and PpDef2 expression did not alter significantly after LPG and LPS feeding in
the current results, while in experimental infections with L. major, they were upregulated (Kykalova et al.,
2021; Vomackova Kykalova et al., 2023). Therefore, other parasite molecules expressed during an
experimental infection could induce a more evident effect on the expression of these genes.

Feeding the sand flies with E. coli LPS resulted in highly variable PpAtt transcript expression levels,
but was more intense at earlier time points. In P. papatasi larvae, PpAtt is increased by ingesting bacteria-
rich food (Kykalova et al., 2021). The ready increase in attacin in P. papatasi after exposure to bacterial
contents indicates that this AMP has an important role in the vector’s immune response.

In conclusion, the interaction between Leishmania parasites and sand flies has many facets. For
instance, L. braziliensis interaction with L. longipalpis cell lines showed that metallo-proteinases such as 65
kDa and 55 kDa heparin-binding proteins from the surface of the parasite (de Castro Cortes et al., 2012a; De
Castro Cortes et al., 2012b) or secreted Gp63 (Telleria et al., 2023) also play an important role in cell
attachment or suppression of the insect immune response, respectively.

In the present study, we demonstrated that Leishmania LPGs trigger expression of mucin-like
proteins in the sand fly gut, particularly near the end of the blood digestion process. On the other hand, the
rapidly increased expression of AMPs, especially attacin, was observed in both tested sand fly species. The
results of our study provide valuable insights into the intricate molecular mechanisms governing the
interaction between Leishmania parasites and sand fly vectors.

In addition, glycoconjugates from Leishmania and E. coli bearing polymorphisms in their
carbohydrate motifs affected the expression of gut-related and innate immunity genes in sand flies. The most
significant changes were the increase in gene expression of a mucin-like protein in L. longipalpis, a
permissive vector, and attacin in both sand fly species.
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Legends to figures

Fig. 1. Schematic diagram of PAMPs: Leishmania infantum and Leishmania major lipophosphoglycans
(LPGs) are composed of a cap oligosaccharide represented on the left side, galactose-mannose-phosphate
repeating units core oligosaccharide represented in the centre, and a phosphatidylinositol-lipid anchor on the
right side of the structure (adapted from Coelho-Finamore et al., 201 1b; adapted from McConville et al.,
1992). Leishmania major LPG contains sugar branch ramification on galactose-mannose-phosphate
repeating units. Escherichia coli lipopolysaccharides (LPS) structure is composed of the O-antigen
represented on the left side, a core oligosaccharide region in the centre, and the lipid-A on the right side of
the structure (adapted from Clifton et al., 2013).
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Fig. 2. Expression of midgut proteins in Lutzomyia longipalpis. (A) Sand flies fed on blood containing
Leishmania infantum lipophosphoglycan (LPG); (B) Leishmania major LPG; and (C) Escherichia coli
lipopolysaccharides (LPS). Bars represent the mean of L. longipalpis galectin A (LIGalecA) and mucin-like
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gut protein 19 kDa (L/Gprot19) relative gene expressions calculated compared with the endogenous control
genes. Y-axis indicates relative gene expression expressed as fold change compared with the control group
fed on blood (dotted line). Error bars represent standard error of three independent experiments. X-axis
indicates the times when guts were dissected after the blood meal. Significant differences were calculated
using two-way ANOVA (* P <0.05; ¥*** P <0.0001).
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Fig. 3. Expression of midgut proteins in Phlebotomus papatasi. (A) Sand flies fed on blood containing
Leishmania infantum lipophosphoglycan (LPG); (B) Leishmania major LPG; and (C) Escherichia coli
lipopolysaccharides (LPS). Bars represent the mean of P. papatasi galectin A (PpGalecA) and 13.7 kDa gut
protein (PpGprot13.7) relative gene expressions calculated compared with the endogenous control genes. Y-
axis indicates relative gene expression expressed as fold change compared with the control group fed on
blood (dotted line). Error bars represent standard error of three independent experiments. X-axis indicates the
times when guts were dissected after the blood meal. Significant differences were calculated using two-way
ANOVA (* P <0.05).
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Fig. 4. Expression of midgut digestive enzymes in Lutzomyia longipalpis. (A) Sand flies fed on blood
containing Leishmania infantum lipophosphoglycan (LPG); (B) Leishmania major LPG; and (C) Escherichia
coli lipopolysaccharides (LPS). Bars represent the mean of L. longipalpis trypsin 1 (L/Trypl) and
chymotrypsin 1A (LIChym1A) relative gene expressions calculated compared with the endogenous control
genes. Y-axis indicates relative gene expression expressed as fold change compared with the control group
fed on blood (dotted line). Error bars represent standard error of three independent experiments. X-axis
indicates the times when guts were dissected after the blood meal. No significant differences were found

(two-way ANOVA).
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Fig. 5. Expression of midgut digestive enzymes in the Phlebotomus papatasi. (A) Sand flies fed on blood

containing Leishmania infantum lipophosphoglycan (LPG); (B) Leishmania major LPG; and (C) Escherichia

coli lipopolysaccharides (LPS). Bars represent the mean of P. papatasi trypsin 4 (PpTryp4) and
chymotrypsin 2 (PpChym?2) relative gene expressions calculated compared with the endogenous control
genes. Y-axis indicates relative gene expression expressed as fold change compared with the control group
fed on blood (dotted line). Error bars represent standard error of three independent experiments. X-axis
indicates the times when guts were dissected after the blood meal. No significant differences were found

(two-way ANOVA).
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Fig. 6. AMP expression in Lutzomyia longipalpis guts. (A) Sand flies fed on blood containing Leishmania
infantum lipophosphoglycan (LPG); (B) Leishmania major LPG; and (C) Escherichia coli

lipopolysaccharides (LPS). Bars represent the mean of L. longipalpis attacin (LIAtt), defensin (L/Defl), and

defensin 2 (L/Def2) relative gene expressions calculated compared with the endogenous control genes. Y-
axis indicates relative gene expression expressed as fold change compared with the control group fed on

blood (dotted line). Error bars represent standard error of three independent experiments. X-axis indicates the
times when guts were dissected after the blood meal. Significant differences were calculated using two-way

ANOVA (* P<0.05; *** P<0.001; **** P <0.0001).
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Fig. 7. AMP expression in Phlebotomus papatasi guts. (A) Sand flies fed on blood containing Leishmania
infantum lipophosphoglycan (LPG); (B) Leishmania major LPG; and (C) Escherichia coli
lipopolysaccharides (LPS). Bars represent the mean of P. papatasi attacin (PpAtt), gut-specific defensin
(PpDefl), and systemically expressed defensin (PpDef2) relative gene expressions calculated compared with
the endogenous control genes. Y-axis indicates relative gene expression expressed as fold change compared
with the control group fed on blood (dotted line). Error bars represent standard error of three independent
experiments. X-axis indicates the times when guts were dissected after the blood meal. Significant
differences were calculated using two-way ANOVA (* P <0.05; ** P <0.01).
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Supplementary figure legend

Supplementary Fig. S1. Effect of Leishmania infantum dose on AMP expression in the Lutzomyia
longipalpis gut. AMP expression after feeding on 1 or 5 pg/mL of L. infantum lipophosphoglycan (LPG) in
the blood meal. (A) Lutzomyia longipalpis attacin (LIAtt) gene expression. (B) Lutzomyia longipalpis
defensin 2 (L/Def2) gene expression. Bars represent the mean of AMP relative gene expression calculated
compared with the endogenous control genes. Y-axis indicates relative gene expression expressed as fold
change compared with the control group fed on blood (dotted line). Error bars represent the standard error of
three independent experiments. X-axis indicates the times when guts were dissected after blood meal.
Significant differences were calculated using two-way ANOVA (**** P <0.001).
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Table 1. Sand fly gene primers

Sand fly  Gene name Reference Sequence
species
Lutzomyi  Galectin A (L/GalecA) Present work GAGCTTACCCGTCACCC
a TATCCA
longipalp (LLOJ010541)
is TCCCTTCACTACCACCA
CATGCC
Mucin-like gut protein 19 kDa Present work CAACCACACCATCGACA
(LIGprot19) CCTCCT
(EU124597) AGTTGAAGACACTGTTG
GCGTCG
Trypsin 1 (L{Trypl) Present work TAATACCCAGAGCAGCC
AGGAG
(LLOJ008676)
ATCATTGTCTTTGTAATG
CCGC
Chymotrypsin 1A (LIChym1A) Present work CCAACATCTGTGCTGGA
GAACCT
(EU124576)
AACGCCGTAAACCTGAA
CCTCTC
Attacin (L/Att) Tinoco-Nunes et al., ATGGGCATGGCAGCGTC
2016 TCT
(KP030755)
AGGCTGATCCTCTGGGT
CCTGT
Defensin 1 (L/Def1) Telleria et al., 2021b GCTGCAAATCCTGCAAA
GA
(EF491251)
CCCAAGGAGGTCACAGG
TTA
Defensin 2 (L/Def2) Telleria et al., 2021b ATCCATCCTTTATGCAA
CCG
(KP030758)
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Phleboto
mus

papatasi

Ribosomal protein L8 (L/RibL8)

(LLOJ005437)

Ribosomal protein RP49 (L/RP49)

(LLOJ006773)

Galectin A (PpGalecA)

(AY538600)

Mucin-like gut protein 13.7 kDa

(PpGprotl3.7)

(PPAI006243)

Trypsin 4 (PpTryp4)

(AY128111)

Chymotrypsin 2 (PpChym?2)

(AY128107)

Attacin (PpAtt)

(PPAI003791)

Defensin 1 (PpDefl)

Present work

Meireles-Filho et al.,

2006

Present work

Present work

Present work

Present work

Kykalova et al., 2021

Kykalova et al., 2021

GCCTTTGAGTCGCAGTA
TCC

AGAAGACCCGTGTGAAG
CTIC
TTGTCGATTCTTCCGCCA
CC
GACCGATATGCCAAGCT
AAAGCA
GGGGAGCATGTGGCGTG
TCTT
CCTGGCTACCGGCAAAA
ACCTTG
CCTCTGCACCAAAACAT
TGCCCT
GAAAACTCAGCATGTGG
AGATCC
CCAGAAGTTCCATTAAC
GTGCAA
CTCGATGGGAGAGTCGT
AGGTGG
CAGGCTTCTCAAGTTCC
AGCAGG
AGCATTAAGAGTCCGGA
TCAGT
ACCTCAACCAGACCAAC
ATCAT
GCCATTTCTGCTGCGTA
CTC
GAGGCACCAAGTACACG
ACA

GCCCGGTTAAAGACGAT
GTAAAG
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(PPAI1004256)

Defensin 2 (PpDef2) Vomackova Kykalova et
al., 2023

(PPAI010650)

Actin (PpAct) Kykalova et al,. 2021

(PPAI004850)

Ribosomal protein L8 (PpRibL8) Kykalova et al., 2021

(PPA1008202)

AGTTGGTCCAAGGATAT
CGCAAG

ATTCACGCCAAAAACGA
GCC
CGATACAATGGGCAGCA
CAAG
GCACATCCCTGGAGAAA
TCCTAT
GGAAAGATGGCTGGAA
GAGAGAT
GACATGGATACCTCAAG

GGAGTC

TTGCGGATCTTATAGCG
ATAGGG

Accession numbers of gene sequences from GenBank or VectorBase, from which primers were designed,
are indicated below gene names. Newly designed primers for quantitative PCR are indicated as ‘present

work’.
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Leishmania infantum Infection
Modulates the Jak-STAT Pathway in
Lutzomyia longipalpis LL5 Embryonic
Cells and Adult Females, and Affects
Parasite Growth in the Sand Fly

Erich Loza Telleria’?", Daisy Aline Azevedo-Brito!?, Barbora Kykalova' 2,

Bruno Tinoco-Nunes?, Andre” No' brega Pitaluga’, Petr Volf?
and Yara Maria Traub-Csekd!™

I Laborato’ rio de Biologia Molecular de Parasitas e Vetores, Instituto Oswaldo Cruz, Oswaldo Cruz Foundation (FIOCRUZ),
Rio de Janeiro, Brazil, 2 Charles University, Faculty of Science, Department of Parasitology, Prague, Czechia

Phlebotomine sand flies (Diptera, Psychodidae) belonging to the Lutzomyia genus
transmit zoonoses in the New World. Lutzomyia longjpalpis is the main vector of
Leishmania infantum, which is the causative agent of visceral leishmaniasis in Brazil. To
identify key molecular aspects involved in the interaction between vector and pathogens
and contribute to developing disease transmission controls, we investigated the sand fly
innate immunity mediated by the Janus kinase/signal transducer and activator of
transcription (Jak-STAT) pathway in response to L. /nfantum infection. We used two
study models: L. longipaipis LL5 embryonic cells co-cultured with L. /nfantum and sand fly
females artificially infected with the parasite. We used gPCR to follow the L. longijpalpis
gene expression of molecules involved in the Jak-STAT pathway. Also, we modulated the
Jak-STAT mediated immune response to understand its role in Leishmania parasite
infection. For that, we used RNAI to silence the pathway regulators, protein inhibitor of
activated STATs (PIAS) in LL5 cells, and STAT in adult females. In addition, the pathway
suppression effect on parasite development within the vector was assessed by light
microscopy in late-phase infection. The silencing of the repressor PIAS in LL5 cells led to a
moderate increase in a protein tyrosine phosphatase 61F (PTP61F) expression. It
suggests a compensatory regulation between these two repressors. L. infantum co-
culture with LL5 cells upregulated repressors PIAS, suppressor of cytokine signaling
(SOCS), and PTP61F. It also downmodulated virus-induced RNA-1 (VIR-1), a pathway
effector, indicating that the parasite could repress the Jak-STAT pathway in LL5 cells. In
Leishmania-infected L. longipalpis females, STAT and the antimicrobial peptide attacin
were downregulated on the third day post-infection, suggesting a correlation that favors
the parasite survival at the end of blood digestion in the sand fly. The antibiotic treatment of
infected females showed that the reduction of gut bacteria had little effect on the Jak-
STAT pathway regulation. STAT gene silencing mediated by RNAIi reduced the expression
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Jak-STAT Pathway in Lutzomyia longipalpis

of inducible nitric oxide synthase (iNOS) and favored Leishmania growth in sand flies on
the first day post-infection. These results indicate that STAT participated in the iINOS
regulation with subsequent effect on parasite survival.

