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Abstract
Malaria parasite (Plasmodium spp.) infection in the mosquito Anopheles
stephensi induces significant expression of A. stephensi nitric oxide synthase
(AsNOS) in the midgut epithelium as early as 6 h post-infection and intermittently
thereafter (69, 72). This induction results in the synthesis of inflammatory levels
of nitric oxide (NO) in the blood-filled midgut that limit parasite development (72).
However, the Plasmodium-derived factors that can induce AsNOS expression
and the signaling pathways responsible for transduction in A. stephensi have not
been identified until completion of the work described herein.
In

my

studies,

I

have

determined

that

P.

falciparum

glycosylphosphatidylinositol (PfGPIs) can induce AsNOS expression in A.
stephensi cells in vitro and in the midgut epithelium in vivo. Based on related
work in mammals, I hypothesized that parasite-derived AsNOS-inducing factors
signal through the insulin signaling pathway and the NF-κB-dependent Toll and
Immune deficiency (Imd) signaling pathways. In support of this hypothesis, I
have determined that signaling by P. falciparum merozoites and PfGPIs is
mediated through A. stephensi protein kinase B (Akt/PKB) and DSOR1 (mitogen
activated protein kinase kinase, MEK)/Extracellular signal-regulated protein
kinase (ERK), kinases which are associated with the insulin signaling pathway.
However, signaling by P. falciparum and PfGPIs is distinctively different from
signaling by insulin and these parasite signals are not insulin-mimetic to A.
stephensi cells.
In other studies, treatment with pyrrolidine dithiocarbamate (PDTC), an
inhibitor of NF-κB, reduced AsNOS expression by P. falciparum merozoites in A.

stephensi cells. This result suggested the involvement of Toll and Imd pathways
in parasite signaling of mosquito cells. Knockout of Pelle, a proximal signaling
protein in the Toll pathway, increased AsNOS expression following parasite
stimulation, suggesting that the Toll pathway may negatively regulate signaling
by Plasmodium-derived AsNOS-inducing factors. In contrast, knockout of TGFbeta-activated kinase 1 (Tak1), a proximal signaling protein in the Imd pathway,
reduced AsNOS expression by 20% relative to the control, suggesting that the
Imd pathway is required for signaling by Plasmodium-derived AsNOS-inducing
factors.
Despite the NO-rich environment of the midgut, Plasmodium development
is not completely inhibited.

This observation suggests that Plasmodium may

have efficient detoxification systems during sexual development in A. stephensi.
To identify Plasmodium defense genes that may defend parasites against
nitrosative stress caused by AsNOS induction, expression of several antioxidant
defense genes known to function in nitrosative stress defense in a variety of
organisms were examined during sporogonic development. Notably, increased
expression levels of P. falciparum peroxiredoxins containing 1 or 2 cysteines (1cys or 2-cys PfPrx) were associated with periods of parasite development just
prior to and during parasite penetration of midgut epithelium, an event associated
with significant AsNOS induction in the midgut.

The provision of Nω-nitro-L-

arginine (L-NAME), a known inhibitor of NOS enzyme activity, to A. stephensi
with Plasmodium culture by artificial bloodmeal significantly reduced expression
of 1-cys and 2-cys PfPrx indicating that these gene products may function to
protect parasites against nitrosative stress induced by AsNOS.
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Chapter 1 Introduction
1.1 Malaria
Malaria is one of the world’s most prevalent diseases, with 300-500 million
clinical cases and 1.5-2.7 million deaths each year (2). At present, some 90
countries in the world are considered malarious, with almost half of them located
in Africa south of the Sahara (2). Furthermore, over 90% of deaths occur among
African children.
Malaria is caused by parasites of the genus Plasmodium which are
transmitted by female Anopheles mosquitoes.

As shown in Figure 1, the

sporogonic life cycle of the parasite Plasmodium begins with the ingestion of
gametocytes with the bloodmeal from an infected vertebrate host.

Ingested

microgametocytes undergo exflagellation and macrogametocytes mature to
macrogametes in the mosquito midgut.

Within 20 h after ingestion, zygotes

formed by fertilization develop to ookinetes. The ookinetes, which are a motile
and invasive form of Plasmodium, penetrate the midgut epithelium and migrate to
the basal lamina where they form oocysts. After 10-12 d, mature oocysts begin
to break down and release thousands of sporozoites, which invade the salivary
glands and are released into a vertebrate host when the mosquito feeds.
Inoculated sporozoites invade hepatocytes and undergo several rounds of
replication prior to release of merozoites into the circulatory system. Merozoites
invade erythrocytes and undergo asexual replication and development into early
trophozoites called “ring” stages.

Mature trophozoites undergo additional

asexual division to form the merozoite-containing schizonts. Schizonts release
merozoites by rupturing the erythrocyte membrane and the blood cycle is
continued by invasion of merozoites into new erythrocytes. Some merozoites
develop into gametocytes which can initiate sexual development in the mosquito
midgut following bloodfeeding.
Plasmodium species are host-specific. Four species of Plasmodium can
utilize humans as hosts: Plasmodium vivax, Plasmodium malariae, Plasmodium
1

ovale, and Plasmodium falciparum. Among these, infection with P. falciparum
has a high fatality rate because this species can infect all stages of host
erythrocytes and evade host immune defense by sequestration (111).
The major symptom of malaria is a periodic fever, which can occur at
intervals of 48 h for P. falciparum, P. vivax, and P. ovale and at intervals of 72 h
for P. malariae (2).

Symptoms appear as ‘flu-like’ and then can develop to

severe anemia, acute renal failure, and cerebral malaria. Diagnosis of malaria is
generally based on microscopic examination of peripheral blood films. Through
microscopic diagnosis, species and density of parasites can be determined (2).
Several prevention and control strategies are currently utilized. These
strategies involve reducing contact with mosquitoes through the use of
insecticide-treated bednets, repellents, and screens and controlling vector
mosquitoes using insecticides, larvicides, and bacteria that produce toxins. Early
diagnosis and treatment of infected human hosts can also control transmission
through reservoir reduction (92). The development of an effective vaccine is
currently based on three strategies: a pre-erythrocytic vaccine, a blood-stage
vaccine, and a transmission-blocking vaccine (92). In spite of current efforts to
control malaria, the appearance of drug-resistant parasites and insecticideresistant mosquitoes continues to accelerate the crisis of malaria transmission
worldwide. Moreover, the lack of financial support and health infrastructure in
malaria-endemic areas limits the success of even the most rudimentary available
control strategies to eradicate malaria.
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Figure 1 Life cycle of Plasmodium (1)
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1.2 Transmission blocking strategy
In addition to the control methods described above, a strategy based on
transmission blocking has been proposed for malaria control. The aim of this
approach is to develop transgenic mosquitoes that are incapable of supporting
Plasmodium transmission and that can replace natural, susceptible populations
of Anopheles in endemic areas. Work in three areas is required for success of
this strategy: (a) identification of effective gene targets to hamper Plasmodium
development in mosquitoes, (b) development of transformation protocols to
introduce target genes into the mosquito genome, and (c) development of
successful release strategies that result in transgene spread without reduction of
fitness (92).
The search for effective gene targets has focused on mosquito innate
immunity.
studied.

For example, antibacterial peptide genes have been intensively
The majority of insect species, including mosquitoes, produce

antibacterial peptides against bacterial and fungal infections (31, 32). Among the
known antibacterial peptides, several have shown anti-plasmodial activity.
Defensins from Aeschna cyanea (dragon fly) and from Phormia terranovae (flesh
fly) (110) and gambicin from A. gambiae (122) appear to have anti-parasite
activity. In addition, the development of Plasmodium berghei, a murine parasite,
in transgenic A. gambiae which express high level of cecropin A was reduced by
60% compared to nontransgenic mosquitoes (61).

Other examples of anti-

parasite gene targets of interest include those that target salivary gland invasion
by sporozoites.

The mechanism of sporozoite invasion appears to require

specific receptor-ligand interactions (54). As such, molecules that can bind to
and block salivary gland receptors, including some types of lectins and SM1
peptide, a small peptide of unknown function, may be useful to block parasite
development (11, 53, 54). The only endogenous parasite killing mechanism to
be described from Anopheles derives from the expression of a Plasmodiuminducible NOS (27). During Plasmodium infection, the expression of AsNOS is
induced and this induction limits Plasmodium development (72). My project is
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focused on the AsNOS-mediated defense of Anopheles against Plasmodium as
a target for genetic enhancement.
The transmission blocking strategy is also dependent on the development
of a stable transformation protocol. Based on critical events in the parasite life
cycle, target tissues of interest for transformation in the mosquito include the
midgut epithelium, salivary gland, and fat body, a tissue that synthesizes a wide
variety of immune effectors.

Appropriate promoters are needed to drive

expression of effector genes in desired tissues at critical stages of parasite
development. Recent studies have identified several such promoters including
the blood-inducible A. gambiae carboxypeptidase promoter that is expressed in
the midgut (80) and promoters for vitellogeninin and lipophorin gene expression
in the fat body (93) following blood-feeding.

Promising gene transfer tools

including transposable elements such as hobo and Hermes have been used
successfully in some mosquito species (89). Virus vectors, including a pantropic
retrovirus vector constructed using the envelope glycoprotein of vesicular
stomatits virus (VSV-G), have been used to develop stably transformed A.
gambiae (77, 89).
The final component required for success of a transmission blocking
strategy is a plan for release of transgenic mosquitoes into endemic areas.
Several concerns related to release are notable, not the least of which is the
concept of releasing a genetically engineered pest into the environment. Other
concerns include the potential for fitness reduction of transgenic mosquitoes
relative to wild type individuals and transgene stability in the field (116). Although
lab-based fitness tests of transgenic mosquitoes are ongoing (81), the interaction
of specific genes, the structural organization of the mosquito genome, population
genetics of natural field populations of mosquitoes, and predicting phenotypes in
the field are significant deficiencies in the knowledge that must be overcome for
application of a transmission blocking strategy (116). This is the current state of
research in support of transmission blocking as a strategy to eradicate malaria.

5

1.3 Research objectives
The goal of my research was to establish the molecular basis of the
AsNOS-mediated innate immune defense to aid in the development of AsNOS as
a target for transmission blocking. The catalysis of NO synthesis is an essential
first line defense mechanism in both vertebrates and insects against a wide
range of invaders. In mammals, Plasmodium infection induces NOS expression
and NO synthesis (8).

NO is a gaseous free radical with a short half-life.

However, NO reacts with molecules present in cells such as free thiol, heme, and
superoxide to generate stable reactive nitrogen intermediates (RNIs).

These

RNIs are toxic to Plasmodium and can inactivate enzymes, oxidize lipids and
inhibit nucleic acid synthesis (101).

Plasmodium glycosylphosphatidylinositol

(GPI), the major surface anchor for parasite proteins (43), can elicit the NOSmediated immune response in mammalian cells (117). Further, NOS induction
by P. falciparum GPIs is mediated by protein tyrosine kinase (PTK) and protein
kinase C (PKC) and by translocation of the transcription factor, nuclear factorkappa B (NF-κB; (117)). Previous studies suggested that PfGPIs were insulinmimetic: PfGPIs altered glucose metabolism in rat adipocytes in vitro and
induced hypoglycemia in vivo following injection into mice (106).

Anopheles

stephensi also produces NO to limit parasite development (72).

However,

neither the parasite-derived factor(s) responsible for inducing this NO-mediated
response nor the downstream signaling pathways are known in the mosquito.
Therefore, the first part of my project focused on identification of Plasmodiumderived AsNOS-inducing factor(s) and the cellular pathway(s) through which
these signals are transduced.
Despite inflammatory levels of NO and RNIs produced during the A.
stephensi immune response, some parasites survive.

This implies that

Plasmodium spp. may have efficient detoxification systems that can neutralize
RNIs and protect the parasite inside the mosquito host. Development in red
blood cells (RBCs) exposes parasites to oxidative stress produced by parasite
hemoglobin digestion and from the host immune response (10); a large defense
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arsenal of antioxidants protects parasites from this stress (79).