Keywords: sand fly, innate immunity, RNAi gene silencing, Leishmania, microbiota, vector-pathogen interaction

1 INTRODUCTION

Phlebotomine sand flies (Diptera, Psychodidae) are vectors of a
group of parasitic diseases classified as cutaneous or visceral
leishmaniases, which are transmitted by the bite of an infected
female sand fly. These diseases are caused by protozoan parasites
belonging to the ILeishmania genus, with over 20 species
identified as infective to humans and endemic to 98 countries
and territories distributed from temperate to tropical regions of
the globe (1). Lutzomyia is the most important genus in the
American continent due to its wide distribution and diversity of
species  (reviewed in 2). This genus includes Lutzomyia
longipalpis, the main vector of visceral leishmaniasis in Brazil,
caused by Leishmania infantum (syn. L. chagasi) (reviewed in 3). To prevent
the spread of vector-borne diseases, strategies such as genetic
manipulation of the vector or paratransgenesis, as well as
transmission-blocking vaccines, became promising alternatives to
reduce vector competence in transmitting pathogens [reviewed in
(4, 5)]. We are interested in understanding how the L. longipalpis
immune system responds to parasitic challenges, therefore
contributing to developing novel molecular-based tools to control
the Leishmania cycle in the insect.

We have previously identified L. /ngipalpis components of the
sand fly innate immunity regulated by the Toll and immune
deficiency (IMD) pathways that ultimately produce antimicrobial
peptides (AMPs) such as attacin, cecropin, and defensins (6—8).
Both pathways were active in L. lngpalpis 1.1.5 embryonic cells (6, 9).
In addition, the activation of the IMD pathway in the female
sand fly can reduce the parasite survival in the insect, evidencing
the involvement of the insect immunity in parasite control (8).
Nevertheless, innate immunity is multi-faceted. Besides AMPs
expression mediated by the Toll and IMD pathways, the Janus
kinase/signal transducer and activator of transcription (Jak-STAT)
pathway regulate the expression of cytokines involved in cell
growth, differentiation, and apoptosis. It also regulates other
effector molecules that play important roles in the immune
response (reviewed in 10—12). Briefly, the pathway is activated
by the unpaired (Upd) family of ligands that bind to the
transmembrane receptor domeless (Dome), which is followed by
the recruitment and transphosphorylation of associated Jak
tyrosine kinase Hopscotch (Hop). These events result in the
phosphorylation and dimerization of the transcription factor
STAT, which is then translocated to the cell nucleus for target
genes transcription. This cascade is regulated at different levels by
repressor molecules, including the suppressors of cytokine
signaling (SOCS) family that bind to Dome receptor and inhibit
STAT recruitment. Also, protein tyrosine phosphatases (PTPs)
dephosphorylate STAT preventing its translocation to the cell
nucleus. In addition, the protein inhibitor of activated STAT's

Frontiers in Tropical Diseases | www.frontiersin.org

(PIAS) inactivates STAT through direct binding [reviewed in (10—
12)]. Graphical representations of the Jak-STAT pathway in
insects can be found in several reviews (10, 13, 14).

Among STAT-targeted genes, the AMP attacin and the virus-
induced RNA-1 (VIR-1) are effector molecules associated with
the Jak-STAT pathway in Drosophila (12, 15). Nevertheless,
attacins in Drosophila are mostly regulated by the IMD pathway
(16). Attacins are primarily active against Gram- negative
bacteria (17) but also have antiparasitic activity (18). VIR-1 is
induced by a viral infection such as the Drosophila C virus (DCV)
(19). In addition, the Jak-STAT pathway can regulate the
inducible nitric oxide synthase (GANOS) (reviewed in 20, 21),
with a consequent increase of nitric oxide production and
effect on microorganisms (reviewed in 22).
Interestingly, upon Plasmodium vivax infection, STAT expression
was increased in the malaria vector Awgpheles aguasalis, and the
silencing of STAT caused the increase in oocysts numbers in the
vector (23). Also, the increased nitric oxide levels in Angpheles
stephensi hemolymph are important to control the development of
Plasmodinm berghei (24). These findings indicate the potential role
of the Jak-STAT pathway and its downstream effects in
balancing parasite infection.

Since the Jak-STAT pathway regulates the expression of
molecules involved in immune response, we investigated the
gene expression of Jak-STAT-related molecules in L. /ongipalpis 1.1.5
embryonic cells and adult females challenged by L. infantum.
Because the gut microbiota can influence the immune response,
we used the strategy of depleting the commensal gut bacteria
with antibiotics to investigate its impact on the expression of
Jak-STAT-related genes in Leishmania-infected females. In
addition, to study the role of the L. longipalpis STAT, a putative
pathway transcription factor, we suppressed its expression by
using RNAi-mediated gene silencing. We followed the outcome
in sand fly Jak-STAT- related gene expression, bacterial and
parasite detection, and parasite development in the vector’s gut.

deleterious

2 METHODS

2.1 Jak-STAT Related Gene Sequences
Amino acid sequences of the Jak-STAT pathway-related

molecules were selected from available databases of Drosgphila
melanogaster (25), Anapheles gambiae, Aedes aegypti mosquitoes (26), and NCBI
(27). They were used as a query on tblastn and blastp search
against the L. /ongipalpis database available in VectorBase portal
(20). The query sequences and their corresponding similarity rates
with the top L. longipalpis blastp hits are shown in Supplementary
Tables 1-7. A selection of L.
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longipalpis nucleotide sequence hits with the highest identity rates
with mosquitoes sequences were retrieved and used in  blastx
search against the NCBI database (27) to assess their similarity to
previously characterized sequences.

In addition, L. /ongipalpis translated sequences wete analyzed
using the InterPro Classification of Protein Families 81.0 tool (28) to
search for signature domains. Similarities of L. longipalpis amino acid
sequences with other insects were assessed by MUSCLE multiple
sequence alignment (29) built-in  Geneious 7.1.9 software
(Biomatters, New Zealand). Cladograms were created using MEGA-
X software (30), with the Maximum Likelihood method with a
bootstrap of 100 replicates to model evolutionary rate differences
amonyg sites. Substitution models were defined for each gene using
the MEGA-X tool according to the lowest Bayesian Information
Criterion (BIC) score. For PIAS, Le and Gascuel’s model was used
with discrete Gamma distribution, considering part of sites are
evolutionarily invariable (LG+G+I). For SOCS, PTP61F, iNOS, and
DUOX, we used Le and Gascuel’s model with discrete Gamma
distribution (LG+G). For STAT, we used Jones-Taylor-Thornton’s
model with discrete Gamma distribution (JTT+G). Finally, for VIR-
1, we used Whelan and Goldman’s model with discrete Gamma
distribution (WAG+G).

Because the L. longipalpis genes identification was based on
similarity levels with previously characterized genes in other

insect model species, we highlight that their sequences
correspond to putative genes.

For relative expression studies, gene-specific oligonucleotides
were designed using Primer3 online tool (31) on the open reading
frame sequence for further gene expression analysis (Table 1).

2.2 Cell Cultures

L. longipalpis embryonic LL5 cells were grown at 29°C in L-15
medium (Sigma, USA) supplemented with 10% fetal bovine
serum (Laborclin, Brazil), 10% tryptose phosphate broth, and
1% antibiotics (penicillin 100 U/mL and streptomycin 100 mg/
mL, Sigma). For experimental procedures, LL5 cells were seeded
in 24 well flat-bottom plates, and after overnight growth, a new
supplemented L-15 medium was added and used for
subsequent assays.

L. infantum MHOM/BR/1974/PP75) was cultured in M199
medium (Sigma), adjusted to pH 7.4, and supplemented with 10%
fetal bovine serum. For experimental procedures, parasites were
harvested at the exponential growth phase and washed with PBS.

2.3 L. longipalpis Rearing and Treatment
With Antibiotics

L. longipalpis females were obtained from colonized sand flies
originally collected in Jacobina, BA, Brazil, and kept at

TABLE 1 | Oligonucleotides.

Reference Name Sequence
©6) Attacin-F AGGCTGATCCTCTGGGTCCTGT
Attacin-R ATGGGCATGGCAGCGTCTCT
(32) Bacl6s-F TCCTACGGGAGGCAGCAGT
Bac16s-R GGAGTACCAGGGTATCTAATCCTGTT
(33) DUOX-F GGCAAGACGGAAGACAAG
DUOX-R TCAACAAGGGAACGACATC
(34) Histone-F GAAAAGCAGGCAAACACTCC
Histone-R GAAGGATGGGTGGAAAGAAG
(35) iNOS-F TGGCTGTCGCAATTTGTGTG
iNOS-R CCGCAATGTTCACCTCAACC
(36) LeishActin-F GTCGTCGATAAAGCCGAAGGTGGTT
LeishActin-R TTGGGCCAGACTCGTCGTACTCGCT
LLOJ002593 PIAS-F GCCACAAGGGTTGAGCACAT
PIAS-R GACACTGCTTCCCGTTGACTTT
LLOJ008161 PTP61F-F AATCCCGCGAAATCTTGCAG
PTP61F-R TCCAACGTTGTCATCGAGTG
Adapted from (37) RP49-F GACCGATATGCCAAGCTAAAGCA
RP49-R GGGGAGCATGTGGCGTGTCTT
LLOJ002175 SOCS-F CCGTGGATGATGGGCTTGT
SOCS-R ATCCTTTCGGCTGCTTCG
LLOJ007427 STAT-F GGCTCCAAAGATTCCGACAA
STAT-R AGGAAGAGAAAGAAGCGGGATGTCG
LLOJ005673 VIR-1-F TAGTCCCGGAATTGACTTGG
VIR-1-R GTGTCAGGGGTTCATTCGTT
LLOJ002593 dsPIAS-F* TGGCGCCCCTAGATGAGGAGGATGCAGACTGCGATAT
dsPIAS-R* TGGCGCCCCTAGATGACGTGGGCTTCCGCTCATTCA
LLOJ007428 dsSTAT-F* CCGtaatacgactcactatagggGGCATCCCGTTCAAGTAG
dsSTAT-R# CCGtaatacgactcactatagggTTGGAGCCGTTCCTGTTT
Adapted from (38) dsLaczZ-F* taatacgactcactatagggagaTATCCGCTCACAATTCCACA
dsLacZ-R* taatacgactcactatagggagaGAGTCAGTGAGCGAGGAAGC
) T7+adapter** CCGtaatacgactcactatagggTGGCGCCCCTAGATG

*Underlined nucleotides indicate adapter sequence.
“Lowercase nucleotides indicate T7 promoter sequence.
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temperatures between 24-28 and 70-80% relative humidity
following standard insectary conditions (39). Adult insects
were fed on 50-70% sucrose ad libitum. Females were blood- fed
on anesthetized hamsters or mice once a week for colony
maintenance. For bacterial depletion, sand flies were separated
and kept with sucrose solution containing a mixture of
antibiotics at a final concentration of 100 U/mL penicillin-
streptomycin and 10 mg/ml. gentamicin immediately after
emergence from pupae until needed.

2.4 Double-Stranded RNA Synthesis

DNA templates were amplified from L. longipalpis cDNA obtained
from insects kept under colony conditions for dsRNA in vitro
synthesis.

PIAS template was amplified by PCR in two rounds. In the
first round, gene-specific primers coupled to an adapter
sequence on the 5' end (dsPIAS-F and dsPIAS-R, Table 1)
were used to amplify the partial coding sequence of the target
gene. This first round product was subsequently used as a
template in a second PCR containing primers with the adapter
and T7 promoter sequences (T7+adaptor, Table 1). On both
rounds, PCR conditions were: 95°C for 3 min; 35 cycles of 95°C
for 30 sec, 57°C for 45 sec, and 72°C for 45 sec; followed by 72°C
for 7 min.

The putative STAT template was amplified by PCR using
gene-specific primers directly coupled to T7 promoter sequence
(dsSTAT-F and dsSTAT-R, Table 1) in a touchdown PCR as
follows: 95°C for 3 min; 16 cycles of 95°C for 45 sec, 68 to 50°C
(progressively decreasing 1°C per cycle) for 45 sec, and 72°C for
45 sec; 26 cycles of 95°C for 45 sec, 50°C for 45 sec, and 72°C for
45 sec; 72°C for 3 min.

Up to 2 mg of these templates were used in a dsRNA synthesis
reaction using MEGAscript RNAi kit (Invitrogen, USA)

following the manufacturer’s instructions.

2.5 L. infantum Challenge and PIAS Gene
Silencing in LL5

2.5.1 PIAS Silencing in LL5 Cells

For PIAS silencing, LL5 cells were transfected with a mixture of
transfection agents containing 0.25 mL DharmaFECT (Thermo
Fisher Scientific, USA), 23.25 mLL. DCCM medium, and 1.5 mL of
PIAS dsRNA for a final concentration of 30 nM. As a control,
cells were transfected with a non-related luciferase dsRNA (0).
LL5 cells were maintained in this mixture for 16 h and then
incubated for 12 h, 24 h, and 48 h at 30°C, before being
resuspended in TRIzol reagent (Invitrogen).

2.5.2 L. infantum Challenge in LL5 Cells

For the Leishmania challenge, parasites were seeded to
1.-15 medium and added to LL5 cells at a microbe/cell ratio
of 10 to 1. Non-challenged LL5 cells were used as control.
Samples were collected at 24 h, 48 h, and 72 h post-challenge
three independent discharging the
supernatant medium, washing the cells twice with PBS,
adding 1 mL of TRIzol, and storing at -80°C for future
RNA extraction.

from expetiments by
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2.6 STAT Gene Silencing and Artificial
Feeding in L. longipalpis Females

2.6.1 STAT Gene Silencing in L. Jongipalpis Females

For the putative STAT gene silencing, STAT dsRNA was lyophilized
and resuspended in nuclease-free H,O to 4.5 mg/ ml. final
concentration. Females were microinjected intrathoracically with
32.2 nL. of dsRNA using Nanoject II microinjector (Drummond,
USA) (40). A non-related LacZ dsRNA was injected in negative
control groups (41). For assays involving I eishmania infection, sand flies
were artificially infected as described above on the following day
after dsRNA microinjection and collected on subsequent days
according to experimental design. For controlling gene silencing
efficiency, injected flies were kept under colony conditions fed
on sucrose and collected on three successive days post
dsRNA microinjection.

2.6.2 Artificial Feeding in L. longipalpis Females

For artificial infection, females (3 to 6 days after emerging from
pupae) were fed through chick skin membrane on inactivated
New Zealand rabbit blood seeded with L. infantum (106
parasites/mL of blood), and control groups were fed on blood.
Fully engorged females were separated and collected at 24 h, 48
h, 72 h, and 144 h post-feeding for RNA extraction and at 144 h
for microscopy analysis. All samples were collected in pools of 10
whole body sand flies, or 15 dissected guts and corresponding
carcasses (insect thorax and abdomen without gut) depending on
experimental design.

2.7 RNA Extraction, cDNA Synthesis, and
Gene Expression Analysis

According to each experimental design, samples were collected at
different time points post challenges for total RNA extraction
using TRIzol. Extracted RNA was incubated with RNase-free
DNase I (Thermo Scientific) at 1 U/mg of total RNA for removing
possible traces of DNA. Up to 1 mg of total RNA was used in
transcriptase to produce cDNA using
SuperScript III Reverse Transcriptase (Invitrogen). Protocols

reverse reactions
were followed according to each manufacturer’s instructions.
Gene expression was assessed by qPCR using cDNA
templates, gene-specific primers (Table 1), and SYBR Green
PCR Master Mix in a 7500 Real-Time PCR System (Applied
Biosystems, USA) following manufacturer’s standard cycling
conditions. The gene expression was calculated relative to a
ribosomal protein (RP49) reference gene and expressed in fold
change values in comparison to a control group (6) following the

DDCr method (42).

2.8 Leishmania Development in Sand

Fly Guts

Sand flies were examined at 144 h post-infection by light
microscopy for parasite load and localization. Guts were
dissected in saline solution (NaCl 0.9%), covered with a thin
glass slide, and examined under a 40x magnification objective
lens. Parasite loads were estimated and classified as light (below
100 parasites), moderate (between 100 and 1000 parasites), or
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heavy infection (above 1000 parasites) (43). In addition, the
localization of parasites in the gut (abdominal or thoracic gut,
cardia, and colonized stomodeal valve) was recorded to evaluate
the progress of Leishmania infection, following previously
published methods (44).

2.9 Statistical Analysis
We used ordinary two-way ANOVA with Sidak’s correction for
multiple comparisons test using GraphPad Prism software
(version 6.07) (GraphPad Software Inc., USA)

significant differences between experimental and control

to test

groups across vatious time points. The Sidak’s correction for
multiple comparisons compute confidence intervals and
significance based on adjusted P values. This method was
applied to gene expression results obtained by qPCR and in
infection estimation and localization results obtained by light
microscopy observation.

3 RESULTS

3.1 Gene Identification

We selected key molecules involved in the Jak-STAT pathway,
such as regulators (repressors and transcription factor) and
downstream effector molecules. We identified sequences
similar to repressors PIAS, PTP61F, and SOCS, transcription
factor STAT, and downstream related such as VIR-1 in the L.
longipalpis transcript database available from VectorBase (20).
Other related downstream genes such as attacin (6), iNOS (35),
and DUOX (9) were identified in previous studies.

There was one PIAS ortholog (LLOJ002593) in the 1. lngpalpis
database (Supplementary Table 1). The identification of signature
domains in the L. /longipalpis amino acid sequence (in silico
predicted) showed that the sequence coding for the main pathway
repressor contains the N-terminal PINIT (IPR023321) and Zinc
finger (IPR004181) domains of the E3 SUMO-protein ligase PIAS1/
PIAS3 family (Supplementary Figure 1A). The phylogenetic
analysis showed that L. /lngpalpis PIAS sequence is distantly
related to Bractrocera, Drosophila, Musca, and Stomoxys fly species and to
Aedes and Angpheles mosquito species (Supplementary Figure 1B).

In the L. longipalpis database, there were three SOCS-like
sequences (Supplementary Table 2). The sequence with the
highest similatity with mosquitoes’ sequences (LLOJ002175) was
selected for our future analyses. This L. lngpalpis SOCS-like amino acid
sequence contains the sarcoma homology 2 (SH2) (IPR000980) and
SOCS box (IPR001496) domains (Supplementary Figure 2A).
This sequence is closely related to Nyssomyia neivai and D.
melanogaster SOCS16D sequences and form a cluster with A. agypri
and A. gambiae SOCS7. Another putative L. ngipajpis SOCS sequences
form clusters with D. melanogaster SOCS44A and SOCS5  from
mosquitoes. A third SOCS-like sand fly sequence forms a cluster
with  D. melanogaster SOCS36E and SOCSG6 sequences from
mosquitoes (Supplementary Figure 2B).

The PTP6IF amino acid sequence from L. /longipalpis
(LLOJ008161) was the only ortholog identified (Supplementary
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Table 3) and contains the PTP superfamily domain (IPR000242)
(Supplementary Figure 3A). It formed a cluster with other PTP61F
sequences from Aedes, Culex, and Anopheles species while separated from
the Drosophila PTP61F cluster in the phylogenetic analysis
(Supplementary Figure 3B).

Two putative STAT amino acid sequences were found through
the blastp search against the L. /Jongjpalpis database (Supplementary
Table 4). We chose one STAT-like sequence(LLOJ007428) to
proceed with our analysis. This sequence contains STAT
(IPRO13801) and SH2 (IPR0O00980) domains forming the STAT
family signature (Supplementary Figure 4A). In the phylogenetic
analysis, the L. /ongipalpis STAT-like sequences form a separate
branch from the STAT92E sequences from D. melanggaster and
clusters containing STAT1 and STATS5 sequences identified in other
organisms (Supplementary Figure 4B).

Among the Jak-STAT downstream molecules in L.
longipalpis, the attacin sequence was previously identified. It
contains the attacin family signature domain and is similar to
other attacin sequences from N. neivai and Phlebotonus papatasi
(41)..

Through the blastp search, we found one putative VIR-1
sequence in the L. /longipalpis database (Supplementary Table
5). To date, VIR-1 has no specific domain associated with it.
Nevertheless, the L. /longipalpis VIR-1-like predicted amino acid
sequence shares similarities with the Drosophila VIR-1 sequence.
In our phylogenetic analysis, the sand fly VIR1-like sequence
forms a branch distinct from the Drsgphila cluster and is closer to
the Culex: quinguefasciatus VIR and other Aedes and Culex sequences
not yet fully characterized (Supplementary Figure 5).

We also investigated the presence of signature domains in the
sequences associated with the production of oxidative stress
identified from previous studies (9, 33, 35, 45). The blast
search for the L. longipalpis INOS sequence in the VectorBase
database (Supplementary Table 06) indicated one ortholog
(LLOJ005465) that contains the N-terminal domain of the
NOS  superfamily (IPR036119). The phylogenetic analysis
indicates that the L. longipalpis iINOS-like sequence forms a
separate branch from the clusters containing Drosophila, Aedes, and
Anopheles species (Supplementary Figure 06).

The DUOX amino acid sequence used in this study
(LLOJ010494) showed high similarity with DUOX sequences
from A. aegypti, A. gambiae, and D. melanogaster in our blastp search
(Supplementary Table 7). This sequence contains the characteristic
domains of the NOX-DUOX family including FAD-binding
(IPR017927) and NADP binding (IPR013121) domains. The
phylogenetic analysis showed that the L. longipalpis DUOX amino
acid sequence formed a separate branch from the Drosophila,
Lucilia, and Sarcophaga flies” cluster. It was also separated from
mosquito DUOX sequences (Supplementary Figure 7).

Multiple alignments and phylogenetic trees output files
generated in the MEGA X software were deposited in a public
repository: DOI: 10.6084/m9.figshare.16915891.

L. longipalpis PIAS, PTP61F, SOCS (or SOCS-like), STAT (or
STAT-like), VIR-1 (or VIR1-like) genes were identified in this
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study by sequence similarity. Therefore, they were considered as
putative genes. We use these acronyms only for text
simplification putrposes.

3.2 Silencing of PIAS in LL5 Cells and
Consequent Expression of Jak-STAT-
Related Genes

Our first approach was to test the activity of the Jak-STAT
pathway in L. /longipalpis by silencing the pathway repressor
PIAS. We hypothesized that PIAS silencing would affect the gene
expression of other Jak-STAT-related molecules. We chose LL5
cells, which were shown to be useful models to study L.
longipalpis innate immunity (6). We transfected them with PIAS
dsRNA to follow the expression of selected genes by qPCR. We
observed that PIAS silencing was significantly achieved at

24 h and 48 h post dsRNA transfection compared to the control
group transfected with LacZ dsRNA (Figure 1A). The expression
of the putative repressor SOCS did not alter significantly
(Figure 1B), while the repressor PTPG6IF was significantly
increased at 24 h (Figure 1C). The putative STAT transcription
factor, attacin, and VIR-1 showed no significant alteration after the
PIAS dsRNA transfection (Figures 1D-F).

3.3 Jak-STAT-Mediated Response to
Leishmania in LL5 Cells

We also hypothesized that LI5 cells’ immune response mediated
by the Jak-STAT pathway would be affected by the L. infantum
challenge. Therefore, we co-cultured LL5 cells and Leishmania
and assessed the expression of Jak-STAT-related genes by qPCR

at subsequent times.

>

PIAS

relative gene expression
(fold change)

relative gene expression
(fold change)

12h 24h 48h 12zn

time post dsRNA transfection

o

STAT

relative gene expression
(fold change)

relative gene expression
(fold change)

12h 24h 48h
time post dsRNA transfection

1zh
time post dsRNA transfection

time post dsRNA transfection

attacin

The putative PIAS and PTPG1F expression significantly
increased at 48 h and 72 h post-challenge compared to non-
challenged control groups (Figures 2A, C), while SOCS
expression showed a high variability (Figure 2B). The STAT-
like transcription factor significantly increased at 24 h, while
attacin showed no significant modulation (Figures 2D, E).
Interestingly, VIR-1 was significantly reduced at 24 h, 48 h,
and 72 h post-challenge (Figutre 2F).

3.4 Expression of Jak-STAT-Related

Genes in L. longipalpis Females Infected

With Leishmania

Our following approach investigated the Jak-STAT-related
immune response in L. /longipalpis adult females artificially
infected with L. znfantum. We hypothesized that the parasite
infection would alter the pathway expression in the adult female.
The putative pathway regulators PIAS, SOCS, and PTP61F, as
well as STAT, did not show significant differences in whole-body
samples of sand flies infected with Leishmania compared to the
blood-fed control group (Figures 3A—D). Attacin expression was
reduced at 72 h (Figure 3E), while VIR-1 and iNOS have not
altered post Leishmania infection (Figures 3F, G). We detected the
bacteria load by the 16S ribosomal RNA gene expression,
showing no significant differences between infected and non-
infected groups (Figure 3H). In addition, we assessed the
parasite load through the Leishmania actin gene expression
compared to a control sample collected at 24 h post-infection.
The parasite load was increased 48 h post-infection (Figure 3I).
It is well known that the gut microbial community plays a
considerable role in balancing immune responses (reviewed in

(2}

SOCs PTP
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FIGURE 1 | Gene expression of Jak-STAT regulators in LL5 cells after PIAS silencing: L. longipalpis relative gene expression was calculated compared to the
endogenous reference gene RP49. (A) silencing of the PIAS gene; (B-F) expression of indicated genes after PIAS silencing. (A-F) relative expression of PIAS-dsRNA
transfected LL5 cells (y-axis) was expressed as fold change compared to the control group transfected with a non-related dsRNA and collected at each corresponding
time point (horizontal dotted line). Samples of experimental and control groups were collected at 12 h, 24 h, and 48 h post PIAS silencing (x-axis). Vertical bars
represent the mean with standard error (SEM) of 3 biological replicates. Significant differences were calculated using two-way ANOVA (*p < 0.05; **p < 0.01).
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FIGURE 2 | Gene expression of Jak-STAT-related genes in LL5 cells after Leishmania challenge: L. longipalpis relative gene expression was calculated compared to
the endogenous reference gene RP49. (A-F) expression of indicated genes after Leishmania co-culture. Relative expression in Leishmania-challenged LL5 cells (y-
axis) was expressed as fold change compared to the non-challenged control group collected at each corresponding time point (horizontal dotted line). Samples of
experimental and control groups were collected at 24 h, 48 h, and 72 h post-Leishmania challenge (x-axis). Vertical bars represent the mean with standard error
(SEM) of 3 biological replicates. Significant differences were calculated using two-way ANOVA (**p < 0.01; ****p < 0.0001).

40). In our study model, both experimental and control groups
were infected with L. énfantum. We chose to deplete the
commensal bacteria in the experimental group by feeding with
a mixture of antibiotics, while the control group was Leishmania-
infected but not treated with antibiotics. We tested whether the
suppression of gut bacteria would interfere with the expression of
Jak-STAT-related molecules in infected sand flies.