A variety of

studies in bacteria, murine macrophages and in human beta and monocytic cells
have demonstrated that some well-known antioxidants and some novel proteins
can protect these cells against nitrosative stress (21, 26, 38, 103). Because the
P. falciparum genome encodes these defense genes, I hypothesized that some
of these gene products may protect malaria parasites against nitrosative stress
during development in the mosquito. The second part of my project addressed
this hypothesis by examining expression of several candidate defense genes
during parasite development in the mosquito.
Specific aims of my research
1. Which component(s) of Plasmodium can induce AsNOS expression and
how is this signal transduced in mosquito cells?
a. Do whole parasites, parasite crude lysate and glycolipid-enriched
organic extract, and parasite GPIs induce AsNOS expression?
b. Is the A. stephensi insulin signaling pathway involved in signaling
by parasite-derived AsNOS-inducing factors?
c. Are A. stephensi Toll and/or Imd pathways involved in signaling by
parasite-derived AsNOS-inducing factors?
2. Does Plasmodium falciparum defend itself against RNIs derived from
AsNOS activity?
a. Do parasites express candidate nitrosative stress defense genes
during sporogonic development?
b. Does expression of these genes change through parasite
development?
c. Does provision of L-NAME, an AsNOS inhibitor, alter expression of
candidate parasite defense genes?

7

1.4 Significance
My research contributes to the understanding of the AsNOS-mediated
mosquito innate immune defense against Plasmodium.

The first part of my

research has identified parasite-derived factor(s) that are recognized by A.
stephensi cells to induce AsNOS expression. This work provides first insights
into signal transduction of the mosquito immune response to Plasmodium. The
AsNOS gene is composed of 19 exons and has multiple transcripts produced by
alternative splicing (70, 71), suggesting that direct manipulation of AsNOS for
transmission blocking may be difficult. As such, the identification of upstream
signaling pathways can be used to find new, more amenable targets to regulate
downstream AsNOS expression. Finally, AsNOS is likely one of many effector
genes regulated by these signaling pathways, suggesting that manipulation of
expression of pathway components may facilitate identification of novel effector
genes that provide alternatives to AsNOS manipulation.
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Chapter 2 Literature review
2.1 Plasmodium-derived AsNOS-inducing factors and signaling
pathways
Following infection with malaria parasites, induction of A. stephensi NOS
catalyzes the synthesis of inflammatory levels of NO (72). This inducible NO
synthesis limits parasite development (72). Strong AsNOS induction has been
observed in the midgut of infected mosquitoes as early as 1 h post bloodmeal
(pBM) and through 9 d pBM corresponding to ookinete formation, parasite
invasion of the midgut and sporozoite release (69, 72). In mammalian cells,
PfGPIs induced inducible NOS (iNOS) expression and this response was
mediated by PTK, PKC, and NF-κB (117). Further, PfGPIs are insulin mimetic in
mice (106) suggesting that parasite signals might be transduced through an
insulin signaling pathway. In a manner similar to PfGPIs, Trypanosoma cruzi
GPIs, which are structurally similar to PfGPIs, are potent immune modulators and
can induce iNOS (6) via alterations in Toll-like receptor 2 (TLR2) expression in
mammalian cells (22). Based on these studies in mammals, I proposed that
Plasmodium GPIs may function to induce AsNOS expression through insulin
signaling and Toll/Imd pathways in A. stephensi cells.
Glycosylphosphatidylinositol as a candidate Plasmodium factor to induce
AsNOS expression
GPIs are ubiquitous in eukaryotic cells, where their primary function is to
anchor proteins to the cell membrane. GPIs are present as protein-linked GPI
anchors and free glycoinositolphospholipids (GIPLs), which are especially
abundant in the cell membrane of parasite protozoa (108). In general, GPIs
consist of a conserved ethanolamine phosphate-trimannosylglucosaminyl glycan
core attached to phosphatidylinositol.

In the case of PfGPIs, key structural

features include a terminal fourth mannose, variable fatty acyl substituents with
unsaturated acyl residue on sn-2 position on glycerol, and C16:0 acyl moiety on
9

C2 of inositol (Figure 2, (87)). Parasite GPIs and GIPLs, both of which differ
structurally from host cell GPIs, elicit the synthesis of pro-inflammatory cytokines
as well as NO from mammalian cells (6, 7, 117).

Tachado et al (1996)

demonstrated that PfGPIs were, in fact, the major toxin responsible for NO
production

by

mammalian

cells

(117).

Further,

monoclonal

antibody

neutralization experiments confirmed that PfGPIs were solely responsible for
induction of NO and tumor necrosis factor-α (TNF-α) synthesis by parasite
extracts (109).
Malaria parasite GPIs induce alterations in glucose metabolism in rat
adipocytes (106, 109) suggesting that parasite GPIs may substitute for an
endogenous insulin second messenger in these cells (106). The evolutionally
conserved glycan core of PfGPIs induces rapid activation of the cytosolic PTK in
macrophages and endothelial cells (117, 118), while the diacylglycerol (DAG)
moiety activates PKC (117, 118). Both signals are thought to be involved in
nuclear translocation of the transcription factor NF-κB, which results in the
induction of NOS gene expression (117, 118). The activity and signaling by
PfGPIs suggested that PfGPIs may signal mosquito cells to elicit immune
responses such as AsNOS induction. Malaria parasite GPIs would be available
to signal mosquito midgut cells during multiple stages of sporogonic
development.

Parasite GPIs released from ingested merozoites and sexual

stages of Plasmodium may signal early induction of AsNOS. In addition to GPIs
derived from asexual stages, which are ingested and released during the
processes of bloodfeeding and digestion, abundant GPI-linked surface proteins
are expressed in mosquito-stage malaria parasites. For example, proteins in the
P21/28 and P25 subfamilies and circumsporozoite protein (CSP) are localized on
the parasite surface from shortly after parasite ingestion to 17 d pBM (113). The
GPI-anchored P. berghei protein 21 (Pbs 21) is released when parasites
transverse the mosquito midgut (47).

The presence of parasite GPIs in the

mosquito from bloodfeeding throughout parasite development and the known role
of parasite GPIs as an inducer of NOS expression in mammalian cells suggest
that parasite GPIs induce AsNOS expression in mosquito midgut.
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Figure 2. The structure of Plasmodium falciparum GPIs (87)
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Transduction of Plasmodium-derived signals
Insulin signaling pathway
Upon stimulation of mammalian cells with insulin, cellular GPI is
hydrolyzed rapidly to phosphoinositolglycan (PIG) and diacylglycerol by
phosphatidylinositol-specific phospholipase C (104). A significant body of work
has shown that PIG functions as a second messenger mediating signal
transduction in response to insulin in both stimulated and neighboring cells (104).
As shown in Figure 3, the activated insulin receptor phosphorylates insulin
receptor substrates, the IRS proteins (45). Activated IRS recruits downstream
signaling molecules, p21 Ras and phosphatidylinositol 3-kinase (PI3-K; (45)).
One branch of the insulin signaling pathway is composed of PI3-K, Akt/Protein
kinase B (Akt/PKB), atypical PKC and several other kinases (45). A second
branch of the insulin signaling pathway transduces signals from insulin through
p21 Ras, mitogen-activated protein kinase kinase (MEK), extracellular signalregulated kinase (ERK), and several other downstream kinases (45).
Plasmodium GPIs appear to possess insulin-mimetic activity, regulating glucose
metabolism and inducing hypoglycemia when administered to mice in vivo (106).
These observations implied that parasite GPIs exert pleiotropic effects on host
cells by substituting for endogenous PIG-based signaling pathways of host cells
(106). This hypothesis was supported by the observation that “malaria toxin”
prepared from parasitized erythrocytes copurified with mammalian PIGs and was
insulin-mimetic (101). Synthetic PIGs, which mimic the functions of mammalian
PIG, have been utilized extensively in the research on the treatment of insulinresistant diabetes (39, 40, 83). In rat adipocytes, PIG signaling bypasses insulin
receptor

to

activate

nonreceptor

PTK

pp59

(39).

Downstream

IRS

phosphorylation activates both branches of the insulin signaling pathway,
producing insulin-mimetic metabolic effects (39, 40, 82).
In addition to these well known metabolic actions, insulin signaling has
been associated with the regulation of innate immunity. In rat vascular smooth
muscle cells, insulin stimulation leads to the induction of iNOS through PI3-K and
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ERK (12). Further the connection between insulin signaling pathway and innate
immunity has reported in a lower organism, Caenorhabditis elegans. The insulin
signaling pathway of C. elegans regulates expression of antimicrobial defense
genes (85).
Components of the insulin signaling pathway have also been described
from Drosophila melanogaster (18), Aedes aegypti (44, 98), and A. gambiae (64,
99).. As described in chapter 3, orthologous genes encoding an insulin receptor,
Akt/PKB, PI3-K, and MEK are expressed in the A. stephensi midgut. These
observations indicate that insulin signaling pathways are present in insect cells
and these pathways are conserved among insects and mammals. Based on
these observations, I hypothesized a PfGPI signal may be transduced through an
insulin signaling pathway in A. stephensi to induce AsNOS induction.
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Insulin Receptor (INR; Hs, Dm, Aa, Ag)
IRS (Hs)
Chico (Dm, Ag)
PI-3K(P110; Hs)
P110 (Dm, Ag)

p21 Ras (Hs)
Ras85D (Dm)
Raf-1 (Hs)

PDK1 (Hs)
Pk61C (Dm, Ag)

MEK1 (Hs)
DSOR1 (Dm, Ag)

Akt/PKB (Hs, Dm, Aa, Ag)

ERK1,2 (Hs)
ERK-A (Dm)

Figure 3 Generalized insulin signal transduction pathways
Selected orthologous receptor and pathway elements from humans (Hs), D.
melanogaster (Dm; (29, 100)), A. aegypti (Aa; (96, 97)) and A. gambiae (Ag;
(99)) are indicated. Abbreviations are as follows: IRS, insulin receptor substrate;
PI,

phosphatidylinositol;

PDK,

phosphoinositide-dependent

kinase;

MEK,

mitogen-activated protein kinase kinase; PKC, protein kinase C; ERK,
extracellular signal-regulated kinase; PKB, protein kinase B
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Toll signaling pathway
Toll and Toll-related proteins play an important role in innate immunity in
insects, plants, and mammals (36, 75, 124). Toll receptors are viewed as ancient
receptors that confer specificity to the host innate immune system allowing the
recognition of “pathogen-associated molecular patterns” (22, 50). In Drosophila,
the Toll signaling pathway is activated by fungi and Gram-positive bacteria (60).
As shown in Figure 4, activation of this signaling pathway induces the synthesis
of antimicrobial peptides such as drosomysin (17, 60). Although a mechanism
has not been fully elucidated, fungi and Gram-positive bacteria activate the
serine protease cascade which activates the Toll receptor ligand, Spatzle (17,
60).

The binding of activated Spatzle to Toll initiates signaling through

Drosophila myeloid differentiation factor 88 (dMyD88), Pelle, and Tube. This
signaling cascade leads to the degradation of Cactus which is the inhibitor of Dif,
an NF-κB homolog, and translocation of Dif into the nucleus to induce the
transcription of antifungal and antibacterial peptides (17, 60). The Imd pathway
is an alternative endotoxin-responsive signaling pathway using an NF-κB
homolog as the terminal component (Figure 4, (17)). Gram-negative bacteria
activate the Imd pathway resulting in the induction of the synthesis of
antimicrobial peptides such as Diptericin (60). This pathway is composed of Imd,
a TGF-beta-activated kinase (dTak1), an inhibitory kinase (IKK) complex, an Fasassociated death domain adaptor protein (dFADD), and the caspase Dredd (60).
A related c-Jun N-terminal kinase (JNK) pathway activated by Tak1 also
functions during the D. melanogaster immune response (112).
During malaria infection, Tachado et al (1996) showed that P. falciparum
GPIs induce NO production in mammalian cells (117). In mouse macrophages,
signaling by PfGPIs induces translocation of NF-κB; PDTC blocked this
response, which was required for NO synthesis in stimulated cells (117, 118). In
the mouse, P. berghei-induced liver injury is dependent on activation of myeloid
differentiation factor 88 (MyD88), an adaptor protein of TLRs (4).

These

observations suggest that TLR signaling is involved in regulating the response to
malaria parasite infection, but the case for Toll signaling by Trypanosoma cruzi,
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another protozoan parasite, is more direct. During infection in mammals, T. cruzi
GPIs trigger TLR-2 expression, NF-κB translocation and iNOS expression (6).
Although T. cruzi GPIs and PfGPIs are not identical in structure, they share a
similar glycan core and unsaturated fatty acid at the sn-2 position of the
diacylglycerol moiety that is thought to be critical to elicit cellular responses such
as NO production (6, 119). Based on these observations and the fact that the
AsNOS gene also has at least one NF-κB binding site in its promoter region (71),
I hypothesized that malaria parasites may signal AsNOS in the mosquito midgut
through Toll and/or Imd pathways.
Components of the Toll and Imd pathways have been identified in
mosquitoes through genome analysis and from functional studies.