The expression of pathway regulators PIAS and STAT-like
were not significantly altered in whole sand flies after bacteria
depletion (Supplementary Figures 8A, B). Attacin expression
was also not changed significantly but was highly variable at 144
h post-infection (Supplementary Figure 8C). In addition, VIR-1
was also not significantly changed by the antibiotic treatment
(Supplementary Figure 8D).

3.5 Expression of Jak-STAT-Related
Genes in STAT-Silenced L. longipalpis
Females Fed on Sucrose
To further explore the role of the Jak-STAT pathway, we
hypothesized that the suppression of STAT-like transcription
factor by RNAi-mediated gene silencing would reduce the gene
expression of effector molecules associated with the pathway.
STAT expression was reduced in females at 24 h post STAT
dsRNA injection compared to the control group injected with
LacZ dsRNA (Figure 4A). Upon STAT silencing, attacin
expression was unaltered at 24 h and increased significantly at
48 h (Figure 4B). VIR-1 expression showed a reduction at 24 h
and 72 h and increased at 48 h (Figure 4C). iNOS expression was
significantly reduced at 24 h and 48 h (Figure 4D), while DUOX
was increased at 24 h (Figure 4E). Bacteria detection by 16S
rRNA was not significantly altered (Figure 4F).

Frontiers in Tropical Diseases | www.frontiersin.org 7

3.6 Expression of Jak-STAT-Related

Genes in STAT-Silenced L. /longipalpis
Females Infected With Leishmania

We also investigated the effect of STAT-like silencing in the gene
expression of STAT-related downstream molecules in dissected gut
and carcasses of [ sishmania-infected sand flies. In carcasses, STAT
expression was significantly reduced at 24 h and 48 h (Figure 5A),
while attacin was increased at 48 h post-infection (Figure 5B). VIR-
1 was not significantly altered (Figure 5C), while iNOS was reduced
at 24 h and 48 h, and DUOX at 24 h (Figures 5D, E).

In dissected guts, STAT-like expression was reduced at 24 h
and 48 h (Figure GA). Attacin was increased at 48 h post-
infection (Figure 6B). VIR-1, iNOS, and DUOX were not
significantly altered (Figures 6C-E). Also, bacteria detection
through 16S ribosomal RNA expression was not significantly
altered (Figure OF), while Leishmania detection through actin
expression was significantly increased at 24 h (Figure 0G).

3.7 Leishmania Infection Development in
STAT-Silenced L. longipalpis Females

In addition, we hypothesized that the downstream effects of
STAT-like silencing could cause an alteration on L. infantum
colonization in the sand fly gut since we observed an increase in
Leishmania  detection after STAT silencing. Therefore, we
investigated the intensity and localization of parasites on six
days post-infection in sand fly dissected guts. Leishmania infection
estimation showed that proportions of STAT-silenced sand flies
carrying heavy, moderate, or light infections, as well as non-
infected, were not significantly different from the control group
injected with LacZ dsRNA (Figure 7A). The parasite localization

in the stomodeal valve, thoracic gut, and
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FIGURE 3 | Gene expression of Jak-STAT-related genes in L. longipalpis infected with Leishmania: L. longipalpis relative gene expression was calculated compared
to the endogenous reference gene RP49. (A-G) expression of indicated genes after Leishmania infection; quantification of bacteria (H) and Leishmania (I). Relative
gene expression in Leishmania-infected females (y-axis) was expressed as fold change compared to the non-infected female control group collected at each
corresponding time point (horizontal dotted line) (A-H). Leishmania actin expression was expressed as fold change compared to a control sample collected at 24 h
post-infection (I). Samples of experimental and control groups were collected in pools of 10 whole body sand flies at 24 h, 48 h, 72 h, and 144 h post-
infection (x-axis). Vertical bars represent the mean with standard error (SEM) of 3 biological replicates. Significant differences were calculated using two-way
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abdominal gut did not differ significantly between STAT-
silenced and control groups (Figure 7B).

A summatized workflow of the experimental approach and
outcomes of the manuscript is shown in Supplementary Figure 9.

4 DISCUSSION

Sand flies trigger a repertoire of molecular mechanisms to fight
potential microbial harm (reviewed in 47). In L. longipalpis, these
mechanisms include AMPs production regulated by the Toll and
IMD pathways (6, 8, 41, 48). Nevertheless, the complexity of the
immune response in this insect is not fully understood. We were
interested in investigating the role of the Jak-STAT pathway in
the context of L. longipalpis interaction with L. infantum.

4.1 Jak-STAT Pathway
We identified L. longipalpis transcripts involved in the Jak-STAT
pathway based on their moderate similarity with genes identified
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in  Drosophila, Aedes, and Anopheles, which are well-
characterized models. These L. longipalpis sequences indicate that
the pathways genes are transcribed and have moderate similarity
with other dipterans, including vectors of zoonotic diseases. Such
similarities are shared across invertebrates and vertebrate species
(reviewed in 49).

In insects, this pathway is activated upon microbial
infections. In Drosophila, it is triggered upon viral infections by
DCV, Drosophila X virus (DXV), invertebrate iridescent virus 6
(IIV6) (50). In mosquitoes, it is triggered by the West Nile
virus (WNV) in C. guinquefasciatus (51), dengue virus (DENV) (52,
53), and Zika virus (54) infection in Aedes aegypti, to cite a few.
However, only a reduced number of studies showed the role of
this pathway against parasitic infection. In Anopheles aguasalis and A.
ganmbiae, Jak-STAT was activated toward P. vivax and P. berghes,
respectively (23, 55), indicating the pathway role in the insect
response against the parasitic infection.
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compared to the endogenous reference gene RP49. (A): silencing of the STAT-like gene; (B-E): expression of indicated genes after STAT-like gene silencing.

(F) quantification of bacteria. (A—F) relative expression of STAT-like dsRNA injected females (y-axis) was expressed as fold change compared to the control group of
LacZ dsRNA injected females. Both group samples were collected at each corresponding time point (horizontal dotted line). Samples of experimental and control
groups were collected in pools of 10 whole body sand flies at 24 h, 48 h, and 72 h post-STAT silencing (x-axis). Vertical bars represent the mean with standard error
(SEM) of 3 biological replicates. Significant differences were calculated using two-way ANOVA (*p < 0.05; **p< 0.01; ***p < 0.0001).

4.2 PIAS Knockdown in LL5 Cells and

effect on Jak-STAT-Related Genes

To test this pathway activity in L. /ngpalpis 1.L5 cells, we knocked
down PIAS, a major pathway repressor, and followed the
consequent effect on other Jak-STAT related genes. The LL5 is a

suitable model for studying immune pathway modulation since
experimental variables are easier to control in these cells than in
insects. These cells were used to investigate arboviral infections (50,
57) and have an antiviral response (7, 57, 58). Moreover, they were
used in studies investigating the interaction with Lezshmania (59)

>
w

fad
@
]
-]

relative gene expression
(fold change)
relative gene expression
{fold change)
-
o

2
o

0.0

24h 48h

time post infection

72h

o
m

iNOS

time post infection

(g}

VIR-1

attacin

*

relative gene expression
(fold change)

time post infection

DUOX

relative gene expression
(fold change)

relative gene expression
(fold change)

48h

72h
time post infection

time post infection

FIGURE 5 | Gene expression of Jak-STAT-related genes in carcasses of STAT-silenced L. longipalpis and infected with L. infantum: L. longipalpis relative gene
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like gene silencing. (A-E) relative gene expression in STAT-like dsRNA injected females (y-axis) was expressed as fold change compared to the control group of
LacZ dsRNA injected females. Samples were collected at 24 h, 48 h, and 72 h post-infection (x-axis). Vertical bars represent the mean with standard error (SEM) of
3 biological replicates. Significant differences were calculated using two-way ANOVA (*p < 0.05; **p< 0.01).
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and later shown to have Toll and IMD mediated immune response
against bacteria, yeast, and Leishmania (6, 9). Previously, these cells
were shown to respond efficiently to dsRNA transfection (6), and
PIAS was efficiently silenced in the current experimental setting.
Although the inhibitory action of PIAS occurs at the protein level,
the suppression of PIAS could result in a consequent effect on the
transcription of other pathway molecules, possibly by a
feedback loop.

The Jak-STAT pathway has many key regulatory molecules,
including repressors such as SOCS and PTPG61F, that could be
expressed to counterbalance PIAS silencing. While the putative
SOCS showed no significant changes, PTP61F expression was
increased after PIAS was silenced. PIAS downmodulation
suggests that the pathway was activated, and PTP61F may be
expressed to compensate for PIAS reduction. PTPs
dephosphorylate STAT tyrosine residues, therefore preventing
this transcription factor translocation to the nucleus and
negatively regulating the pathway-dependent
genes (reviewed in 60). STAT-like expression was
correlated with PIAS suppression or the increase of PTPG1F.
This finding shows that STAT expression was not directly related
to PIAS silencing. Thus, the possibility of existing a feedback

can

consequently
not
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loop between PIAS and STAT is scarce. Attacin and VIR-1
showed no direct correlation with the repressors. Together these
results suggest that the Jak-STAT pathway in LL5 cells was
balanced between PIAS and PTP61F repressors.

4.3 Effect of Leishmania Challenge on Jak-
STAT-Related Genes in LL5 Cells

It was previously shown that the interaction with ILeishmania
parasites caused dramatic changes to L. longipalpis embryonic Lulo
cells (61, 62). In LL5 cells, we previously observed that the
interaction with Leishmania triggered the expression of two
transcription factors, dorsal and relish, involved in the Toll
and IMD pathways, respectively, with a subsequent moderate
effect on AMPs expression (6). We used the LL5 co-cultured with
Leishmania to investigate whether the parasite interaction would
trigger the Jak-STAT pathway. We observed that the expression
of PIAS and PTPG1F was increased after the second day, showing
that the co-culture setting repressed the pathway. The possibility
of a feedback loop influencing the STAT-like transcription was
also considered in this experimental setting. We observed that
STAT expression was not reduced, as the repressor was
upregulated, but its expression was increased at 24 h post

December 2021 | Volume 2 | Article 747820
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Leishmania challenge. These results are not sufficient to assess a
direct correlation between the expression of PIAS or PTP61F
with STAT-like transcription. Still, the STAT increase may be a
result of a reduced expression of downstream effector molecules.
A simultaneous increase between repressor and transcription
factor also occurred in L. longipalpis Toll and IMD pathways (6).
Attacin  expression was unaltered under co-culture with
Leishmania, but VIR-1 was downregulated during the three time
points investigated. It is in agreement with the upregulation of PIAS
and PTP61F. VIR-1 is actively expressed in Drsgphila S2 cells (19), and
A. aegypti Aag2 cells (63) in response to DCV and Wolbachia infections,
respectively, and might be under the effect of other signaling
pathways. The downregulation of VIR-1 after a parasitic challenge
was not previously shown in insect cells. However, it may result
from the shedding of parasite exosomes containing virulence
factors (reviewed in 64), as seen in L. sufantum in culture (65). For
instance, Leishmania secretes virulence factors such as elongation
factor 1 alpha (EFl-alpha) (60) and the widely studied
metalloprotease  GP63 to activate the macrophage tyrosine
phosphatases, which in turn represses the Toll and Jak-STAT
pathways in the host cell (67, 68). Therefore, it is reasonable to
consider that the parasite may cause suppression in the insect cell
immune response. These results suggest that the Jak-STAT pathway
in LL5 cells was repressed by L. infantum with a downstream
suppression of VIR-1.

4.4 Effect of Leishmania Infection on
Jak-STAT-Related Genes in L.

longipalpis Females

We also tested the Jak-STAT pathway activation upon parasite
infection using adult L. /ongipalpis as a model. Our results
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showed that the Leéishmania infection in the sand fly caused no
significant changes in the expression of the putative pathway
repressors PIAS, SOCS, PTPG61F, and STAT-like. Such
nondramatic changes were also reported in the latest
transcriptome study of L. /ongipalpis infected with Leishmania, where
PIAS expression had no statistically significant modulation
(45). Interestingly, in a recent investigation on P. papatasi infected
with different trypanosomatid species (Leishmania major, Leishmania
donovani, and Herpetomonas nuscarnm), a STAT transcript was reduced
as blood digestion occurred. Still, its expression pattern did not
show significant differences when compared to non-infected sand
flies (69).

In our present study, attacin expression was reduced at the end
of the blood digestion process, when the peritrophic matrix is
degraded, and parasites get in close contact with the sand fly gut
epithelium (70, 71). Therefore it is possible that attacin reduction
was induced by the parasite, not through interfering with the Jak-
STAT pathway, but possibly by Toll or IMD pathways as previously
shown in Drosophila (72, 73). Our analysis of bacteria during the
infection indicated no dramatic changes when compared to the
non-fed females. The highest I eishmania detection occurred on the
second day post-infection when multiplicative forms of the parasite
are abundant (74). These results suggest that Leishmania infection did
not significantly alter Jak-STAT-related gene expression in
L. longipalpis.

4.5 Depletion of Commensal Gut Bacteria
in Leishmania-Infected Sand Flies and Its
Effect on Jak-STAT-Related Genes

Commensal microbiota harbored in the insect gut may add
another level of complexity inherent to the L. longipalpis study
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model. We tested if the gut bacterial community created additive
stimuli to the Jak-STAT mediated response during the parasite
infection. We depleted bacteria by adding a combination of
antibiotics to the sand fly sucrose- and blood-meals. Several
antibiotic combinations wete used in sand flies to deplete gut
bacteria (8, 75-79). We chose a combination of penicillin,
streptomycin, and gentamicin, and we tested its efficiency on
sucrose-fed females in a pilot experiment (80). The antibiotic
treatment effectively depleted gut bacteria up to the fourth day of
treatment compared to a non-treated group, detected on LB-agar
plates seeded with sand fly gut homogenates. Therefore, we used
this same antibiotic treatment in our infection experiments.
None of the four genes investigated in the antibiotic-treated
group showed significant differential expression compared to the
non-treated control group. Nevertheless, there was a slight
increase in the expression of the repressor PIAS and the
STAT-like transcription factor at 24 h post-infection. This
effect can be credited to the parasite. As the infection
progressed, attacin showed a quite variable expression toward
144 h, and VIR-1 was highly variable in all time points
investigated. This variability suggests that differences in the
progress of Leishmania infection may be the cause. In
addition, these changes may be associated with changes in
parasite development caused by bacteria depletion. Kelly et al.
(75) showed that depletion of bacteria caused by antibiotics
impaited the development of L. infantum metacyclic forms on
late-phase infection. Therefore, our results indicate that the Jak-
STAT mediated response may be slightly changed by the
reduction of gut bacteria but not playing the primary role.

4.6 Effect of STAT-Like Knockdown on
Downstream Effector Genes in Non-
Infected Sand Flies

One alternative to investigating the role of the Jak-STAT
pathway in L. longipalpis response upon infection is to interfere
with downstream transcription of effector molecules. For that,
we silenced the STAT-like transcription factor using dsRNA,
which also reduced the gene expression of VIR-1 and iNOS in
non-infected insects on the first day post-injection. The iINOS
reduction was maintained on the second day, indicating a direct
correlation with STAT silencing. On the other hand, VIR-1
expression increased on the second day and reduced on the third
day suggesting that other transcription factor may be involved
in its regulation. Interestingly, while iINOS expression was
downregulated, DUOX was upregulated on the first day.
DUOX is responsible for the production of superoxide (H20»)
and is modulated by the Hedgehog (Hh) signaling pathway (81)
which is vital for controlling gut infections in Drosophila (82).
This finding reflects a possible balance between these two genes
that are oxidative stress- inducing molecules.

The overall detection of bacteria in STAT silenced sand flies
during the three days investigated did not significantly change
compared to the control group and reflects the maintained
balance between iINOS and DUOX expression. However, the

attacin expression upregulation may be caused by another
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pathway such as Toll or IMD as indicated in our previous
studies (6, 41) thus posing an additional microbial control.
These results indicate that the L. /longipalpis putative STAT is
associated with the iINOS expression, while attacin and VIR-1
had no direct correlation with STAT silencing in sucrose-fed
females. Since the Jak-STAT pathway could be differently
activated in the fat body (83) and in gut cells (84), as is the
case in Drosophila, we decided to investigate the pathway-related
gene expression in L. longipalpis separated carcasses and dissected
guts.

4.7 Effect of STAT-Like Knockdown in

Leishmania-Infected Sand Flies
We also hypothesized that the suppression of the pathway would
facilitate the development of the parasite in its vector. We
observed that STAT silencing was achieved in sand fly
the first two days post-infection. We also
observed the increase of attacin expression similar to what was
in our results with non-infected STAT-silenced,
possibly being regulated by the Toll and IMD pathways as
mentioned above. This silencing also caused a reduction in
iNOS. The consistent decrease in iINOS expression in STAT-
silenced insects supports the idea that iNOS is under Jak-STAT
regulation, as seen in .A. gambiae (55). Nevertheless, attacin and
VIR-1 expressions were not likely to be under the regulation of
the STAT-like transcription factor.

The reduction in the putative STAT expression was achieved
in dissected guts, but silencing levels were not as intense as in

carcasses on

observed

carcasses. Attacin expression was increased at 48 h post-
infection, similar to carcasses, indicating the upregulation of
this AMP occurred systemically. Although attacin expression
was raised, it did not cause an effect against Leishmania. VIR-1
expression did not alter after STAT silencing in guts similar to
what was seen in carcasses, thus adding more evidence that it is
not regulated through this transcription factor in L. /longipalpis.
iNOS expression was shown to be quite variable in the first two
days, and DUOX modulation also followed a variable pattern,
possibly associated to iNOS modulation. The bacterial detection
was not significantly altered, similar to what was seen in the non-
infected and silenced sand flies, indicating that molecules
associated to the putative STAT had a limited effect on the
bacteria balance, and vice versa.

Most interestingly, on the first day of STAT silencing, there
was an increase of Leishmania detection within the silenced group,
indicating that an effector molecule regulated by this transcription
factor was consequently suppressed and favored Leishmania
survival in this eatly time. Although iNOS expression was quite
variable in guts, it is possible that the nitric oxide production
was altered and resulted in a less harmful environment to
Leishmania. An analogous effect of increased nitric oxide in L.
longipalpis caused a reduction of parasite detection in TGF-beta
gene silenced sand flies (35). These results indicate that the
STAT-like transcription factor did not regulate attacin and VIR-1
in the gut of infected females and suggest that the variation in
iNOS expression may have favored the parasite on the first day
after STAT suppression.
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4.8 Effect of STAT-Like Knockdown

on the Leishmania Infection Development

in Sand Flies

We also hypothesized that the silencing effect on the early time of
infection could further influence the progress of L. znfantum
infection in the sand fly. We assessed infection intensity on a
later phase of infection (6 days post-infection) by light
microscopy. The infection estimation in individual sand flies
showed that parasitic loads vary, and both silenced and control
groups shared approximately the same loads of parasites. In
addition, the infection localization showed that both insect
groups had similar percentages of insects harboring parasites
in the stomodeal valve, thus presenting similar conditions to
complete the parasite cycle in the vector. Our results indicate that
the favored parasite growth in the early phase of infection had no
significant effect on the late infection stage.

4.9 Concluding Remarks

In conclusion, we aimed to understand the role of the Jak-STAT
pathway in L. /longipalpis immune response, more specifically
toward L. infantum parasites. We identified putative sand fly genes
belonging to the and possible
downstream related effector molecules. The SOCS-like may not
be involved in regulating the sand fly Jak-STAT pathway. PIAS
and PTPOIF repressors balanced the pathway in LL5 cells, and
the Leishmania challenge upregulated the pathway repressors and
reduced VIR-1 expression. The parasite infection and the bacteria

main pathway regulators

suppression during the parasite infection in females did not cause
significant changes in the Jak-STAT pathway. The putative STAT
silencing caused a reduction in iNOS in whole bodies and
carcasses, while it had no direct effect on attacin and VIR-1. In
addition, parasite detection was increased on the first day post
STAT silencing, although it was insufficient to yield a higher-rate
infection on late-phase infection.

The present work is the first report on putative sand fly genes
involved in the Jak-STAT pathway. It is possible that other STAT
proteins not covered in this study may be expressed and could
compensate for the knockdown of this STAT-like gene. Similarly,
other attacin genes may be expressed under the control of other
pathways such as Toll or IMD, but this possibility needs
further investigation.

The sand fly immune response is constantly regulated to
balance and respond to different microbial challenges [reviewed
in (47)]. Simultaneously, Leishmania parasites can adapt to these
changes expressing a plethora of genes during its cycle (85). We
focused on a pathway not explored in sand flies and brought
additional information on the complex interaction between the
L. longipaipis immune response to L. infantun.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositoties. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Frontiers in Tropical Diseases | www.frontiersin.org

13

ETHICS STATEMENT

The animal study was reviewed and approved by “Committee on
the Bthics of Laboratory Experiments of the Charles University”
under permission No. MSMT-8604/2019-6 and “Committee on
the Ethics in the use of Animals of the Institute Oswaldo Cruz
(CEUA-IOC)” under permission No.CEUA/IOC-005/2019.

AUTHOR CONTRIBUTIONS

Conceptualization, ET, AP, and YT-C.Methodology, ET and AP.
Validation, ET. Formal analysis and investigation, ET, DA-B,
BK, and BT-N. Resources, YT-C and PV. Data curation, ET and
BT-N. Writing-original draft preparation, ET. Writing-review
and editing, ET and YT-C. visualization, ET. Supervision and
project administration, ET, AP, PV, and YT-C. Funding
acquisition, YT-C, ET, and PV. All authors contributed to the
article and approved the submitted version.

FUNDING

This research was funded by IOC-Fiocruz (PAEF Program),
INCT-EM (Institutos Nacionais em Ciencia e Tecnologia -
Entomologia Molecular), research grant number CNPgq/Proc.
465678/2014-9 and Projeto Inova-Fiocruz. We are grateful for
support from the Coordination for the Improvement of Higher
Education Personnel (CAPES) - Brazil. DA-B and BT-N received
a fellowship from CAPES. ET, BK, and PV were supported by
the International Mobility of Researchers at Chatles University
(CZ.02.2.69/0.0/0.0/16_027/0008495), Czech Science
Foundation (GACR 21-15700S), and by ERD Funds, project
CePaViP (16_019/0000759).

ACKNOWLEDGMENTS

We thank Ms. Thais Lemos-Silva for the pilot experiment testing
antibiotic treatment efficiency in sucrose-fed L. longipalpis. We
thank Dr. Peter W. Mason, University of Texas Medical Branch,
for critical reading of the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389 /itd.2021.747820/
full#supplementary-material

Supplementary Figure 9 | Summarized workflow of experimental approach
and outcomes

December 2021 | Volume 2 | Article 747820


https://www.frontiersin.org/journals/tropical-diseases
http://www.frontiersin.org/
https://www.frontiersin.org/journals/tropical-diseases#articles
https://www.frontiersin.org/articles/10.3389/fitd.2021.747820/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fitd.2021.747820/full#supplementary-material

Telleria et al.

Jak-STAT Pathway in Lutzomyia longipalpis

REFERENCES

1.

12.

13.

14.

15.

18.

19.

WHO. The Global Health Observatory - Leishmaniasis [Internet] (2019).
Available at:  https://www.who.int/data/gho/data/themes/topics/gho-ntd-
leishmaniasis (Accessed 2021 Feb 14).

. Akhoundi M, Kuhls K, Cannet A, Votypka J, Marty P, Delaunay P, et al. A

Historical Overview of the Classification, Evolution, and Dispersion of
Leishmania Parasites and Sandflies. PloS Negl Trop Dis (2016) 10(3):
€0004349. doi: 10.1371/journal.pntd.0004349

. Lainson R, Rangel EF. Lutzomyia Longipalpis and the Eco-Epidemiology of

American Visceral Leishmaniasis, With Particular Reference to Brazil: A
Review. Mem Inst Oswaldo Cruz (2005) 100(8):811-27. doi: 10.1590/S0074-
02762005000800001

. Wilson AL, Courtenay O, Kelly-Hope LA, Scott TW, Takken W, Torr SJ, et al.

The Importance of Vector Control for the Control and Elimination of Vector-
Borne Diseases. PloS Negl Trop Dis (2020) 14(1):e0007831. doi: 10.1371/
journal.pntd.0007831

. Jones RT, Ant TH, Cameron MM, Logan JG. Novel Control Strategies for

Mosquito-Borne Diseases. Philos Trans R Soc B Biol Sci (2021) 376:20190802.
doi: 10.1098/rstb.2019.0802

. Tinoco-Nunes B, Telleria EL, Da Silva-Neves M, Marques C, Azevedo-Brito

DA, Pitaluga AN, et al. The Sandfly Lutzomyia Longipalpis LL5 Embryonic
Cell Line has Active Toll and Imd Pathways and Shows Immune Responses to
Bacteria, Yeast and Leishmania. Parasites Vectors [Internet] (2016) 9:222. doi:
10.1186/s13071-016-1507-4

. Pitaluga AN, Mason PW, Traub-Cseko YM. Non-Specific Antiviral Response

Detected in RNA-Treated Cultured Cells of the Sandfly, Lutzomyia
Longipalpis. Dev Comp Immunol (2008) 32(3):191-7. doi: 10.1016/
j.dci.2007.06.008

. Telleria EL, Sant’Anna MRV, Ortigao-Farias JR, Pitaluga AN, Dillon VM,

Bates PA, et al. Caspar-Like Gene Depletion Reduces Leishmania Infection in
Sand Fly Host Lutzomyia Longipalpis. J Biol Chem [Internet] (2012) 287
(16):12985-93. doi: 10.1074/jbe.M111.331561

. da Silva Goncalves D, Iturbe-Ormaetxe I, Martins-da-Silva A, Telleria EL,

Rocha MN, Traub-Cseko YM, et al. Wolbachia Introduction Into Lutzomyia
Longipalpis (Diptera: Psychodidae) Cell Lines and Its Effects on Immune-
Related Gene Expression and Interaction With Leishmania Infantum. Parasit
Vectors (2019) 12(1):33. doi: 10.1186/s13071-018-3227-4

. Bang IS. JAK/STAT Signaling in Insect Innate Immunity. Entomol Res (2019)

49:339-53. doi: 10.1111/1748-5967.12384

. Lemaitre B, Hoffimann ]. The Host Defense of Drosophila Melanogaster. Annu Rev

Immunol (2007) 25:697-743. doi: 10.1146/annurev.immunol.25.022106.141615
Kingsolver MB, Hardy RW. Making Connections in Insect Innate Immunity.
Proc Natl Acad Sci U.S.A. [Internet] (2012) 109(46):18639-40. doi: 10.1073/
pnas.1216736109

Myllymaki H, Ramet M. JAK/STAT Pathway in Drosophila Immunity. Scand
J Immunol [Internet] (2014) 79(6):377-85. doi: 10.1111/sji.12170
Morin-Poulard I, Vincent A, Crozatier M. The Drosophila JAK-STAT
Pathway in Blood Cell Formation and Immunity. JAKSTAT [Internet]
(2013) 2(3):¢25700. doi: 10.4161/jkst.25700

Huang Z, Kingsolver MB, Avadhanula V, Hardy RW. An Antiviral Role for
Antimicrobial Peptides During the Arthropod Response to Alphavirus
Replication. J Virol [Internet] (2013) 87(8):4272-80. doi: 10.1128/JV1.03360-12

. Hanson MA, DostalovaA, Ceroni C, Poidevin M, Kondo S, Lemaitre B.

Synergy and Remarkable Specificity of Antimicrobial Peptides In Vivo Using a
Systematic Knockout Approach. Elife (2019) 8:e44341. doi: 10.7554/
cLife.44341

. Hultmark D, Engstrom A, Andersson K, Steiner H, Bennich H, Boman HG.