The A.

gambiae genome encodes 10 Tolls, MyD88, the kinases Tube and Pelle, the IκB
Cactus, REL Gambif1 and Relish and Imd (28). Expression levels of some of
these genes are responsive to bacterial infection or lipopolysaccharide (LPS)
stimulation.

For example, TLR2 expression was upregulated in mouse

macrophages in vitro by LPS stimulation and the injection of LPS stimulation
significantly induced TLR2 expression in vivo (78). In addition, expression of A.
gambiae Toll 1 and 9 were upregulated (1.5-fold) in mosquito larvae challenged
with Gram-negative bacteria (74). These data suggested that parasite signaling
may induce changes in expression in genes of the Toll and/or Imd signaling
pathways.
Based on these observations, I proposed that Toll and/or Imd signaling
pathways may be involved in signaling by parasite-derived factors in A.
stephensi. This hypothesis was examined by monitoring changes in expression
levels of A. stephensi Toll orthologs in response to Plasmodium infection or
stimulation with PfGPIs. In addition, the requirement for Pelle and Tak1, kinases
of the Toll and Imd pathways, respectively, in signaling by parasite-derived
factors in A. stephensi cells was examined by RNA interference (RNAi)-mediated
gene silencing.

16

Figure 4 Toll and Imd pathways in Drosophila (17)
Abbreviations are as follows: PGRP, peptidoglycan recognition protein; PGRPLC, transmembrane peptidoglycan receptor, PGRP-SA, secreted peptidoglycan
recognition protein; MyD88, myeloid differentiation factor 88; Tak, TGF-beta
activated kinase; IKK, IκB kinase; FADD, Fas-associated death domain adaptor
protein.
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2.2 Plasmodium defense against nitrosative stress
At low concentration, NO functions primarily as a signaling molecule
during the relaxation of smooth muscle, vasodilation, and neurotransmission
(52).

However, high concentrations of NO are cytotoxic and facilitate host

defense against infection. The cytotoxic effects of NO are mediated by RNIs,
which cause a broad spectrum of oxidative damage. Toxic RNIs include nitric
oxide radical (NO•), its oxidized forms nitrite (NO2-) and nitrate (NO3-), Snitrosothiol derivatives such as S-nitrosocysteine and S-nitrosoglutathione, and
the pro-oxidant peroxynitrite (101). RNIs can cause cell death in several ways.
One mechanism involves the formation of nitrosothiol groups on proteins leading
to the inactivation of enzymes or changes in protein function (101). Toxic RNIs
can also damage lipids through peroxidation and inhibit nucleic acid synthesis
(86).
Anopheles stephensi produces inflammatory levels of NO in response to
Plasmodium infection and this response limits parasite development (72).
However, this defense decreases, but does not eliminate, parasite infection. This
suggests that Plasmodium may defend itself against deleterious RNIs. As such, I
focused on the characterization of Plasmodium nitrosative stress defenses that
may detoxify RNIs generated by Anopheles.
Nitrosative stress defense
While defenses against oxidative stress are fairly well known, defenses
against nitrosative stress, a phenomenon recognized only in the last decade, are
not. Recent studies have shown, however, that some antioxidants can detoxify
RNIs as well as reactive oxygen species. These antioxidants include 1-cysteine
peroxiredoxin (Pf 1-cys Prx), 2-cysteine peroxiredoxin (Pf 2-cys Prx), thioredoxin
(Pf Thx), glutathione reductase (Pf GR), and heat shock protein 70 (Pf HSP70).
Peroxiredoxin (Prx), a newly discovered member of the peroxidase family
of enzymes, regulates the intracellular concentration of hydrogen peroxide (H2O2)
by reducing it in the presence of an appropriate electron donor (94). One of the
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antioxidants included in the peroxiredoxin family, alkyl hydroperoxide reductase
subunit C (AhpC) of Mycobacterium tuberculosis, protects bacteria and human
cells

against

S-nitrosoglutathione

and

nitrite

added

exogenously

(26).

Salmonella typhimurium AhpC detoxifies peroxynitrite, the most toxic RNI, to
nitrite by acting as a peroxynitrite reductase (20, 26). The P. falciparum genome
encodes three Prxs; two Prxs containing two cysteines (Pf 2-cys Prx) and a Prx
containing 1 cysteine (Pf 1-cys Prx) in the catalytic domain (58, 59, 65).
Recently, Komaki-Yasuda et al. (2003) suggested that P. falciparum 2-cys PfPrx
(PfTPx-1) detoxifies intracellular reactive oxygen species (ROS) and RNIs by
showing that PfTPx-1 null parasites were more sensitive to a superoxide donor
(paraquat) and a nitric oxide donor (sodium nitroprusside) than wild type
parasites (63).
Thx is a small protein that acts as a general protein disulfide reductant
(76). The physiological function of thioredoxin is to maintain redox homeostasis
in the cell (57). This protein can also participate in the detoxification of RNIs and
protect cells against nitrosative stress. In human pro-monocytic cells, increased
Thx gene expression protected cells from NO toxicity produced by the NO donor
S-nitroso-N-acetylpenicillamine (SNAP; (38)).
Glutathione (γ-glutamyl-cysteinyl-glycine, GSH), the major intracellular
thiol antioxidant, protects human macrophages against NO-mediated toxicity
(103).

GSH reacts directly with RNIs or provides electrons to glutathione

peroxidase to protect cells from the cytotoxic effects of RNIs. GSH levels in the
cell are maintained by de novo synthesis by γ-glutamylcysteine synthetase (γGCS) and reduction of glutathione disulfide (GSSG) to GSH by GR.
HSP70 is a molecular chaperone that facilitates the folding of nascent
polypeptides and assists in refolding of denatured proteins. Exposure to NO
donors such as sodium nitroprusside (SNP), SNAP, and spermine/NO complex
induced HSP70 expression in rat vascular muscle cells (SMCs) which protected
these cells (125). Induced HSP70 expression increased the resistance of human
beta cells to NO damage (21). As another example of the protective role of
HSP70, virulent promastigotes of Leishmania donovani exposed to NO
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synthesized higher level of HSP70 than did avirulent promastigotes (125). This
observation suggests that HSP70 may protect parasites against NO produced by
the host (5).
These RNI-detoxifying antioxidants are also encoded in the Plasmodium
genome; some appear to protect asexual stage parasites.

For example, P.

falciparum thioredoxin can reduce the level of S-nitrosoglutathione in
erythrocytes more efficiently than the corresponding human protein can (57).
According to Romao et al. (1999), the inhibition of Leishmania GR increased
parasite susceptibility to the cytotoxic effects of NO (103). For P. falciparum,
depletion of erythrocyte GSH by the inhibition of synthesis limited asexual
parasite development (73).
Based on these studies, I proposed that P. falciparum Prx, Thx, GR, and
HSP70 may protect parasites from RNI toxicity during sporogonic development in
A. stephensi. For an NO-based transmission-blocking strategy to succeed, it
may be as important to decrease the resistance of Plasmodium to RNIs as it is to
increase NO synthesis by Anopheles.
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Chapter 3 Parasite-derived AsNOS-inducing
factor(s) and insulin signaling pathway
3.1 Abstract
Malaria parasite (Plasmodium spp.) infection in the mosquito Anopheles
stephensi induces significant expression of A. stephensi nitric oxide synthase
(AsNOS) in the midgut epithelium as early as 6 h post-infection and intermittently
thereafter. This induction results in the synthesis of inflammatory levels of NO in
the blood-filled midgut that adversely impact parasite development. In mammals,
PfGPIs can induce NOS expression in immune and endothelial cells and are
sufficient to reproduce the major effects of parasite infection. These effects are
mediated in part by mimicry of insulin signaling by PfGPIs.

In this study, I

demonstrate that whole parasites, P. falciparum merozoites, can induce AsNOS
expression in A. stephensi cells.

Hypotonically lysed Plasmodium-infected

mouse RBCs, “crude lysate”, and organic extract prepared from crude lysate by
extraction with chloroform/methanol/water induce AsNOS expression in ASE
cells.

PfGPIs presumed to be present in organic extract are identified as a

Plasmodium-derived AsNOS-inducing factor in A. stephensi cells in vitro and in
the midgut epithelium in vivo. Signaling by P. falciparum merozoites and PfGPIs
is mediated through A. stephensi PI 3-K/PKB and DSOR1(MEK)/ERK. However,
despite the involvement of kinases that are also associated with insulin signaling
in A. stephensi cells, signaling by P. falciparum and by PfGPIs is distinctively
different from signaling by insulin.

Based on the fact that the DAG moiety

derived from PfGPIs induces activation of PKC in mouse macrophages, we also
examined activation of PKC by PfGPIs in A. stephensi cells. Pre-treatment of
ASE cells with calphostin C, general inhibitor of PKC, reduced P. falciparum
merozoite induction of AsNOS expression. My results indicate that the
conservation of PfGPIs as a prominent parasite-derived signal of innate immunity
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can now be extended to include Anopheles mosquitoes, indicating that parasite
signaling of innate immunity is conserved in mosquito and mammalian cells.
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3.2 Introduction
As discussed in chapter 2, P. falciparum GPIs were proposed as a
Plasmodium-derived AsNOS-inducing factor in A. stephensi. Further, the insulin
signaling pathway was selected as a candidate pathway for signaling by
Plasmodium-derived factors.

This chapter focuses on the identification of

parasite-derived AsNOS-inducing factors in in vitro and in vivo. The involvement
of insulin pathway and PKC-dependent pathway in signaling by parasite factors
was examined using inhibitor assays, western blots, and RNA interferencemediated gene silencing.
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3.3 Experimental Procedures
Anopheles stephensi rearing and infection with P. falciparum.
Anopheles stephensi Liston were reared at 27°C and 75% relative
humidity.

For infection with P. falciparum, 4- to 5-day-old mosquitoes were

allowed to feed to repletion on an artificial bloodmeal containing cultured P.
falciparum (NF54), filtered human serum (Continental Services Group, Miami,
FL), washed human red blood cells (Continental Services Group) and RPMI 1640
with HEPES (Invitrogen Life Technologies, Carlsbad, CA). As a control, matched
insects were provided with an identical bloodmeal without parasites. Bloodmeals
were provided through 37°C water-jacketed baudruche membranes. Midguts of
bloodfed mosquitoes were dissected at various times pBM. Total midgut RNA
was isolated with Trizol reagent (Invitrogen Life Technologies).

AsNOS

expression was analyzed using quantitative reverse transcription-polymerase
chain reaction (RT-PCR; ABI Prism 7700, PE Applied Biosystems, Foster City,
CA) and normalized against S7 ribosomal protein gene expression as described
(30). Data were analyzed by the Student’s t test. These and all subsequent t
tests were performed using Microsoft Excel 2000.
Isolation of P. falciparum merozoites.
The scheme of P. falciparum merozoite purification is shown in Figure 5.
For preparation of merozoites, P. falciparum (FCR-3 strain) was cultured to 30%
parasitemia and incubated at 0.2% hematocrit as described (88) to prevent reinvasion of merozoites.

Additional isolation procedures were followed as

described in Figure 5.
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Centrifuge P. falciparum culture at 900 rpm at 4°C for 5 min

Released merozoites
containing solution
Infected or uninfected RBCs

Centrifuge supernatant at 1800 rpm at 4°C for 5 min
Washing step
Aspirate

Merozoites
RBCs

Add incomplete RPMI
1640 medium and
centrifuge at 3600 rpm at
4°C for 5 min 2 times

Centrifuge supernatant at 3600 rpm at 4°C for 5 min
pi
As

t
ra

e

Erythrocyte membrane
released during schizont burst

Merozoites

Figure 5. The scheme of preparation of P. falciparum merozoites.
The culture was centrifuged at 900 rpm at 4°C for 5 min to remove the majority of
infected and uninfected RBCs.

During subsequent centrifugation of the

supernatant at 1,800 rpm, approximately 50% of the total merozoites and the
remaining infected and uninfected RBCs formed a layered pellet. The top layer of
merozoites was carefully aspirated. The supernatant was then centrifuged at
3,600 rpm to pellet the remaining merozoites.

Collected merozoites were

combined and washed with endotoxin-free incomplete RPMI 1640 medium
(Invitrogen Life Technologies) containing 25 mM HEPES, 370 mM hypoxanthine,
and 14.5 µM ρ-aminobenzoic acid by centrifuging at 3,600 rpm at 4°C for 5 min.
Plasmodium

falciparum

merozoites
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were

stored

at

-80°C.