Insect Immunity. Attacins, a Family of Antibacterial Proteins From
Hyalophora Cecropia. EMBO J (1983) 2(4):571-6. doi: 10.1002/j.1460-
2075.1983.tb01465.x

Hu Y, Aksoy S. An Antimicrobial Peptide With Trypanocidal Activity
Characterized From Glossina Morsitans Morsitans. Insect Biochem Mol Biol
(2005) 35(2):105-15. doi: 10.1016/}.ibmb.2004.10.007

Dostert C, Jouanguy E, Irving P, Troxler I, Galiana-Arnoux D, Hetru C, et al.
The Jak-STAT Signaling Pathway is Required But Not Sufficient for the
Antiviral Response of Drosophila. Nat Immunol (2005) 6(9):946-53. doi:
10.1038/ni1237

Frontiers in Tropical Diseases | www.frontiersin.org

20.

21.

22.

23.

24.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

=

37.

38.

39.

Pautz A, Art J, Hahn S, Nowag S, Voss C, Kleinert H. Regulation of the
Expression of Inducible Nitric Oxide Synthase. Nitric Oxide - Biol Chem
(2010) 23(2):75-93. doi: 10.1016/j.ni0x.2010.04.007

Murali Krishna Rao K. Molecular Mechanisms Regulating Inos Expression in
Vatious Cell Types. J Toxicol Environ Heal - Part B Crit Rev (2000) 3(1):27-58.
doi: 10.1080/109374000281131

Rivero A. Nitric Oxide: An Antiparasitic Molecule of Invertebrates. Vol. 22,
Trends in Parasitology. Elsevier Curr Trends (2006), 219-25. doi: 10.1016/
j-pt.2006.02.014

Bahia AC, Kubota MS, Tempone AJ, Araujo HR, Guedes BA, Orfano AS, et al.
The JAK-STAT Pathway Controls Plasmodium Vivax Load in Early Stages of
Anopheles Aquasalis Infection. PloS Negl Trop Dis (2011) 5(11):1317. doi:
10.1371/journal.pntd.0001317

Luckhart S, Vodovotz Y, Cui L, Rosenberg R. The Mosquito Anopheles
Stephensi Limits Malaria Parasite Development With Inducible Synthesis of
Nitric Oxide. Proc Natl Acad Sci USA (1998) 95(10):5700-5. doi: 10.1073/
pnas.95.10.5700

. Larkin A, Marygold SJ, Antonazzo G, Attrill H, dos Santos G, Garapati PV,

et al. FlyBase: Updates to the Drosophila Melanogaster Knowledge Base.
Nucleic Acids Res (2021) 49(D1):D899-907. doi: 10.1093/nar/gkaal026
Giraldo-Calderdn GI, Emrich SJ, MacCallum RM, Maslen G, Emrich S,
Collins F, et al. VectorBase: An Updated Bioinformatics Resource for
Invertebrate Vectors and Other Organisms Related With Human Diseases.
Nucleic Acids Res (2015) 43(D1):D707-13. doi: 10.1093/nar/gkul117
Altschul SF, Gish W, Miller W, Myers EW, Lipman D]J. Basic Local Alignment
Search Tool. J Mol Biol (1990) 215(3):403-10. doi: 10.1016/S0022-2836(05)80360-2
Blum M, Chang HY, Chuguransky S, Grego T, Kandasaamy S, Mitchell A,
et al. The InterPro Protein Families and Domains Database: 20 Years on.
Nucleic Acids Res (2021) 49(D1):D344~-54. doi: 10.1093/nar/gkaa977
Edgar RC. MUSCLE: Multiple Sequence Alignment With High Accuracy and
High Throughput. Nucleic Acids Res [Internet] (2004) 32(5):1792-7. doi:
10.1093/nar/gkh340

Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: Molecular
Evolutionary Genetics Analysis Across Computing Platforms. Mol Biol Evol
[Internet] (2018) 35:1547-9. doi: 10.1093/molbev/msy096

Koressaar T, Lepamets M, Kaplinski L, Raime K, Andreson R, Remm M.
Primer3-Masker: Integrating Masking of Template Sequence With Primer
Design Software. Bioinformatics (2018) 34(11):1937-8. doi: 10.1093/
bioinformatics/bty036

Nadkarni MA, Martin FE, Jacques NA, Hunter N. Determination of Bacterial Load
by Real-Time PCR Using a Broad-Range (Universal) Probe and Primers Set.
Microbiol [Internet] (2002) 148(1):257-66. doi: 10.1099/00221287-148-1-257
Heerman M, Weng JL, Hurwitz I, Durvasula R, Ramalho-Ortigao M. Bactetial
Infection and Immune Responses in Lutzomyia Longipalpis Sand Fly Larvae
Midgut. PloS Negl Trop Dis [Internet] (2015) 9(7):¢0003923. doi: 10.1371/
journal.pntd.0003923

Telleria EL, Pitaluga AN, Ortigio-Farias JR, De Aradjo APO, Ramalho-
Ortigio  JM, Traub-Cseko YM. Constitutive and Blood Meal-Induced
Trypsin Genes in Lutzomyia Longipalpis. Arch Insect Biochem Physiol
(2007) 66(2):53-63. doi: 10.1002/arch.20198

Di-Blasi T, Telleria EI, Marques C, De Macedo Couto R, Da Silva-Neves M,
Jancarova M, et al. Lutzomyia Longipalpis Tgf-b has a Role in Leishmania
Infantum Chagasi Survival in the Vector. Front Cell Infect Microbiol (2019) 9
(MAR):71. doi: 10.3389/fcimb.2019.00071

Di-Blasi T, Lobo AR, Nascimento LM, Cérdova-Rojas JL, Pestana K, Mar1n-
Villa. M, et al. The Flagellar Protein FLAG1/SMP1 is a Candidate for
Leishmania-Sand Fly Interaction. Vector-Borne Zoonotic Dis [Internet]
(2015) 15(3):202-9. doi: 10.1089/vbz.2014.1736

Meireles-Filho AC, Amoretty PR, Souza NA, Kyriacou CP, Peixoto AA.
Rhythmic Expression of the Cycle Gene in a Hematophagous Insect Vector.
BMC Mol Biol (2006) 7:38. doi: 10.1186/1471-2199-7-38

Molina-Cruz A, DeJong R], Charles B, Gupta L, Kumar S, Jaramillo-Gutierrez
G, et al. Reactive Oxygen Species Modulate Anopheles Gambiae Immunity
Against Bacteria and Plasmodium. J Biol Chem (2008) 283(6):3217-23. doi:
10.1074/jbe.M705873200

Lawyer P, Killick-Kendrick M, Rowland T, Rowton E, Volf P. Laboratory
Colonization and Mass Rearing of Phlebotomine Sand Flies (Diptera,
Psychodidac). Parasite (2017) 24:42. doi: 10.1051/parasite/2017041

December 2021 | Volume 2 | Article 747820


https://www.frontiersin.org/journals/tropical-diseases
http://www.frontiersin.org/
https://www.frontiersin.org/journals/tropical-diseases#articles
https://www.who.int/data/gho/data/themes/topics/gho-ntd-leishmaniasis
https://www.who.int/data/gho/data/themes/topics/gho-ntd-leishmaniasis
https://doi.org/10.1371/journal.pntd.0004349
https://doi.org/10.1590/S0074-02762005000800001
https://doi.org/10.1590/S0074-02762005000800001
https://doi.org/10.1371/journal.pntd.0007831
https://doi.org/10.1371/journal.pntd.0007831
https://doi.org/10.1098/rstb.2019.0802
https://doi.org/10.1186/s13071-016-1507-4
https://doi.org/10.1016/j.dci.2007.06.008
https://doi.org/10.1016/j.dci.2007.06.008
https://doi.org/10.1074/jbc.M111.331561
https://doi.org/10.1186/s13071-018-3227-4
https://doi.org/10.1111/1748-5967.12384
https://doi.org/10.1146/annurev.immunol.25.022106.141615
https://doi.org/10.1073/pnas.1216736109
https://doi.org/10.1073/pnas.1216736109
https://doi.org/10.1111/sji.12170
https://doi.org/10.4161/jkst.25700
https://doi.org/10.1128/JVI.03360-12
https://doi.org/10.7554/eLife.44341
https://doi.org/10.7554/eLife.44341
https://doi.org/10.1002/j.1460-2075.1983.tb01465.x
https://doi.org/10.1002/j.1460-2075.1983.tb01465.x
https://doi.org/10.1016/j.ibmb.2004.10.007
https://doi.org/10.1038/ni1237
https://doi.org/10.1016/j.niox.2010.04.007
https://doi.org/10.1080/109374000281131
https://doi.org/10.1016/j.pt.2006.02.014
https://doi.org/10.1016/j.pt.2006.02.014
https://doi.org/10.1371/journal.pntd.0001317
https://doi.org/10.1073/pnas.95.10.5700
https://doi.org/10.1073/pnas.95.10.5700
https://doi.org/10.1093/nar/gkaa1026
https://doi.org/10.1093/nar/gku1117
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1093/nar/gkaa977
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/bioinformatics/bty036
https://doi.org/10.1093/bioinformatics/bty036
https://doi.org/10.1099/00221287-148-1-257
https://doi.org/10.1371/journal.pntd.0003923
https://doi.org/10.1371/journal.pntd.0003923
https://doi.org/10.1002/arch.20198
https://doi.org/10.3389/fcimb.2019.00071
https://doi.org/10.1089/vbz.2014.1736
https://doi.org/10.1186/1471-2199-7-38
https://doi.org/10.1074/jbc.M705873200
https://doi.org/10.1051/parasite/2017041

Telleria et al.

Jak-STAT Pathway in Lutzomyia longipalpis

40.

41.

42.

43.

44,

45.

46.

47,

48.

50.

51

52.

53.

54.

55.

56.

57.

Sant’Anna MR, Alexander B, Bates PA, Dillon RJ. Gene Silencing  in
Phlebotomine Sand Flies: Xanthine Dehydrogenase Knock Down by
dsRNA Microinjections. Insect Biochem Mol Biol (2008) 38(6):652-60. doi:
10.1016/j.ibmb.2008.03.012

Telleria EL, Tinoco-Nunes B, LesinovaT, de Avellar LM, Tempone AJ,
Pitaluga AN, et al. Lutzomyia Longipalpis Antimicrobial Peptides: Differential
Expression During Development and Potential Involvement in Vector
Interaction With Microbiota and Leishmania. Microorganisms [Internet]
(2021) 9(6):1271. doi: 10.3390/microorganisms9061271

Schmittgen TD, Livak KJ. Analyzing Real-Time PCR Data by the Comparative
CT Method. Nat Protoc (2008) 3(6):1101-8. doi: 10.1038/nprot.2008.73
Myskova J, Votypka J, Volf P. Leishmania in Sand Flies: Comparison of
Quantitative Polymerase Chain Reaction With Other Techniques to
Determine the Intensity of Infection. J Med Entomol [Internet] (2008) 45
(1):133-8. doi: 10.1093/jmedent/45.1.133

Sadlova J, Price HP, Smith BA, Votypka J, Volf P, Smith DF. The Stage-
Regulated HASPB and SHERP Proteins Are Essential for Differentiation of the
Protozoan Parasite Leishmania Major in Its Sand Fly Vector, Phlebotomus
Papatasi. Cell Microbiol [Internet] (2010) 12(12):1765-79. doi: 10.1111/}.1462-
5822.2010.01507.x

Coutinho-Abreu 1V, Serafim TD, Meneses C, Kamhawi S, Oliveira F,
Valenzuela JG. Leishmania Infection Induces a Limited Differential Gene
Expression in the Sand Fly Midgut. BMC Genomics (2020) 21(1):1-16. doi:
10.1186/512864-020-07025-8

Engel P, Moran NA. The Gut Microbiota of Insects - Diversity in Structure
and Function. FEMS Microbiol Rev [Internet] (2013) 37(5):699-735. doi:
10.1111/1574-6976.12025

Telletia EL, Martins-Da-Silva A, Tempone AJ, Traub-Cseko YM. Leishmania,
Microbiota and Sand Fly Immunity. Parasitol [Internet] (2018) 145(10):1336~
53. doi: 10.1017/S0031182018001014

Telleria EL, Sant’Anna MRV, Alkurbi MO, Pitaluga AN, Dillon RJ, Traub-
Csek6 YM. Bacterial Feeding, Leishmania Infection and Distinct Infection
Routes Induce Differential Defensin Expression in Lutzomyia Longipalpis.
Parasites Vectors [Internet] (2013) 6:12. doi: 10.1186/1756-3305-6-12

. Liongue C, Ward AC. Evolution of the JAK-STAT Pathway. JAK-STAT (2013)

2(1):22756. doi: 10.4161/jkst.22756

Kemp C, Mueller S, Goto A, Batbier V, Paro S, Bonnay F, et al. Broad RNA
Interference-Mediated Antiviral Immunity and Virus-Specific  Inducible
Responses in Drosophila. J Immunol (2013) 190(2):650-8. doi: 10.4049/
jimmunol.1102486

Paradkar PN, Trinidad L, Voysey R, Duchemin JB, Walker PJ. Secreted Vago
Restricts West Nile Virus Infection in Culex Mosquito Cells by Activating the
Jak-STAT Pathway. Proc Natl Acad Sci USA (2012) 109(46):18915-20. doi:
10.1073/pnas.1205231109

Behura SK, Gomez-Machorro C, Harker BW, DeBruyn B, Lovin DD, Hemme
RR, et al. Global Cross-Talk of Genes of the Mosquito Aedes Aegypti in
Response to Dengue Virus Infection. PloS Negl Trop Dis (2011) 5(11):e1385.
doi: 10.1371/journal.pntd.0001385

Souza-Neto JA, Sim S, Dimopoulos G. An Evolutionary Conserved Function
of the JAK-STAT Pathway in Anti-Dengue Defense. Proc Natl Acad Sci USA
(2009) 106(42):17841-6. doi: 10.1073/pnas.0905006106