Isolation of P. falciparum GPIs (87).
Mid-schizont stage P. falciparum (FCR-3 strain; 25-30% parasitemia)
culture was harvested by centrifugation at 1,800 rpm for 5 min at RT. Parasite
culture medium (RPMI1640 medium with human O-type erythrocyte and 10% Opositive human serum) containing 0.65% gelatin was added to harvested P.
falciparum culture and incubated for 30 min at 37°C to concentrate infected
RBCs

(70%-80%

parasitemia).

Infected

RBCs

were

precipitated

by

centrifugation and lysed by adding Trager’s buffer (121) containing 0.015%
saponin and passing through 26-guage needle five times.

Cell debris from

broken RBCs was removed by centrifugation at 3,800 rpm for 10 min at 4°C.
Parasite pellets were resuspended in equal volume of Trager’s buffer and
layered on 5% bovine serum albumin (BSA) to remove remaining cell debris.
Intact parasites were recovered by centrifugation at 3,800 rpm for 20 min at 4°C
and washed two times with Trager’s buffer. Parasite pellets were stored at -80°C
until use.
For purification of PfGPIs, parasite pellets (6 ml) were combined with a
small amount of labelled parasites (0.8×106 cpm) with [3H]-glucosamine and [3H]
fatty acids to monitor purification steps.

Combined parasite pellets were

lyophilized (1 ml) and extracted with 6 ml of chloroform/methanol (2:1) three
times to remove nonglycosylated lipids or less polar lipids. The remaining pellet
was extracted five times with 6 ml of chloroform/methanol/water (10:10:3). The
supernatant, which contained PfGPIs, was dried and partitioned between watersaturated 1-butanol and water three times. The butanol phase, which contained
PfGPIs, was dried and the remaining pellet was stored for further isolation of
protein-linked PfGPIs.

The dried butanol phase was extracted with 80% 1-

propanol three times and isolated PfGPIs were purified by HPLC. To isolate
protein-linked PfGPIs, pellets from the partition step were lyophilized and
resuspended in a solution containing 100 mM NH4HCO3 and 1mM CaCl2, pH 8.0.
Dissolved pellets were digested with pronase (50U/ ml) for 24 h at 37°C,
partitioned between water-saturated 1-butanol and water three times, and
purified as explained above.

26

Preparation of Plasmodium berghei crude lysate and organic extract.
Blood

was

collected

from

P.

berghei

(NK-65)-infected

(12-17%

parasitemia) and uninfected Institute of Cancer Research (ICR) mice by cardiac
puncture into heparinized tubes. Collected bloods were applied to Plasmodipur
filters (Euro-Diagnostica, Arnhem, The Netherlands) to remove white blood cells.
Crude lysate was prepared by washing filtered red blood cells from 0.5 ml blood
with phosphate-buffered saline pH 7.4 (PBS) and lysing cells with 4 volumes of
sterile water.

Heme concentrations of infected and uninfected crude lysates

were calculated from UV spectra produced by oxyhemoglobin (415nm, 541nm,
and 577nm) as described (9). Heme concentrations were adjusted so that equal
volumes of infected and uninfected crude lysates represented equal volumes of
red blood cells. Organic extracts of crude lysates were prepared by methanol/
chloroform/ water (10:10:3) extraction (102). The extracted glycolipid-enriched
fraction was partitioned in water-saturated 1-butanol and dried by vacuum
centrifugation. The pellets were resuspended in PBS containing 0.2% SDS to a
volume equivalent to that of the original crude lysate.
Stimulation of A. stephensi cells.
The immortalized A. stephensi ASE cell line (66, 68) was grown and
passaged in modified Minimal Essential Medium (Cellgro, Kansas City, MO)
containing 5% heat-inactivated fetal bovine serum (E5 medium) at 28°C under
5% CO2.

For stimulation with P. falciparum merozoites, 1 × 106 cells were

seeded in 96-well plates and kept for overnight. Plated cells were stimulated with
15.6 × 106 merozoites (equivalent to 0.25 µM PfGPIs) or 1.56 × 106 merozoites
(equivalent to 0.025 µM PfGPIs).

As a control, ASE cells were treated with

equivalent volumes of incomplete medium. For stimulation with crude lysate and
organic extract, 1 × 106 cells were plated in 4 ml E5 medium in 6-well plates and
kept for overnight. Plated cells were stimulated with 40 µl of crude lysates or with
4 µl of organic extracts prepared from infected or uninfected red blood cells. At
48 h after stimulation, AsNOS expression analyses were performed as described
above.
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Expression of insulin receptor (INR), DSOR1, and Akt/PKB gene orthologs
in the A. stephensi midgut epithelium.
Total RNA was isolated from P. falciparum infected and uninfected A.
stephensi midguts at 24 h pBM and from ASE cells as described. First strand
cDNA was synthesized using MuLV reverse transcriptase (Applied Biosystems).
Fragments of A. stephensi INR, DSOR1, and Akt/PKB genes were amplified with
degenerate primers: INR forward primer 5’ GGNTCGTTNGGTATGGTTTA 3’;
INR reverse primer 5’ CGTTCCATTACNCCACCGTC 3’; DSOR1 forward primer
5’

CGGANACGCCGAAATCAC

3’;

DSOR1

reverse

primer

5’

TTCTANGGCGCNTTCTACAG

3’;

Akt/PKB

forward

primer

5’

TTCACCTTCATCATCCGCGG

3’;

Akt/PKB

reverse

primer

5’

ATCATCTCGTACATGACNACGCC 3’.

All PCR products were cloned into

pCR2.1-TOPO plasmid (Invitrogen). Double-stranded, partial sequences of A.
stephensi INR, DSOR1, and Akt/PKB gene orthologs were deposited in GenBank
(AsINR-AY697415; AsDSOR1-AY697414; AsAkt/PKB-AY697413) and these
sequences were used to design gene-specific primers for RT-PCR.
Conditions for RT-PCR analyses of the A. stephensi genes were as
follows.

INR

(680bp

GGGTCGTTGGGTATGGTTTA

PCR
3’

product):
and

forward
reverse

primer
primer

5’
5’

CGTTCCATTACCCCACCGTC 3’, 1 cycle of 95°C for 10 min, 35 cycles of 94°C
30 s, 53°C 30 s, 72°C 1 min, and 1 cycle of 72°C 10 min. DSOR1 (253bp PCR
product): forward primer 5’ CGGAGACGCCGAAATCAC 3’ and reverse primer 5’
TTCTATGGCGCGTTCTACAG 3’, 1 cycle of 95°C 10 min, 35 cycles of 94°C 30
s, 56°C 30 s, 72°C 30 s, and 1 cycle of 72°C 10 min. Akt/PKB (860bp PCR
product): forward primer 5’ TTCACCTTCATCATCCGCGG 3’ and reverse primer
5’ ATCATCTCGTACATGACGACGCC 3’, 1 cycle of 95°C 10 min, 35 cycles of
94°C 30 s, 59°C 30 s, 72°C 30 s, and 1 cycle of 72°C 10 min. Control reactions
for each target gene were performed in the absence of RT to confirm a lack of
contaminating genomic DNA.
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Inhibitor pre-treatment and stimulation of ASE cells.
For these assays, 1 × 106 ASE cells were seeded in a 96-well plate and
kept for overnight. Plated cells were pre-treated with several concentrations of
the kinase inhibitors, HNMPA-(AM)3, genistein, LY294002, wortmannin, or
PD98059, or equivalent volumes of the corresponding inhibitor diluents for 30
min or 1 h.

After pre-treatment, cells were stimulated with 15.6 × 106 P.

falciparum merozoites or with 1.7 µM human insulin (Sigma-Aldrich, St. Louis,
MO) for 48 h. RNA isolation and AsNOS expression analyses were performed
as above.
Western blot analyses.
Plated ASE cells (1 x 106 per well in 96-well plates) were stimulated with
1.7 µM human insulin or with 15.6 × 106 P. falciparum merozoites for 5-30 min.
Unstimulated ASE cells were used as controls. In some assays, cells were pretreated with kinase inhibitors as described above prior to stimulation.

After

stimulation, cells were collected and lysed in lysis buffer containing 10 mM TrisHCl (pH 7.4), 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM NaF, 20 mM
Na4P2O7, 2 mM Na3VO4, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton-X
100, 10% glycerol, 1 mM PMSF, 60 µg/ml aprotinin, 10 µg/ml leupeptin, and 1
µg/ml pepstatin. Cell debris was removed by centrifugation for 10 min at 4°C.
Sample buffer containing 125 mM Tris-HCl (pH 6.8), 10% glycerol, 10% SDS,
0.006% bromophenol blue, and 130 mM DTT was added to cell lysates and the
lysate were boiled. Proteins from cell lysates were electrophoretically separated
by SDS-PAGE and were transferred to nitrocellulose membrane using a semi-dry
blotter (Bio-Rad, Hercules, CA.). The membranes were blocked overnight at 4°C
with Tris-buffered saline (pH 7.4; TBS) containing 3% BSA (Fisher Scientific,
Pittsburgh, PA).

After washing with TBS containing 0.1% Tween 20, the

membranes were incubated with a 1:1,000 dilution of polyclonal rabbit antiphospho-INR antisera (Biosource International, Camarillo, CA), a 1:1,000 dilution
of polyclonal rabbit anti-phospho-PKB antisera (Biosource International), or a
1:10,000 dilution of monoclonal mouse anti-phospho-ERK antisera (Sigma-
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Aldrich) for 2 h at room temperature.

Membranes were then washed and

incubated with a 1:250,000 dilution of horseradish peroxidase (HRP)-conjugated
anti-rabbit IgG (Biosource International) or a 1:50,000 dilution of HRP-conjugated
anti-mouse IgG (Pierce, Rockford, IL). Peroxidase activity was detected with the
SuperSignal West Pico chemiluminescent detection kit (Pierce).
Knockout of Akt/PKB and DSOR1 in MSQ43 cells by RNAi and analyses of
impact on AsNOS induction.
To produce templates for preparation of double-stranded RNA (dsRNA),
858bp and 550bp of A. stephensi Akt and DSOR1 were amplified from cloned
pCR2.1-TOPO plasmid by PCR. T7 promoter adaptors were ligated to each
PCR product using the Lig’nScribe kit (Ambion, Austin, TX) and sense and
antisense DNA templates were amplified by PCR using gene specific primers
and a T7 promoter adaptor primer.

Amplified DNA templates were used to

produce sense and antisense single-stranded RNA (ssRNA) using the
MEGAscript T7 transcription kit (Ambion).

Double-stranded RNAs of A.

stephensi Akt and DSOR1 orthologs were produced as described (67).
Preparation of dsRNA was confirmed by subjecting samples of dsRNA and
ssRNA to digestion with RNAse A under low salt (0.0015 M NaCl) and high salt
(0.3M NaCl; (42)). For each transfection, 2.5 × 106 MSQ43 cells in 10 ml E5
medium were transfected with 2 µg of dsRNA using Effectene Transfection
Reagent (Qiagen, Valencia, CA); control cells were treated in an identical
manner but without dsRNA (e.g., mock transfection). Previous results confirmed
that transfection of mouse cyclophilin dsRNA, a more stringent control, did not
differ from mock transfection in impact on A. stephensi target mRNA levels.
Reduction of A. stephensi Akt and DSOR1 mRNA levels in transfected MSQ43
cells was confirmed by RT-PCR from 6 h to 5 d post-transfection. For stimulation
experiments, culture medium was removed from MSQ43 cells at 12 h posttransfection and 1 × 106 MSQ43 cells were reseeded in 96-well plates. Cells
were allowed to stabilize for 6 h and then stimulated with 15.6 × 106 P. falciparum
merozoites or 1.7 µM human insulin or with incomplete medium or HEPES buffer
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as controls for 48 h. Following stimulation, MSQ43 cells were harvested and
AsNOS expression was measured by quantitative RT-PCR as described above.
Measurement of lactate release by ASE cells.
Plated ASE cells (1 x 106 per well in a 96-well plate) were stimulated with
17 µM, 1.7 µM, and 0.17 µM human insulin and with HEPES buffer as a control.
Lactate concentrations in collected culture media were measured at various
times after stimulation using lactate reagent as described for D. melanogaster Kc
cells (24) following the protocol provided by the manufacturer (Trinity Biotech,
Bray, Ireland). To measure the effect of P. falciparum merozoites and PfGPIs on
lactate release in cell culture medium, ASE cells (1 x 106 per well in a 96-well
plate) were stimulated with 15.6 × 106 P. falciparum merozoites, with incomplete
medium as a control for merozoites, with 0.5 µg PfGPIs, or with 80% ethanol as a
control for PfGPIs. Culture media were collected after 4 h and lactate levels
were measured as described above.
Feeding assays with PfGPIs and A. stephensi midgut preparation for RTPCR and western analyses.
Purified PfGPIs were provided to 4- to 5-day-old A. stephensi by artificial
bloodmeal as described above. For these feeds, 5 µg of PfGPIs were dissolved
in 10 µl of 80% ethanol and this solution was added to 1 ml of the bloodmeal
mixture to yield a final concentration of 2.5 µM PfGPIs. As a control, 10 µl of
80% ethanol was added to a separate aliquot of the bloodmeal mixture for
feeding to matched mosquitoes from the same cohort. Midguts were dissected
from each group immediately after feeding (0 h) and at various times pBM and
total RNA was isolated and used for quantitative RT-PCR of AsNOS expression
as described above. For analyses of signaling protein activation, a third control
group of mosquitoes fed only the bloodmeal mixture was added. At 5 min and 30
min pBM, 30 midguts were dissected from each group for western analyses.
Blood was removed by puncturing the midguts with minuten probes and washing
two times with PBS containing a protease inhibitor cocktail (Roche Diagnostics,
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Mannheim, Germany) on ice. Midgut tissues were triturated in 80µl of lysis buffer
described above. Protein concentration was measured by Bradford assay (BioRad) and equivalent amounts of proteins per lane were electrophoretically
separated by SDS-PAGE. Western analyses were performed as described for
ASE cells. Data were derived from two replicates of experimental and control
feeds with two separate cohorts of A. stephensi.
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3.4 Results
AsNOS expression in A. stephensi cells is induced by P. falciparum
merozoites.
To identify the P. falciparum factor(s) responsible for AsNOS induction, we
established an in vitro system using A. stephensi embryo-derived ASE and
MSQ43 cell lines, tractable and proven models for AsNOS induction (68). ASE
cells and MSQ43 cells were stimulated with P. falciparum merozoites at a ratio of
15.6 or 1.56 merozoites per cell.

These parasite to host cell ratios are

comparable to natural infection in vivo. Specifically, ingestion of 1-2 µl of blood
by A. stephensi from a host with a 10% parasitemia, typical in peripheral blood
samples from life-threatening P. falciparum infections (19), would lead to midgut
infections of 250-550 parasites per midgut epithelial cell. Our in vitro assays of
15.6 or 1.56 P. falciparum merozoites per mosquito cell would be typical of
mosquito feeding on hosts with lower (0.25-0.5%) parasitemias (33). At 48 h
after treatment, 15.6 and 1.56 P. falciparum merozoites per ASE cell induced
AsNOS expression >3-fold (p = 0.08) and >1.5-fold (p = 0.05), respectively,
compared to incomplete medium-treated controls (Figure 6).

Merozoite

stimulation induced similar levels of AsNOS expression in MSQ43 cells (see
below; Figure 23 and Figure 27).

These results demonstrated that whole

parasites contained AsNOS-inducing factors that were recognized by A.
stephensi cells.
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Figure 6. AsNOS expression is induced by P. falciparum merozoites.
ASE cells were stimulated with 15.6 merozoites per cell (equivalent to 0.25 µM
PfGPIs; n = 3), with 1.56 merozoites per cell (equivalent to 0.025 µM PfGPIs; n =
2), or incomplete medium as a control for 48 h. AsNOS expression levels were
divided by control expression levels to show relative induction. Values represent
means ± standard errors (SEs). Data within each treatment versus the control
were analyzed using the Student’s t test; p-values are shown.
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AsNOS expression in A. stephensi cells is induced by P. berghei crude
lysate and organic extract.
To begin characterization of Plasmodium AsNOS-inducing factor(s), ASE
cells were stimulated with hypotonic lysates (crude lysates) and organic extracts
of uninfected mouse blood and P. berghei-infected mouse blood. Following a 48
h exposure, a 1:10 dilution of P. berghei crude lysate induced AsNOS expression
1.8-fold in ASE cells compared to uninfected crude lysate (p = 0.06; Figure 7).
Under identical conditions, a 1:100 dilution of P. berghei crude lysate had no
effect (not shown). In contrast, a 1:100 dilution of P. berghei organic extract
induced AsNOS expression 5.3-fold compared to uninfected organic extract (p =
0.06; Figure 7). We suggest that the increased concentration of AsNOS-inducing
factor(s) in the organic extract was responsible for AsNOS induction at the 1:100
dilution.

Comparable 2.5- to 3-fold inductions of NO synthesis by mouse

macrophages were observed following 48 h exposures to 1:100 and 1:1000
dilutions of P. falciparum organic extract compared to normal red cell extract
(102).

Based on studies of two rodent malaria parasites and P. falciparum,

structure and synthesis of GPIs are nearly identical across Plasmodium species
(41, 62). If GPIs are an important signaling factor in P. berghei crude lysate and
organic extract, a common parasite GPI structure may explain the congruence of
our results with those from studies of mammalian cell responses to P. falciparum
extracts. In a manner analogous to induction of NO synthesis in mammalian
cells, therefore, our results indicated that a Plasmodium extract enriched for free
and protein-bound glycolipids can induce AsNOS.
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Figure 7. AsNOS expression is induced by P. berghei crude lysate and
organic extract.
A total of 1 x 106 ASE cells in 4 ml of E5 medium were stimulated for 48 h prior to
analysis of AsNOS expression with 40 µl of crude lysate (1:10 dilution; n = 3) or
with 4 µl of organic extracts (1:100 dilution; n=10) prepared as described from
crude lysates of P. berghei-infected or uninfected red blood cells. Expression
levels were divided by control expression levels to show relative AsNOS
induction by treatment. Values represent means ± SEs. Data (treatment versus
matched control) were analyzed using the Student’s t test; p-values are shown.
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PfGPIs can induce AsNOS expression in vitro.
To determine whether PfGPIs could induce AsNOS expression, ASE cells
were stimulated with PfGPIs at concentrations equivalent to ingestion by A.
stephensi of ~40,000 or 400,000 parasites (1% or 10% parasitemia; (19)). Given
that each parasite contributes 107 GPIs (37), meals of 40,000 or 400,000
parasites would contain ~0.32 µM or 3.2 µM GPIs. Based on these calculations,
we selected 0.025 - 2.5 µM PfGPIs for stimulation. Treatment with 0.25 µM and
2.5 µM PfGPIs induced AsNOS expression in ASE cells 1.7-fold (p = 0.01; Figure
8) and 5.2-fold (p = 0.03; Figure 8), respectively, compared to controls, indicating
that biologically relevant levels of PfGPIs could induce AsNOS expression in our
in vitro model system. Our results also suggested that P. falciparum components
other than PfGPIs could induce AsNOS expression since 15.6 and 1.56
merozoites per ASE cells (equivalent to 0.25 µM and 0.025 µM PfGPIs,
respectively) induced AsNOS expression 3-fold and 1.5-fold, respectively,
(Figure 6), whereas 0.25 µM PfGPIs induced AsNOS expression only 1.7-fold
and 0.025 µM PfGPIs did not induce AsNOS expression relative to controls
(Figure 8).
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Figure 8. AsNOS expression in ASE cells is induced by PfGPIs.
ASE cells were stimulated with 2.5 µM (n = 3), 0.25 µM (n = 5) or 0.025 µM
PfGPIs (n = 1) in 80% ethanol or with an equivalent volume of 80% ethanol as a
control for 48 h. AsNOS expression levels were divided by control expression
levels to show relative induction. Values represent means ± SEs. Data within
each treatment versus the control were analyzed using the Student’s t test; pvalues are shown.
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PfGPIs can induce AsNOS expression in vivo.
To determine whether PfGPIs could function as an AsNOS-inducing signal
in vivo, we provided 2.5 µM PfGPIs in artificial bloodmeals to two separate
cohorts of A. stephensi. Age-matched mosquitoes fed equivalent bloodmeals
with an equivalent volume of 80% ethanol added were used as controls. At
various times after feeding, samples of total RNA from dissected midguts were
analyzed for AsNOS expression by quantitative RT-PCR. AsNOS expression in
midguts from PfGPIs-treated A. stephensi was induced 1.4-fold (p = 0.05), >2.5fold (p = 0.1), and >2-fold (p = 0.03, p = 0.01) relative to controls immediately
after feeding (0 h), at 1 h, at 24 h and 48 h pBM (Figure 9), indicating that PfGPIs
signal AsNOS induction in vivo.
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Figure 9.

AsNOS expression in the midgut epithelium is induced by

PfGPIs.
Midguts were dissected from A. stephensi immediately after (0 h) and from 1-48
h pBM after PfGPIs or control feeding for analysis of AsNOS expression. Data
were derived from two replicates of experimental and control feeds with two
separate cohorts of A. stephensi. AsNOS expression levels were divided by
control expression levels to show relative induction. Values represent means ±
SEs. Data within each treatment or timepoint versus the control were analyzed
using the Student’s t test; p-values are shown.
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Putative INR-, DSOR1-, and Akt/PKB-encoding genes are expressed in A.
stephensi cell lines and in the midgut.
Based on previous observations that PfGPIs are insulin-mimetic (23, 106) and
that insulin signaling can induce NOS expression in mammalian cells (12), we
hypothesized that parasite GPIs signal AsNOS induction through pathways
involving PI3-K, Akt/PKB and MEK/ERK. Initially, to establish the presence of
these signaling molecules for our analyses, we identified and characterized
expression of A. stephensi genes encoding a predicted INR, the MEK homolog
DSOR1, and Akt/PKB (Figure 10,
Figure 11). In non-quantitative RT-PCR assays, we determined that all three
genes are expressed in the A. stephensi midgut, in the presence and absence of
P. falciparum infection, and in the ASE cell line (Figure 13). We also confirmed
that ASE cells and the midgut epithelium are responsive to human insulin.
Specifically, 1.7 µM insulin induced AsNOS expression in ASE cells maximally to
2.2-fold relative to controls at 48 h after treatment (Figure 14 and Figure 15),
while the same insulin concentration induced AsNOS expression in the midgut to
1.9-fold at 6 h and to 3.6-fold at 36 h post-feeding relative to controls (not
shown).
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AsINR:
GSLGMVYKGIMTKL-GNDTNVPCAIKTVTENATERERDSFLIEATIMKEFHTHHVVRLYG
AgINR:
GSFGMVYKGIMTKL-GNDVNVPCAIKTVTENATERERDSFLIEATIMKEFHTHHVVRLYG
AeINR: 1034 GSFGMVYKGILTQLRGEKCNQPCAIKTVNESATAREKDSFLLEASVMKQFNTHHVVRLLG 1093
DmINR: 1384 GSFGMVYEGILKSFPPNGVDRECAIKTVNENATDRERTNFLSEASVMKEFDTYHVVRLLG 1443
AsINR:
VVSVGQPTLVIMELMANGDLKSYLRRHRPD--------YEN--GEESSPQPPTLKQIYQM
AgINR:
VVSVGQPTLVIMELMANGDLKSYLRRHRPD--------YEN--GEESSPQPPTLKQIYQM
AeINR: 1094 VVSQGDPTLVIMELMANGDLKSYLRRHRPD--------YEM---RRSIRQPPTLRQIIQM 1142
DmINR: 1444 VCSRGQPALVVMELMKKGDLKSYLRAHRPEERDEAMMTYLNRIGVTGNVQPPTYGRIYQM 1503
AsINR:
AIEIADGMAYLSAKKFVHRDLAARNCMVAEDLTVKIGDFGMTRDIYETDYYRKGTKGFLP
AgINR:
AIEIADGMAYLAAKKFVHRDLAARNCMVAEDLTVKIGDFGMTRDIYETDYYRKGTKGFLP
AeINR: 1143 AIEIADGIGVLSAKKFVHRDLAARNCMVADDMTVKIGDFGMTRDIYETDYYRKGTKGFLP 1202
DmINR: 1504 AIEIADGMAYLAAKKFVHRDLAARNCMVADDLTVKIGDFGMTRDIYETDYYRKGTKGLLP 1563
AsINR:
VRWMAPESLKDGMFSSSSDVFSYGVVLWEMATLASQPYQGLTNDQVLRYVIDGGVMER
AgINR:
---------------------------------------GLTNDQVLRYVIDGGVMER
AeINR: 1203 VRWMAPESLKDGIFSSSSDVFSYGVVLWEMATLASQPYQGLTNDQVLRYVIDGGVMER 1260
DmINR: 1564 VRWMPPESLRDGVYSSASDVFSFGVVLWEMATLAAQPYQGLSNEQVLRYVIDGGVMER 1621