Anglero-Rodriguez Y1, MacLeod HJ, Kang S, Carlson ]S, Jupatanakul N,
Dimopoulos  G. Aedes Aegypti Molecular Responses to Zika Virus:
Modulation of Infection by the Toll and Jak/Stat Immune Pathways and
Virus Host Factors. Front Microbiol (2017) 8(OCT). doi: 10.3389/
fmicb.2017.02050

Gupta I, Molina-Cruz A, Kumar S, Rodrigues J, Dixit R, Zamora RE, et al. The
STAT Pathway Mediates Late-Phase Immunity Against Plasmodium in the
Mosquito Anopheles Gambiae. Cell Host Microbe (2009) 5(5):498-507. doi:
10.1016/j.chom.2009.04.003

Tesh RB, Modi GB. Development of a Continuous Cell Line From the Sand
Fly Lutzomyia Longipalpis (Diptera: Psychodidae), and Its Susceptibility to
Infection With Arboviruses. J Med Entomol [Internet] (1983) 20(2):199-202.
doi: 10.1093/jmedent/20.2.199

Ferreira FV, Aguiar ERGR, Olmo RP, de Oliveira KPV, Silva EG, Sant’Anna
MRYV, et al. The Small Non-Coding RNA Response to Virus Infection in the
Leishmania Vector Lutzomyia Longipalpis. PloS Negl Trop Dis (2018) 12(6):
€0006569. doi: 10.1371/journal.pntd.0006569

Frontiers in Tropical Diseases | www.frontiersin.org

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Martins-da-Silva A, Telleria EL, Batista M, Marchini FK, Traub-Cseké YM,
Tempone AJ. Identfication of Secreted Proteins Involved in Nonspecific
dsRNA-Mediated Lutzomyia Longipalpis LL5 Cell Antiviral Response.
Viruses (2018) 10(1):43. doi: 10.3390/v10010043

Soares RP, Altoe ECF, Ennes-Vidal V, da Costa SM, Rangel EF, de Souza NA,
et al. In Vitro Inhibition of Leishmania Attachment to Sandfly Midguts and
LL-5 Cells by Divalent Metal Chelators, Anti-Gp63 and Phosphoglycans.
Protist [Internet] (2017) 168(3):326-34. doi: 10.1016/j.protis.2017.03.004
Bohmer F-D, Friedrich K. Protein Tyrosine Phosphatases as Wardens of
STAT Signaling. JAK-STAT (2014) 3(1):¢28087. doi: 10.4161/jkst.28087

Rey GJ, Ferro C, Bello FJ. Establishment and Characterization of a New
Continuous Cell Line From Lutzomyia Longipalpis (Diptera : Psychodidae)
and Its Susceptibility to Infections With Arboviruses and Leishmania Chagasi.
Mem Inst Oswaldo Cruz (2000) 95(1):103-10. doi: 10.1590/S0074-
02762000000100017

Bello FJ, Mejia AJ, Corena Mdel P, Ayala M, Sarmiento L, Zuniga C, et al.
Experimental Infection of Leishmania (I..) Chagasi in a Cell Line Derived
From Lutzomyia Longipalpis (Diptera : Psychodidae). Mem Inst Oswaldo
Cruz (2005) 100(6):519-25. doi: 10.1590/s0074-02762005000600004

Terradas G, Joubert DA, McGraw EA. The RNAi Pathway Plays a Small Part
in Wolbachia-Mediated Blocking of Dengue Virus in Mosquito Cells. Sci Rep
(2017) 7:43847. doi: 10.1038/srep43847

Atayde VD, Hassani K, da Silva Lira Filho A, Borges AR, Adhikari A, Martel
C, et al. Leishmania Exosomes and Other Virulence Factors: Impact on Innate
Immune Response and Macrophage Functions. Cell Immunol (2016) 309:7~
18. doi: 10.1016/j.cellimm.2016.07.013

. Forrest DM, Batista M, Marchini FK, Tempone AJ, Traub-Csek6 YM.

Proteomic Analysis of Exosomes Derived From Procyclic and Metacyclic-
Like Cultured Leishmania Infantum Chagasi. J Proteomics (2020) 227:103902.
doi: 10.1016/j.jprot.2020.103902

Nandan D, Yi T, Lopez M, Lai C, Reiner NE. Leishmania EF-1a Activates the
Src Homology 2 Domain Containing Tyrosine Phosphatase SHP-1 Leading to
Macrophage Deactivation. J Biol Chem (2002) 277(51):50190~7. doi: 10.1074/
jbec.M209210200

Olivier M, Atayde VD, Isnard A, Hassani K, Shio MT. Leishmania Virulence
Factors: Focus on the Metalloprotease GP63. Microbes Infect (2012) 14
(15):1377-89. doi: 10.1016/j.micinf.2012.05.014

Yao C, Donelson JE, Wilson ME. The Major Surface Protease (MSP or GP63)
of Leishmania Sp. Biosynthesis, Regulation of Expression, and Function. Mol
Biochem Parasitol (2003) 132(1):1-16. doi: 10.1016/s0166-6851(03)00211-1
Sloan MA, Sadlova J, Lestinova T, Sanders MJ, Cotton JA, Volf P, et al. The
Phlebotomus Papatasi
Trypanosomatid-Contaminated Blood Does Not Differ From the Non-
Infected Blood Meal. Parasites Vectors [Internet] (2021) 14(1):1-14. doi:
10.1186/513071-020-04498-0

Sadlova J, Volf P. Peritrophic Matrix of Phlebotomus Duboscqi and Its
Kinetics During Leishmania Major Development. Cell Tissue Res (2009) 337
(2):313-25. doi: 10.1007/s00441-009-0802-1

Secundino NF, Eger-Mangrich I, Braga EM, Santoro MM, Pimenta PF.
Lutzomyia Longipalpis Peritrophic Matrix: Formation, Structure, and
Chemical Composition. J Med Entomol (2005) 42(6):928-38. doi: 10.1093/
jmedent/42.6.928

Tanji T, Hu XD, Weber ANR, Ip YT. Toll and IMD Pathways Synergistically
Activate an Innate Immune Response in Drosophila Melanogaster. Mol Cell
Biol [Internet] (2007) 27(12):4578-88. doi: 10.1128/MCB.01814-06

De Gregorio E, Spellman PT, Tzou P, Rubin GM, Lemaitre B. The Toll and Imd
Pathways Are the Major Regulators of the Immune Response in Drosophila.
EMBO J [Internet] (2002) 21(11):2568-79. doi: 10.1093/emboj/21.11.2568
Freitas VC, Parreiras KP, Duarte AP, Secundino NF, Pimenta PF.
Development of Leishmania (Leishmania) Infantum Chagasi in Its Natural
Sandfly Vector Lutzomyia Longipalpis. Am J Trop Med Hyg (2012) 86(4):606~
12. doi: 10.4269/2jtmh.2012.11-0386

Kelly PH, Bahr SM, Serafim TD, Ajami NJ, Petrosino JF, Meneses C, et al. The
Gut Microbiome of the Vector Lutzomyia Longipalpis Is Essential for Survival
of Leishmania Infantum. MBio [Internet] (2017) 8(1):e01121-16. doi:
10.1128/mBio0.01121-16

Dey R, Joshi AB, Oliveira F, Pereira I, Guimaraes-Costa AB, Serafim TD, et al.
Gut Microbes Egested During Bites of Infected Sand Flies Augment Severity of

Systemic Transcriptional Response to

December 2021 | Volume 2 | Article 747820


https://www.frontiersin.org/journals/tropical-diseases
http://www.frontiersin.org/
https://www.frontiersin.org/journals/tropical-diseases#articles
https://doi.org/10.1016/j.ibmb.2008.03.012
https://doi.org/10.3390/microorganisms9061271
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1093/jmedent/45.1.133
https://doi.org/10.1111/j.1462-5822.2010.01507.x
https://doi.org/10.1111/j.1462-5822.2010.01507.x
https://doi.org/10.1186/s12864-020-07025-8
https://doi.org/10.1111/1574-6976.12025
https://doi.org/10.1017/S0031182018001014
https://doi.org/10.1186/1756-3305-6-12
https://doi.org/10.4161/jkst.22756
https://doi.org/10.4049/jimmunol.1102486
https://doi.org/10.4049/jimmunol.1102486
https://doi.org/10.1073/pnas.1205231109
https://doi.org/10.1371/journal.pntd.0001385
https://doi.org/10.1073/pnas.0905006106
https://doi.org/10.3389/fmicb.2017.02050
https://doi.org/10.3389/fmicb.2017.02050
https://doi.org/10.1016/j.chom.2009.04.003
https://doi.org/10.1093/jmedent/20.2.199
https://doi.org/10.1371/journal.pntd.0006569
https://doi.org/10.3390/v10010043
https://doi.org/10.1016/j.protis.2017.03.004
https://doi.org/10.4161/jkst.28087
https://doi.org/10.1590/S0074-02762000000100017
https://doi.org/10.1590/S0074-02762000000100017
https://doi.org/10.1590/s0074-02762005000600004
https://doi.org/10.1038/srep43847
https://doi.org/10.1016/j.cellimm.2016.07.013
https://doi.org/10.1016/j.jprot.2020.103902
https://doi.org/10.1074/jbc.M209210200
https://doi.org/10.1074/jbc.M209210200
https://doi.org/10.1016/j.micinf.2012.05.014
https://doi.org/10.1016/s0166-6851(03)00211-1
https://doi.org/10.1186/s13071-020-04498-0
https://doi.org/10.1007/s00441-009-0802-1
https://doi.org/10.1093/jmedent/42.6.928
https://doi.org/10.1093/jmedent/42.6.928
https://doi.org/10.1128/MCB.01814-06
https://doi.org/10.1093/emboj/21.11.2568
https://doi.org/10.4269/ajtmh.2012.11-0386
https://doi.org/10.1128/mBio.01121-16

Telleria et al.

Jak-STAT Pathway in Lutzomyia longipalpis

77.

78.

80.

81.

82.

83.

Leishmaniasis via Inflammasome-Derived I1-1beta. Cell Host Microbe
[Internet] (2018) 23(1):134-43.¢6. doi: 10.1016/j.chom.2017.12.002

Monteiro CC, Inbar E, Ghosh K, Merkhofer R, Lawyer P, Paun A, et al. The
Midgut Microbiota Plays an Essential Role in Sand Fly Vector Competence for
Leishmania Major. Cell Microbiol (2017) 19(10):1-20. doi: 10.1111/cmi.12755
Campolina TB, Villegas LEM, Monteiro CC, Pimenta PFP, Secundino NFC.
Tripattite Interactions: Leishmania, Microbiota and Lutzomyia Longipalpis.
PloS Negl Trop Dis [Internet] (2020) 14(10):c0008666. doi: 10.1371 /journal.
pntd.0008666

. Warburg A, Pimenta PF. A Cytoplasmic Polyhedrosis Virus in the

Phlebotomine Sandfly Lutzomyia Longipalpis. Med Vet Entomol [Internet]
(1995) 9(2):211-3. doi: 10.1111/§.1365-2915.1995.tb00182.x

da Silva L. Thais (Fundacgo Oswaldo Cruz. Instituto Oswaldo Cruz. Rio De
Janeiro, RJ B. Estudo De Genes De Leishmania Infantum Chagasi Expressos
Durante a Infec¢ao Em Lutzomyia Longipalpis, Principal Vetor Da
Leishmaniose Visceral No Brasil [Internet] (2017). Available at: https://www.
arca.fiocruz.br/handle/icict/23792 (Accessed 2021 Nov 1).

Lee KA, Kim B, Bhin J, Kim DH, You H, Kim EK, et al. Bacterial Uracil
Modulates Drosophila DUOX-Dependent Gut Immunity via Hedgehog-
Induced Signaling Endosomes. Cell Host Microbe (2015) 17(2):191-204. doi:
10.1016/j.chom.2014.12.012

Ha EM, Oh CT, Bae YS, Lee WJ. A Direct Role for Dual Oxidase in Drosophila Gut
Immunity. Science (80-) (2005) 310(5749):847-50. doi: 10.1126/science.1117311
Rajan A, Perrimon N. Drosophila Cytokine Unpaired 2 Regulates
Physiological Homeostasis by Remotely Controlling Insulin Secretion. Cell
(2012) 151(1):123-37. doi: 10.1016/j.cell.2012.08.019

Frontiers in Tropical Diseases | www.frontiersin.org

16

84. Zhou F, Rasmussen A, Lee S, Agaisse H. The UPD3 Cytokine Couples
Environmental Challenge and Intestinal Stem Cell Division Through
Modulation of JAK/STAT Signaling in the Stem Cell Microenvironment.
Dev Biol (2013) 373(2):383-93. doi: 10.1016/j.ydbio.2012.10.023

85. Alcolea PJ, Alonso A, Molina R, Jiménez M, Myler PJ, Larraga V. Functional
Genomics in Sand Fly-Derived Leishmania Promastigotes. PloS Negl Trop Dis
(2019) 13(5):¢0007288. doi: 10.1371/journal.pntd.0007288

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Telleria, Azevedo-Brito, Kykalovd, Tinoco-Nunes, Pitaluga, Volf
and Traub-Csekdé. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

December 2021 | Volume 2 | Article 747820


https://www.frontiersin.org/journals/tropical-diseases
http://www.frontiersin.org/
https://www.frontiersin.org/journals/tropical-diseases#articles
https://doi.org/10.1016/j.chom.2017.12.002
https://doi.org/10.1111/cmi.12755
https://doi.org/10.1371/journal.pntd.0008666
https://doi.org/10.1371/journal.pntd.0008666
https://doi.org/10.1111/j.1365-2915.1995.tb00182.x
https://www.arca.fiocruz.br/handle/icict/23792
https://www.arca.fiocruz.br/handle/icict/23792
https://doi.org/10.1016/j.chom.2014.12.012
https://doi.org/10.1126/science.1117311
https://doi.org/10.1016/j.cell.2012.08.019
https://doi.org/10.1016/j.ydbio.2012.10.023
https://doi.org/10.1371/journal.pntd.0007288
http://creativecommons.org/licenses/by/4.0/

SUMMARY AND CONCLUSIONS

The presented PhD. thesis is composed of results obtained from more than 4 years of research
on sand fly immunity and gene editing. We focus our research mainly on immune-related
molecules that are potentially involved in the Leishmania-vector interactions. It is important to
study both, the parasite as a causative agent of the disease and sand flies as their vectors because
only a detailed knowledge of this complex relationship can help with developing molecular-

based strategies of transmission control.