Figure 10. The alignment of predicted amino acid sequences of AsINR,
with predicted orthologous sequence fragments from A. gambiae, A.
aegypti, and D. melanogaster.
Conserved amino acids are represented in bold type. The predicted amino acid
sequence of AsINR gene fragment (AY697415) was aligned with A. gambiae INR
(AgINR; XP_320130), A. aegypti INR (AeINR; AAB17094), and D. melanogaster
INR (DmINR; NP_524436).
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AsDSOR1:
FYGAFYSDGEISICMEYMDGGSLDLILKRAGRIPEAILAKITSAVLKGLSYLRDKHAIMH
AgDSOR1:
FYGAFYSDGEISICMEYMDGGSLDLILKRAGRIPEAILAKITSAVLKGLSYLRDKHAIMH
DmDSOR1: 148 FYGAFYSDGEISICMEYMDGGSLDLILKRAGRIPESILGRITLAVLKGLSYLRDNHAIIH 207
AsDSOR1:
RDVKPSNILVNSSGEIKICDFGVSGQLIDSMANSFVGTRSYMSPERLQGTHYSVQSDIWS
AgDSOR1:
RDVKPSNILVNSSGEIKICDFGVSGQLIDSMANSFVGTRSYMSPERLQGTHYSVQSDIWS
DmDSOR1: 208 RDVKPSNILVNSSGEIKICDFGVSGQLIDSMANSFVGTRSYMSPERLQGTHYSVQSDIWS 267
AsDSOR1:
LGLSLVEMAIGMYPIPPPDAKTLDLIFQERGDDSSPGQSVIEPKPMAIFELLDYIVNEPP
AgDSOR1:
LGLSLVEMAIGMYPIPPPDAKTLDLIFQERGEDCSPGQSIIEPKPMAIFELLDYIVNEPP
DmDSOR1: 268 LGLSLVEMAIGMYPIPPPNTATLESIFADNAEES--GQPTDEPRAMAIFELLDYIVNEPP 325
AsDSOR1:
PKLEHNSFTDRFKNFVDLC
AgDSOR1:
PKLEHNSFTDRFKNFVDLC
DmDSOR1: 326 PKLEHKIFSTEFKDFVDIC 344

Figure 11. The alignment of predicted amino acid sequences of AsDSOR1
with predicted orthologous sequence fragments from A. gambiae and D.
melanogaster.
Conserved amino acids are represented in bold type. The predicted amino acid
sequence of AsDSOR1 gene fragment (AY697414) was aligned with A. gambiae
DSOR1 (AgDSOR1; XP_322064) and D. melanogaster DSOR1 (DmDSOR1;
NP_511098). Nucleotide sequences encoding underlined amino acid sequences
were used to design gene-specific primers for RNAi.
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AsAkt:
AgAkt:
AeAkt: 92
DmAkt: 93

FTFIIRGLQWTTVIERMFHVEGENERKEWVDAIRSVANKLNEEEVYQATLPNQTADDDCE
FTFIIRGLQWTTVIERMFHVEDENDRKDWVEAIRSVANKLNEEEVYQATLPNQAADDDCE
FTFIIRGLQWTTVIERMFHVEEERERQEWVEAIRSVANRLTEAEAYQGSQSN--GDGDVE 149
FTFIIRGLQWTTVIERTFAVESELERHEWTEAIRNVSSRLIDVGEVAMTPSEQTDMTDVD 152

AsAkt:
MGSIAEDELELEKMPVYGTAMDKVSGKRKVTLENFEFLKVLGKGTFGKVILCREKTTSKL
AgAkt:
MGSIAEDELVNEK-PVYGTATDKVSGKRKVTLENFEFLKVLGKGTFGKVILCREKTSSKL
AeAkt: 150 MASIAEDELLTEKFSVQGTSTGKISGRKKVTLENFEFLKVLGKGTFGKVILCREKTTAKL 209
DmAkt: 153 MATIAEDELS-EQFSVQGTTCNS-SGVKKVTLENFEFLKVLGKGTFGKVILCREKATAKL 210
AsAkt:
YAIKILKKDVIIQKDEVAHTMAESRVLKTTNHPFLISLKYSFQTVDRLCFVMQYVNGGEL
AgAkt:
YAIKILKKDVIIQKDEVAHTMAESRVLKTTNHPFLISLKYSFQTVDRLCFVMQYVNGGEL
AeAkt: 210 YAIKILKKEVIVQKDEVAHTMAENRVLKKTNHPFLISLKYSFQTVDRLCFVMQYVNGGEL 269
DmAkt: 211 YAIKILKKEVIIQKDEVAHTLTESRVLKSTNHPFLISLKYSFQTNDRLCFVMQYVNGGEL 270
AsAkt:
FFHLSRERIFPEDRTRFYAAEIISALGYLHSHGIIYRDLKLENLLLDKDGHIKIADFGLC
AgAkt:
FFHLSRERIFPEDRTRFYAAEIISALGYLHSHGIIYRDLKLENLLLDKDGHIKIADFGLC
AeAkt: 270 FFHLSRERVFSEDRTRFYGAEIISALGYLHSHEIVYRDLKLENLLLDKDGHIKIADFGLC 329
DmAkt: 271 FWHLSHERIFTEDRTRFYGAEIISALGYLHSQGIIYRDLKLENLLLDKDGHIKVADFGLC 330
AsAkt:
KEDITYGRTTKTFCGTPEYLAPEVLEDNDYGHAVDWWGTGVVMYEM
AgAkt:
KEDITYGRTTKTFCGTPEYLAPEVLEDNDYGHAVDWWGTGVVMYEM
AeAkt: 330 KEQITYGRTTKTFCGTPEYLAPEVLEDNDYGLAVDWWGTGVVMYEM 375
DmAkt: 331 KEDITYGRTTKTFCGTPEYLAPEVLDDNDYGQAVDWWGTGVVMYEM 376

Figure 12. The alignment of predicted amino acid sequences of AsAkt/PKB
with predicted orthologous sequence fragments from A. gambiae, A.
aegypti, and D. melanogaster.
Conserved amino acids are represented in bold type. The predicted amino acid
sequence of AsAkt/PKB gene fragment (AY697413) was aligned with A. gambiae
Akt/PKB (AgAkt; EAA03708), A. aegypti Akt/PKB (AeAkt; AAP37655) and D.
melanogaster Akt/PKB (DmAkt; CAA81204).

Nucleotide sequences encoding

underlined amino acid sequences were used to design gene-specific primers for
RNAi.
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Anopheles stephensi INR, DSOR1, and Akt/PKB genes are

expressed in ASE cells and in the midgut epithelium.
Fragments of A. stephensi INR, DSOR1, and Akt/PKB genes were amplified from
cDNA samples using gene-specific primers and cycling conditions described in
the experimental procedures. Control reactions were performed on RNA in the
absence of RT to confirm a lack of contaminating genomic DNA. Results show
amplifications from cDNA and RNA from A. stephensi midgut tissue 24 h postinfection with P. falciparum (Inf midgut), amplifications from cDNA and RNA
prepared from A. stephensi midgut tissue 24 h after an uninfected bloodmeal
(Uninf midgut), amplifications from cDNA and RNA prepared from ASE cells, and
control amplifications without added cDNA or RNA (no template control, NTC).
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Figure 14. Human insulin induces maximum AsNOS expression in ASE
cells at 48 h after stimulation.
A total of 1×106 ASE cells were stimulated with 1.7 µM human insulin or HEPES
buffer for 2- 72 h (n=2). The levels of AsNOS expression were measured by
quantitative RT-PCR.

AsNOS expression levels were divided by control

expression levels to show relative induction. Values represent means ± SEs.
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Figure 15. AsNOS expression is induced maximally in ASE cells by 1.7 µM
human insulin.
A total of 1×106 ASE cells were stimulated for 48 h with human insulin in HEPES
buffer or with buffer only as a control (n=2). The levels of AsNOS expression
were measured by quantitative RT-PCR. AsNOS expression levels were divided
by control expression levels to show relative induction. Values represent means
± SEs.
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Plasmodium falciparum merozoites signal A. stephensi cells through nonINR protein tyrosine kinase (PTK).
To determine whether P. falciparum signaled AsNOS induction through
activation of an A. stephensi INR, ASE cells were pre-treated with HNMPA(AM)3, an INR tyrosine kinase inhibitor, prior to stimulation.

In these and

subsequent inhibitor assays, human insulin was used as a standard to verify
involvement of insulin signaling pathway components. Plasmodium falciparum
merozoites were used to stimulate ASE cells to account for potential involvement
of signaling factor(s) other than PfGPIs. Pre-treatment of ASE cells with 0.1 µM
or 1 µM HNMPA-(AM)3 reduced induction of AsNOS by insulin by 45% (p = 0.02)
and 32% (p = 0.02) and by P. falciparum merozoites by 92% (p = 0.0002) and
84% (p = 0.0001), respectively, relative to controls (Figure 16). These results
suggested that INR activation is necessary for both insulin and parasite induction
of AsNOS.

In A. aegypti, HNMPA-(AM)3 inhibited bovine insulin signaling in

ovaries, although a 90% reduction in signaling required a much higher
concentration (1 mM) of HNMPA-(AM)3 than was used in our assays (97). In our
assays with HNMPA-(AM)3 and other inhibitors (see below), we noted an
unexpected pattern of higher AsNOS induction levels at higher inhibitor
concentrations. In replicated analyses, we determined that treatment of ASE
cells with high concentration of inhibitors induced phosphorylation of a putative
JNK/SAPK (Figure 17), a member of a family of signaling proteins whose
activation has been associated with stress-related induction of NOS expression
and NO synthesis in mammalian cells (25, 46).

As such, we suggest that

JNK/SAPK activation in A. stephensi cells may account for slightly higher AsNOS
induction levels at higher inhibitor concentrations.
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Figure 16.

HNMPA-(AM)3 pre-treatment reduces AsNOS induction by P.

falciparum merozoites and human insulin in ASE cells.
ASE cells were pre-treated for 1 h with HNMPA-(AM)3, an inhibitor of INR
activation, dissolved in DMSO or with an equivalent volume of DMSO as a mock
pre-treatment (0 µM). After pre-treatment, cells were stimulated with 1.7 µM
human insulin in HEPES buffer (n = 7 for 0.1 µM inhibitor, n = 4 for 1 µM
inhibitor) or with 15.6 P. falciparum merozoites per cell in incomplete RPMI 1640
medium (n = 2 for both inhibitor concentrations) for 48 h prior to analysis of
AsNOS expression.

AsNOS expression levels were divided by mock pre-

treatment expression levels to show relative effects of the inhibitor on insulin
(line) or parasite (bar) induction of AsNOS expression.

Therefore, relative

AsNOS induction of 0 µM PDTC treatment (mock pre-treatment) was shown as
“1”. Values represent means ± SEs. Data (inhibitor versus mock pre-treatment)
were analyzed using the Student’s t test; p-values are shown.
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ASE cells were treated with 100 µM LY294002 for 30 min, 100 µM genistein for 1
h, 100 µM HNMPA-(AM)3 for 1 h or 40 µM PD98059 for 30 min. As a positive
control, ASE cells were treated with LPS known to induce phosphorylation of
JNK in Drosophila S2 cells (not shown) (16).

After treatment, cells were

collected and lysed as described in the experimental procedures. Proteins from
cell lysates were electrophoretically separated by SDS-PAGE and analyzed by
western analysis as described in the text using a 1:1,000 dilution of polyclonal
rabbit anti-phospho JNK/SAPK and a 1:250,000 dilution of HRP-conjugated antirabbit IgG. Peroxidase activity was detected with the SuperSignal West Pico
chemiluminescent detection kit. Signal intensities of 50kD cross-reacting bands
were measured using a GS-800 calibrated densitometer (Bio-Rad) and
normalized against untreated, control cells.
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To verify INR activation by insulin and P. falciparum merozoites, antiphospho-INR western analyses were performed on protein samples prepared
from ASE cells stimulated with 1.7 µM human insulin or 15.6 P. falciparum
merozoites per cell for 5, 15, and 30 min.