Our investigation was dedicated to two sand fly species, P. papatasi and L. longipalpis. Both
species are important vectors, and their genomes and transcriptomes are available in public
databases. We studied the main immune pathways, Toll and Imd, their transcriptional factors
and downstream effector molecules, AMPs. Both pathways were previously showed to be
involved in antiparasitic defence, e.g. in Anopheles-Plasmodium relationship (Frolet et al.,
2006; Garver et al., 2009, 2012). We were interested in involvement of Toll and Imd pathway

in relation to L. major cycle in P. papatasi vector.

Firstly, we have selected and identified P. papatasi immunity genes. Relish transcriptional
factor was previously identified (Louradour et al., 2019), caspar, defensin 1, 2 and attacin we
have identified based on similarities with L. longipalpis sequences and confirmed by
sequencing (Kykalova et al., 2021 = PUBLICATION 1; Vomackova Kykalova et al., 2023 =
PUBLICATION 2). Using the relative gene expression assessed by qPCR, we followed the
gene profiles during Leishmania infection. To shield the influence of gut microbiota on the
expression of immune genes and to have the possibility to observe the effect mainly caused by
the parasitic infection, we treated the adults with antibiotics cocktail leading in significant
reduction of gut microbiota. We reported significantly increased expression of dorsal,
transcriptional factor of Toll pathway, at 48 hours post infection. More interestingly we
observed an overexpression of defensin I at later stage of infection (144 hours post infection)
when parasites migrate to the anterior part of the sand fly gut and colonize the stomodaeal valve.
In the group with recovered gut microbiota, an overexpression of defensin 1 was observed
earlier, at 72 hours post infection indicating the influence of bacteria abundance on gene
expression. Expression of other genes such as relish, attacin and defensin 2 was not
significantly modified during Leishmania infection (Kykalova et al., 2021 = PUBLICATION
1; Vomackova Kykalova et al., 2023 = PUBLICATION 2).

29



Due to our observation of defensin 1 gene, we decided to further investigate its role in sand flies
focusing Leishmania infection. Previously, it has been shown that defensins may have
antiprotozoal activity, e.g. defensin from Phormia terranovae and Aechna cyanea report
activity against P. gallinaceum (Shahabuddin et al., 1998) or Triatoma pallidipennis defensin
acts against Trypanosoma and Leishmania parasites (Didz-Garrido et al., 2021). First of all, we
compared the expression of defensin [ in separate tissues (head, gut, thorax, Malpighian
tubules, eggs and posterior end of abdomen) and we found out that it is expressed only in the

midgut, the tissue where parasite cycle takes place (Kykalova et al., 2021 = PUBLICATION
1).

Based on our result we conclude defensin 1 as a gut-specific AMP with function in local
immune defence. We hypothesized that the local production of defensin 1 is compensated in
other tissues. Using quantitative qPCR we discovered that defensin 2 is expressed in other
tissues (carcasses) more than 40x more than in the midgut indicating that it may compensate
the missing expression of defensin I (Vomackova Kykalova et al., 2023 = PUBLICATION 2).
It has been also observed in other insects that some AMPs are expressed differently depending
on the tissue (Vizioli et al., 2001; Dong et al., 2006; Vieira et al., 2016) while working either
synergistically or additively (Hanson et al., 2019).

Using the gene-silencing approach we continued our investigation in defensins role during
Leishmania infection. Firstly, we adapted the protocol to reach the gene silencing in sand fly
gut. We increased the amount of injected dsSRNA and report a gene silencing in the midgut
tissue (Vomackova Kykalova et al., 2023 = PUBLICATION 2). All previous studies, using
gene silencing approach to study the sand flies in connection with a pathogen challenge,
followed the same order when first step was gene silencing and second was pathogen challenge
(Sant’Anna et al., 2009; Coutinho-Abreu et al., 2010; Telleria et al., 2012; Telleria, et al., 2021a;
Telleria, et al., 2021b). Taking in account that gene silencing effect is temporary and can last
maximum 72 hours, we decided to change the order to target the later stage of Leishmania cycle
in the vector. We firstly experimentally infected the P. papatasi females with L. major and 3
days post infection we microinjected dsRNA in the females and silenced defensinl or
defensinl+2. Thus, the silencing effect lasted across days 4 and 5 (when P. papatasi females
defecates and parasites attach to midgut microvilli) till day 6 of infection when parasites migrate
anteriorly and colonize the stomodaeal valve (critical part of infection for parasite
transmission). JPCR showed that, the silencing of defensin I or defensin 1+2 led to significantly

increased levels of Leishmania in comparison to control group (infected females injected with
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control LacZ dsRNA). Moreover, we tracked the mortality rates of infected sand flies. In the
groups with defensin silencing the mortality levels were significantly higher on day 6 compared
to the control group. We have proven that suppression of defensins in P. papatasi favors
Leishmania infection and negatively affect sand fly fitness (Vomackova Kykalova et al., 2023

= PUBLICATION 2).

Given that sand fly larvae and pupae live in the microbe-rich environment with lot of detritus,
such as animals burrows (Killick-Kendrick, 1999), we were also interested in expression
profiles of immune-related genes during development and under different bacterial loads.
Phlebotomus papatasi larvae were reared under two feeding regiments. One group was fed on
regular laboratory food made by composed rabbit faces as a microbe-rich food. Second group
was fed on the same food but sterilized by autoclaving referred as control. We follow the
expression of the same genes as in adults during the development in guts of larvae fed on
microbe-rich food. We found out that expression of relish, transcriptional factor of Imd
pathway, was increased in early L4 stage, attacin was overexpressed in L3 and early L4 stage;
defensin’s expression was increased in L3 stage and dorsal gene was not changed significantly.
Attacin showed the most significant changes under higher microbe intake, especially in the
voracious stages (L3 and early L4) which indicated that this AMP is necessary for controlling
the bacterial loads in food (Kykalova et al., 2021 = PUBLICATION 1).

To understand more the expression of AMPs in P. papatasi, we decided to evaluate their
association with immune pathway. We focused on the Imd pathway which has a sole
transcriptional factor, relish. We used RNAi-mediated gene silencing of relish in carcasses and
guts and follow the consequent expression of AMPs. We were able to reach the successful
knockdown in carcasses but unfortunately not in guts where the expression was not reduced
significantly. Future experiments using increased volume of dSRNA can result in more efficient
silencing (just like we did with defensin 1). In the relish-silenced samples of sand fly carcasses,
we reported significant downregulation of attacin and defensin 2. Defensin 1 was not measured
in carcasses samples because of its gut-specificity. In the gut sample with reduced relish
expression, attacin levels were very variable and defensin 2 was reduced but not significantly.
Our findings showed the correlation between relish knockdown and suppression of AMPs
expression in carcases, although this correlation was not confirmed in the guts, (Vomackova
Kykalova et al., 2023 = PUBLICATION 2) We consider that the relish correlation with AMPs
may differ depending on the organs or tissues as it was previously published in other insect

(Keshavarz et al., 2020).
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Leishmania lipophospoglycan (LPG), the major surface glycoconjugate of the parasites, has
several functions described during Leishmania cycle in both, vectors and hosts (Spéth et al.,
2003). We were interested to know how PAMPs, such as Leishmania LPG and bacteria LPS,
modulate innate immune responses, more specifically expression of AMPs. We based our
scientific approach on previous studies which shown that Leishmania infection triggered
immune response while L. longipalpis reported increased expression of attacin and defensin
after L. infantum infection (Telleria, et al., 2021b) and P. papatasi reported overexpression of
defensin after L. major infection (Kykalova et al., 2021). Expression dynamics of 3 AMPs
(attacin, defensin 1, defensin 2) in P. papatasi and L. longipalpis were analysed after artificial

feeding with LPG molecules derived from L. infantum or L. major or LPS from E. coli.

Lutzomyia longipalpis attacin levels were significantly increased after all investigated
challenges. LPG derived from naturally transmitted L. infantum led to overexpression of attacin
at 48 hours post feeding as well as LPG from the non-naturally transmitted L. major parasites.
Differently, LPS ingestion caused increase of attacin at 72 hours post feeding. Lutzomyia
longipalpis defensin 2 levels were increased after L. infantum LPG at 48 hours post feeding and
72 hours post LPS feeding and did not react to L. major LPG. Interestingly, L. longipalpis
defensin 1 did not show any changes after any of investigated challenges. Definitely, attacin
gene reported the most changes in L. longipalpis after PAMPs ingestion. Similarly, P. papatasi
attacin did show the most detectable modulation after PAMPs feeding. LPG derived from non-
naturally transmitted L. infantum, and naturally transmitted L. major led to overexpression of
attacin at 24 hours post feeding. Similar trend was observed after LPS feeding, but the increase
was not significant. Defensin I and 2 did not show any significant increase but they were
variable after L. major LPG feeding (Vomackova Kykalova et al.,2024 accepted for
publication= PUBLICATION 3).

Our results indicate that attacin expression reacts quickly and universally to investigated
PAMPs presence and may be part of the immediate defence. This study also investigated the
effect of PAMPs on expression of gut proteins (mucin and galectin) and digestive enzymes
(trypsin and chymotrypsin), but the results are not summarized here as they are not related to

sand fly immunity.

Inter alia, Jak-STAT pathway can regulate iNOS molecule responsible for nitric oxide
production (Kleinert et al., 2004). Nitric oxide has antileishmanial activity and therefore

parasites developed mechanism how to supress iNOS expression in infected macrophages in
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vertebrate hosts (Orsini et al., 2016). We investigated the role of Jak-STAT pathway in sand fly
vector during Leishmania infection. This collaborative project with FIOCRUZ, Brazil, was
done on L. longipalpis adult females and LL5 embryonic cell line. Firstly, we did measure Jak-
STAT-related genes levels after Leishmania challenge in both study models. In LL5 embryonic
cell line, an overexpression of PIAS and PTP (both negative regulators of Jak-STAT pathway)
was observed 24 and 48 hours post challenge, meanwhile SOCS (third investigated negative
regulator) did not show significant changes in expression. Interestingly, even expression of
transcriptional factor of the pathway, STAT, was increased at 24 hours post challenge. Two
more genes were investigated, attacin and VIR-1 as a potential effector molecule downstream
of the pathway. While attacin levels were not changed, VIR-1 expression was significantly
reduced at all investigated timepoints (12, 24, 48 hours post challenge). An increased expression
of two out of three negative regulators indicates the suppression of the pathway as a result of L.
infantum challenge with consequent suppression of downstream V/R-1 molecule. On the other
hand, increased expression of STAT indicates that there is no direct correlation of PTP and PIAS
regulators with STAT expression. No similarities were observed when investigating the same
genes in the adult females after experimental infection of L. infantum. None of the negative
regulators (PIAS, SOCS, PTP) levels were changed, same as STAT transcriptional factor or VIR-
1. The only gene reporting a significant change was attacin with downregulation at 72, hours
post infection. We also added iNOS to investigated gene set but we did not report any change

in expression after Leishmania infection.

The decreased expression of attacin suggests its linkage to another regulatory pathways, such
as Toll or Imd. Using the knockdown approach of selected genes, we investigated the function
of PIAS in LLS5 cell line and STAT in adult females. The silencing of P/4S in LL5 cell line led
to increased expression of PTP indicating a compensatory regulation between the repressors.
STAT-silenced adult females infected by L. infantum reported a significant decreased
expression of iINOS and DUOJX in the carcasses together with increased levels of Leishmania
in guts at 24 hours post infection. We conclude that STAT has its role in iNOS regulation in
sand flies with a subsequent effect on parasite survival. (Telleria, et al., 202la =

PUBLICATION 4).

Finally, we invested efforts to establish a new sand fly’s gene editing method in our laboratory.
CRISPR-Cas9 editing system was selected for its versatility, and it has been used in multiple
pathogen’s vector studies (e.g. Hammond et al., 2016; Dong et al., 2018; Kyrou et al., 2018;
Inbar et al., 2021; Chen et al., 2021) but it has only been once published in sand flies (Louradour
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et al., 2019). Based on the progress done by our colleagues from LSHTM on Drosophila and
sand fly’s cell lines, we firstly tried a plasmid delivery system of gene editing. A Drosophila
pDCC6 plasmid adapted for sand flies was used to deliver a sgRNAs together with Cas9
enzyme into embryos. As a second approach we decided for direct injection of sgRNAs and
recombinant Cas9 enzyme following the protocol used previously by Louradour et al. (2019)
With more than 14,000 injected embryos, knockout of multiple target genes was aimed during
our experiments such as L. longipalpis olfactory genes (Gr2, IR8a, and Orco); genes coding for
wing’s properties (rudimentary, vestigial); P. papatasi genes coding for pigmentation (ebony,

cinnabar) and an immune-related gene (caspar).

Only results pertaining to immune-related gene, caspar, were summarized in the supplementary
file to this thesis due to its focus and unpublishable nature of the results. To increase the chances
for gene knockout we simultaneously used 3-4 sgRNAs aiming various exons of the caspar
gene promising the multiple gene’s cut offs. None of the used approaches led to successfully
detectable edited sand fly lines, but we were able to identify and partially solve many of the
difficulties. For that reason, we think our work done on CRISPR-Cas9 editing system laid the

first foundations for future experiments in our laboratory.
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