In replicated analyses, a cross-

reacting band of 98 kD, a molecular mass consistent with that reported for the A.
aegypti INR β subunit (96), was detected in samples collected from insulinstimulated cells, but not in samples stimulated with parasites (Figure 18).
Plasmodium falciparum signaling was not associated with INR activation, a result
inconsistent with inhibition by HNMPA-(AM)3.

HNMPA-(AM)3, however, can

inhibit PTKs other than those associated with INRs, including non-receptor PTKs
(105) and p59 hck, a src family PTK, which has been implicated in PfGPIs
signaling in mammalian cells (117, 118). To determine whether PTKs other than
the INR tyrosine kinase were involved in parasite signaling of AsNOS induction,
we pre-treated ASE cells with genistein, a PTK inhibitor that is inactive against
INR (3), prior to parasite stimulation. Pre-treatment with 10-4 or 10-3 µM genistein
reduced AsNOS induction by P. falciparum merozoites by 47% (p = 0.04) and
21% (p = 0.01), respectively, relative to controls (Figure 19), suggesting that A.
stephensi PTKs are involved in parasite signaling.
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Figure 18. Stimulation by Plasmodium did not activate AsINR in ASE cells.
Anti-phospho-INR western analysis was performed with ASE cells stimulated
with 1.7 µM human insulin or with 15.6 P. falciparum merozoites per cell for 5-30
min. Unstimulated ASE cells (NS) were used as controls. Incomplete mediumand HEPES buffer-stimulated cells yielded identical results (not shown). Antiphospho-INR antisera did not cross-react with P. falciparum merozoites (not
shown).
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Figure 19 Induction of AsNOS expression is PTK-dependent.
ASE cells were pre-treated for 1 h with genistein, a PTK inhibitor, dissolved in
DMSO or with an equivalent volume of DMSO as a mock pre-treatment (0 µM).
After pre-treatment, cells were stimulated with 15.6 P. falciparum merozoites per
cell in incomplete medium (n = 3 for 10-3 µM inhibitor, n = 2 for 10-4 µM inhibitor)
for 48 h prior to analysis of AsNOS expression. AsNOS expression levels were
divided by mock pre-treatment expression levels to show relative effects of the
inhibitor on parasite induction of AsNOS expression. Therefore, relative AsNOS
induction of 0 µM PDTC treatment (mock pre-treatment) was shown as “1”.
Values represent means ± SEs. Data (inhibitor versus mock pre-treatment) were
analyzed using the Student’s t test; p-values are shown.
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Plasmodium falciparum merozoites activate ERK and require DSOR1 for
AsNOS induction.
To determine whether P. falciparum signals AsNOS induction through
MEK activation, ASE cells were pre-treated with PD98059, a MEK inhibitor, prior
to stimulation.

Pre-treatment of ASE cells with 0.04 µM or 4 µM PD98059

reduced induction of AsNOS by insulin by 17% (p = 0.03) and 22% (p = 0.09)
and by P. falciparum by 75% (p = 0.002) and 60% (p = 0.001), respectively,
relative to controls (Figure 20), suggesting that MEK activation is critical to
parasite and insulin induction of AsNOS.

To verify this conclusion, we first

examined activation of ERK by western blotting in cells stimulated by P.
falciparum merozoites and human insulin, then used RNAi-dependent gene
silencing to determine whether A. stephensi DSOR1, the putative activator of
ERK, was necessary for parasite- and insulin-induced AsNOS expression.
Anti-phospho-ERK western analyses were performed on protein samples
prepared from ASE cells stimulated with 1.7 µM human insulin or 15.6 P.
falciparum merozoites per cell for 5 or 15 min. In replicated analyses, a single
cross-reacting band of 50 kD, somewhat larger than the 44 kD D. melanogaster
ortholog (15), was detected in samples collected from insulin- and parasitestimulated cells (Figure 21). As expected, insulin induced ERK phosphorylation
within 5min in ASE cells relative to controls (Figure 21, lane 2 versus 3) and
PD98059 pre-treatment reduced activation of ERK (Figure 21, lane 2 versus 5
and lane 1 versus 4).

Unexpectedly, merozoite stimulation reduced ERK

phosphorylation relative to controls after 5 min (Figure 21, lane 1 versus 3);
identical results were obtained at 15 min after stimulation (not shown). Because
PD98059 reduced parasite-associated ERK phosphorylation (Figure 21, lane 1
versus 4) and also reduced parasite induction of AsNOS (Figure 20), we infer
that some level of ERK phosphorylation is required for parasite induction of
AsNOS.
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Figure 20. MEK inhibition reduces induction of AsNOS expression by P.
falciparum merozoites.
ASE cells were pre-treated for 30 min with 0.04 µM or 4 µM PD98059, a MEK
inhibitor, dissolved in DMSO or with an equivalent volume of DMSO as a mock
pre-treatment (0 µM). After pre-treatment, cells were stimulated with 1.7 µM
human insulin in HEPES buffer (n = 8 for 0.04 µM inhibitor, n = 5 for 4 µM
inhibitor) or with 15.6 P. falciparum merozoites per cell in incomplete RPMI 1640
medium (n = 2 for 0.04 µM inhibitor, n = 3 for 4 µM inhibitor) for 48 h. AsNOS
expression levels were divided by mock pre-treatment expression levels to show
relative effects of the inhibitor on insulin (line) or parasite (bars) induction of
AsNOS. Therefore, relative AsNOS induction of 0 µM PDTC treatment (mock
pre-treatment) was shown as “1”.

Values represent means ± SEs.

Data

(inhibitor versus mock pre-treatment) were analyzed using the Student’s t test; pvalues are shown.
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Figure 21. Merozoite stimulation reduces the level of MEK-dependent ERK
phosphorylation in ASE cells.
Anti-phospho-ERK western analysis of ASE cells pre-treated with 0.4 µM
PD98059 or DMSO then stimulated with 1.7 µM human insulin or with 15.6 P.
falciparum merozoites per cell for 5 min. Unstimulated ASE cells were used as
controls.

Incomplete medium- and HEPES buffer-stimulated cells yielded

identical results (not shown). Anti-phospho-ERK antisera did not cross-react with
P. falciparum merozoites (not shown).
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To determine whether DSOR1, the predicted upstream activator of A.
stephensi ERK, was necessary for P. falciparum induction of AsNOS, we
silenced DSOR1 with RNAi in MSQ43 cells prior to stimulation.

In DSOR1

dsRNA-transfected cells, DSOR1 mRNA levels were undetectable from 6 h to 5 d
post-transfection (Figure 22). For AsNOS induction assays, MSQ43 cells were
stimulated at 18 h post-transfection with 15.6 P. falciparum merozoites per cell,
1.7 µM human insulin, incomplete medium or HEPES buffer for 48 h. DSOR1
RNAi reduced merozoite induction of AsNOS by 87% relative to mock
transfected cells (p = 0.04), while insulin induction was reduced by only 41%
relative to mock transfected cells (p = 0.007; Figure 23). These data mirrored
levels of AsNOS induction observed following pre-treatment with PD98059 and
confirmed that DSOR1 and its likely impact on ERK activation are necessary for
P. falciparum induction of AsNOS.
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Transfection of DSOR1 dsRNA eliminates expression of

AsDSOR1 in MSQ43 cells.
Double-stranded RNA (dsRNA) for A. stephensi DSOR1 was transfected into
MSQ43 cells as described in the experimental procedures. RT-PCR was used to
confirm reduction of AsDSOR1 mRNA levels in transfected MSQ43 cells from 6 h
to 5 d post-transfection. Ribosomal S7 protein gene RT-PCR amplification was
used as a loading control and to confirm sample integrity. C = mock transfection;
T = AsDSOR1 dsRNA-transfected MSQ43 cells.
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Plasmodium falciparum merozoites require AsDSOR1 for

AsNOS induction.
AsNOS expression levels in mock- and AsDSOR1 dsRNA-transfected cells were
divided by expression levels in matched transfected cells stimulated with HEPES
buffer or incomplete RPMI 1640 medium to show relative AsNOS induction by
treatment with 1.7 µM insulin (n = 3) or with 15.6 P. falciparum merozoites per
cell (n = 2), respectively. Values represent means ± SEs. Data within each
treatment were analyzed using the Student’s t test; p-values are shown.
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Plasmodium falciparum merozoites require Akt/PKB for AsNOS induction.
To determine whether P. falciparum signals AsNOS induction through
activation of A. stephensi PI3-K and Akt/PKB, ASE cells were pre-treated with
LY294002 and wortmannin, PI3-K inhibitors, prior to stimulation with human
insulin or P. falciparum merozoites. Pre-treatment of ASE cells with 1 µM or 20
µM LY294002 had no effect on the insulin-mediated induction of AsNOS
compared to controls (Figure 24). Similar results were obtained when cells were
pre-treated with 10-4 to 10 µM wortmannin prior to insulin stimulation (not shown).
In contrast to our results, 10-2 to 100 µM LY294002 reduced insulin-stimulated
steroidogenesis in A. aegypti ovary cells by 60% (97), suggesting that insulin
signaling may vary among mosquito cell types. For P. falciparum stimulation
assays, 1 µM or 20 µM LY294002 reduced merozoite induction of AsNOS by
65% (p = 0.0001) and 51% (p = 0.0002) respectively, relative to controls (Figure
24), suggesting that PI3-K activity is critical to parasite, but not insulin, induction
of AsNOS.

To verify this conclusion, we examined activation of Akt/PKB by

western blotting in ASE cells stimulated by human insulin and P. falciparum
merozoites, then used RNAi-dependent gene silencing to determine whether A.
stephensi Akt/PKB was necessary for insulin- and parasite-induced AsNOS
expression.
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Figure 24. PI 3-K inhibition reduces induction of AsNOS expression by P.
falciparum merozoites.
ASE cells were pre-treated for 1 h with 1 µM or 20 µM LY294002, a PI3-K
inhibitor, dissolved in 100% ethanol or with an equivalent volume of ethanol as a
mock pre-treatment (0 µM). After pre-treatment, cells were stimulated with 1.7
µM human insulin in HEPES buffer (n = 2 for both concentrations of inhibitors) or
with 15.6 P. falciparum merozoites per cell in incomplete RPMI 1640 medium (n
= 3 for both concentrations of inhibitors) for 48 h. AsNOS expression levels were
divided by mock pre-treatment expression levels to show relative effects of the
inhibitor on insulin (line) or parasite (bars) induction of AsNOS.

Therefore,

relative AsNOS induction of 0 µM PDTC treatment (mock pre-treatment) was
shown as “1”. Values represent means ± SEs. Data (inhibitor versus mock pretreatment) were analyzed using the Student’s t test; p-values are shown.
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Anti-phospho-Akt western analyses were performed on protein samples
prepared from ASE cells stimulated with 1.7 µM human insulin or 15.6 P.
falciparum merozoites per cell for 10 or 30 min. In replicated analyses, a 56 kD
band and a slightly slower migrating band cross-reacted with the anti-phosphoAkt antisera (Figure 25). We suggest that this slower migrating band is the result
of multiple phosphorylation events as has been described for mouse Akt/PKB
(13). As predicted from results with LY294002 and wortmannin (see above),
insulin did not induce phosphorylation of a putative Akt/PKB (Figure 25, lane 1
versus 2 and lane 4 versus 5) while merozoites induced phosphorylation of
Akt/PKB relative to controls at 10 and 30 min (Figure 25, arrow, lane 1 versus 3
and lane 4 versus 6).

62

er
oz
oi
te
s
M

er
oz
oi
te
No
s
st
im
ul
us
In
su
lin

M

st
im
ul
us
In
su
lin

No

56 kD

10 min

30 min

Figure 25. Plasmodium falciparum merozoites induce phosphorylation of
Akt/PKB.
Anti-phospho-Akt/PKB western analysis of ASE cells stimulated with 1.7 µM
human insulin or with 15.6 P. falciparum merozoites per cell for 10 min or 30 min.
Unstimulated ASE cells were used as controls. Incomplete medium- and HEPES
buffer-stimulated cells yielded identical results (not shown).

Anti-phospho-

Akt/PKB antisera did not cross-react with P. falciparum merozoites (not shown).
Arrow indicates slower migrating, fully phosphorylated putative A. stephensi
Akt/PKB.
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To determine whether Akt/PKB was necessary for P. falciparum induction
of AsNOS, we silenced Akt/PKB with RNAi in MSQ43 cells prior to stimulation.
In Akt/PKB dsRNA-transfected cells, Akt/PKB mRNA levels were undetectable
from 6 h to 5 d post-transfection (Figure 26). For AsNOS induction assays,
MSQ43 cells were stimulated at 18 h post-transfection with 15.6 P. falciparum
merozoites per cell, 1.7 µM human insulin, incomplete medium or HEPES buffer
for 48 h. As expected, Akt/PKB RNAi reduced merozoite induction of AsNOS by
65% relative to mock transfected cells (p = 0.00002), indicating a prominent role
for Akt/PKB in parasite induction of AsNOS.

However, Akt/PKB RNAi also

reduced insulin induction of AsNOS by 69% relative to mock transfected cells (p
= 0.0006; Figure 27), a result that was inconsistent with results from LY294002
pre-treatment (Figure 24) and western analysis of Akt/PKB phosphorylation by
insulin (Figure 25). These results suggest that high levels of PI3-K and Akt/PKB
activation are required for merozoite induction of AsNOS, whereas low levels of
Akt/PKB activation (not inhibitable by LY294002 and below detection by western
analysis; (13)) are sufficient for insulin induction of AsNOS.
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Figure 26 Transfection of dsRNA eliminates expression of AsAkt/PKB in
MSQ43 cells.
Double-stranded RNA for A. stephensi Akt was transfected into A. stephensi
MSQ43 cells as described in the experimental procedures. RT-PCR was used to
confirm reduction of AsAkt mRNA levels in transfected MSQ43 cells from 6 h to 5
d post-transfection. Ribosomal S7 protein gene RT-PCR amplification was used
as a loading control and to confirm sample integrity. C = mock transfection; T =
AsAkt dsRNA-transfected MSQ43 cells.
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Figure 27 Plasmodium falciparum merozoites require Akt/PKB for AsNOS
induction.
AsNOS expression levels in mock- and Akt dsRNA-transfected cells were divided
by expression levels in matched transfected cells stimulated with HEPES buffer
or incomplete RPMI 1640 medium to show relative AsNOS induction by
treatment with 1.7 µM insulin (n = 3) or with 15.6 P. falciparum merozoites per
cell (n = 2), respectively. Values represent means ± SEs. Data within each
treatment were analyzed using the Student’s t test; p-values are shown.
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AsNOS induction by Plasmodium falciparum merozoite is PKC-dependent.
In addition to its insulin-mimetic characteristics, PfGPIs can signal through
other pathways in mammalian cells. The structure of PfGPIs consists of a PIG
core and a DAG moiety (87). Enzymatic cleavage of PfGPIs has demonstrated
that these component moieties can activate the PTK p59hck (PIG) and protein
kinase C ε (DAG) in murine macrophages (118). Further, the tyrosine kinase
antagonists tyrphostin and genistein and the protein kinase C inhibitor calphostin
C inhibited the release of NO by P. falciparum extracts and PfGPIs (117). Based
on these observations, I hypothesize that the activation of PKC(s) is involved in
signaling AsNOS induction by P. falciparum merozoites. To test this hypothesis,
ASE cells were pre-treated with calphostin C, a general PKC inhibitor, prior to
merozoite stimulation.

Pre-treatment with 0.001 µM, 0.01 µM, and 1 µM

calphostin C reduced induction of AsNOS expression by merozoites by 44%
(p=0.03), 47% (p=0.06), and 41% (p=0.05), respectively, relative to control cells
(Figure 28) These results suggested that PKC might be involved in the signaling
by parasite-derived AsNOS-inducing factor(s).
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Figure 28. Calphostin C treatment reduced induction of AsNOS expression
by P. falciparum merozoites.
ASE cells were pre-treated with 0.001 µM, 0.01 µM, and 1 µM calphostin C for 2
h. As a mock-treatment (0µM), ASE cells were pre-treated with an equivalent
volume of DMSO.

Cells were then stimulated with 15.6×106 P. falciparum

merozoites for 48 h.

Relative AsNOS induction was calculated by dividing

AsNOS expression level in inhibitor-treated ASE cells by AsNOS expression
level in mock-treated ASE cells. Therefore, relative AsNOS induction of 0 µM
PDTC treatment (mock pre-treatment) was shown as “1”.

Values represent

means ± SEs. Data (inhibitor versus mock pre-treatment) were analyzed using
the Student’s t test; p-values are shown.
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Plasmodium falciparum merozoites and PfGPIs are not insulin-mimetic to
A. stephensi cells.
Based on our observations that P. falciparum merozoites signal AsNOS
induction through DSOR1/ERK and PI3-K/Akt, proteins that support insulin
signaling in ASE cells, and published observations that PfGPIs are insulinmimetic to mammalian cells (23, 106), we hypothesized that P. falciparum
merozoites and PfGPIs may be perceived as insulin-mimetic to A. stephensi
cells. Because insulin induces lactate release rather than glucose uptake in D.
melanogaster Kc cells (24), we assayed lactate release in ASE cells stimulated
with 0.17, 1.7 or 17 µM human insulin or HEPES buffer from 1–8 h after
treatment. At 4 h after treatment with 1.7 µM insulin, lactate release relative to
control cells was maximal and nearly identical to the 1.3-fold induction reported
for Kc cells (Figure 29; (24). Although these assays confirmed that ASE cells
were similar to Kc cells in response to insulin, stimulation with PfGPIs and P.
falciparum merozoites failed to induce significant lactate release relative to
control treatments (Figure 30). Our data indicate that, while P. falciparum and
PfGPIs activate mosquito cells through signaling proteins associated with insulin
signal transduction pathways, neither P. falciparum nor PfGPIs are insulinmimetic to A. stephensi cells.

69

Induction of lactate release

1.8

17uM
1.7uM
0.17uM

1.6
1.4
1.2
1.0
0.8
0.6
1h

2h

4h

6.5 h

8.5 h

Time after bloodmeal

Figure 29.

Measurement of lactate release in ASE cells by insulin

stimulation
To optimize conditions for lactate concentration measurement, ASE cells were
stimulated by 17µM, 1.7µM, and 0.17µM human insulin or corresponding
dilutions of HEPES buffer as controls for 1 h, 2 h, 4 h, 6.5 h, and 8.5 h. Cell
media were collected at each time point and lactate concentration was measured
using lactate reagent (Trinity Biotech).

Induction was calculated by dividing

lactate concentration of insulin-stimulated ASE cell medium by lactate
concentration of HEPES buffer-stimulated ASE cell medium.
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Figure 30. Plasmodium falciparum merozoites and PfGPIs do not mimic
the effects of insulin on lactate release by A. stephensi cells.
ASE cells were stimulated with 2.5 µM PfGPIs in 80% ethanol (n = 2), with 15.6
P. falciparum merozoites per cell in incomplete medium (n = 2), or with 1.7 µM
human insulin in HEPES buffer (n = 2) for 4 h. Matched control cells for each
replicate were stimulated with equivalent volumes of HEPES buffer, incomplete
medium or 80% ethanol used as diluents. Lactate levels are represented as
means ± SEs. Data within each treatment were analyzed using the Student’s t
test.
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PfGPIs signal the A. stephensi midgut epithelium through activation of
Akt/PKB and ERK.
Based on observations that P. falciparum signals AsNOS induction in vitro
through DSOR1/ERK- and PI3-K/Akt-dependent pathways, we reasoned that
PfGPIs signaling in vivo would recapitulate these pathway associations.

To

address this question, two separate cohorts of female A. stephensi were
provided with a bloodmeal supplemented with 2.5 µM PfGPIs in 80% ethanol, a
bloodmeal supplemented with an equivalent volume of 80% ethanol, or an
unmodified bloodmeal. Midguts were dissected immediately after (0 h) and at
0.5 h after feeding and prepared for western analyses of ERK and Akt/PKB
phosphorylation.

At both timepoints in replicated assays, PfGPIs induced

phosphorylation of ERK and Akt/PKB in the A. stephensi midgut epithelium
relative to both controls (Figure 31) indicating that both P. falciparum (Figure 21
and Figure 25) and PfGPIs signal through activation of A. stephensi Akt/PKB and
ERK.
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phosphorylation of putative A. stephensi Akt/PKB and ERK in the mosquito
midgut epithelium.
Anti-phospho-Akt and anti-phospho-ERK western analyses of A. stephensi
midgut tissue proteins immediately after (0 h) and 0.5 h after feeding on artificial
bloodmeals with PfGPIs, 80% ethanol or nothing added (blood only).
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3.5 Discussion and future directions
Current efforts to control malaria parasite transmission include the
development of genetically modified Anopheles mosquitoes that exhibit
enhanced refractoriness to Plasmodium spp.

The search for anti-parasite

effectors has identified some promising targets in the immune-responsive
mosquito, including melanotic encapsulation and the synthesis of toxic reactive
oxygen species, antimicrobial peptides and NOS, as well putative non-self
recognition factors and signaling cascades implicated in transducing responses
to bacterial challenge (31). Although the repertoire of reported responses to
malaria parasite infection and invasion may be confounded by resident microbial
flora in Anopheles (114), significant expression of immune genes in antibiotictreated, parasite-infected mosquitoes has consistently predicted the existence of
Plasmodium-specific mechanisms of gene induction (72, 95).

However, the

identity of parasite-derived signaling factors capable of inducing specific
responses in Anopheles cells has remained unknown until completion of the work
described herein.
As the first step to identify parasite-derived signaling factors, I have shown
that whole parasites, hypotonic lysate (crude lysate) can induce AsNOS
expression in ASE cells. Further, I have found that AsNOS-inducing factors are
concentrated in the glycolipid-enriched organic extract.

In mammalian cells,

PfGPIs are sufficient to account for the most notable effects of P. falciparum
(107, 109, 117). In A. stephensi, PfGPIs are also an important signal for AsNOS
induction and parasite infection. We have demonstrated that 2.5 µM PfGPIs can
induce AsNOS expression >5-fold in A. stephensi cells, results that are
consistent with inductions of NO synthesis of 1.5-fold and 4-fold by 1 µM and 10
µM PfGPIs, respectively, in mouse macrophages (118).

During parasite

infection, induction of AsNOS expression in the midgut is biphasic, with >2-fold
inductions at 6 h and at 36 h and 48 h after feeding (69). PfPGIs also induced a
biphasic pattern of AsNOS expression in the mosquito midgut (Figure 9),
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suggesting that parasite GPIs are an important signal for AsNOS induction prior
to (<24 h) and during parasite invasion (24-48 h) of the midgut.
Parasite factor(s) other than PfGPIs appear to contribute to AsNOS
induction, as suggested by levels of AsNOS induction by parasites and PfGPIs
and by associated signaling data (see below).

Specifically, 15.6 and 1.56

merozoites per ASE cells (equivalent to 0.25 µM and 0.025 µM PfGPIs) induced
AsNOS expression 3-fold and 1.5-fold, respectively, (Figure 6), whereas 0.25 µM
PfGPIs induced AsNOS expression only 1.7-fold and 0.025 µM PfGPIs did not
induce AsNOS expression relative to controls (Figure 8). Thus our data suggest
that parasite factors in addition to GPIs, such as hemozoin, contribute to
observed production of inflammatory levels of NO in Plasmodium-infected
mosquitoes (69).
Plasmodium falciparum and PfGPIs signal A. stephensi cells through
insulin-responsive PI3-K/Akt and DSOR1/ERK. Assays with whole parasites and
PfGPIs as well as with different target cells (ASE cells in vitro and midgut cells in
vivo) revealed important information about these signaling proteins. Although
some level of ERK phosphorylation appeared to be necessary for AsNOS
induction by P. falciparum in vitro (Figure 20 and Figure 21), ERK
phosphorylation by PfGPIs in vivo (Figure 31) was more prominent. Further, in
contrast with in vitro data, PfGPIs-induced Akt/PKB phosphorylation in vivo
(Figure 31) did not result in the protein mass shift observed following P.
falciparum stimulation of ASE cells (Figure 25). While some of these differences
may be attributable to physiological differences between ASE and midgut cells,
they also suggest that multiple signals from whole parasites, including at least
PfGPIs and perhaps hemozoin and others, contribute to AsNOS induction.
In addition to mimicry of insulin, PfGPIs signal mammalian cells through
protein kinase Cε, PTK p59 hck, and nuclear factor-κB/c-rel (117, 118).
Additional data suggest that Toll-like receptor(s) are activated by malaria
parasites (4), a signaling mechanism that is well-established for GPIs of the
parasitic protozoan Trypanosoma cruzi (6, 22). In this study, my data suggest
that PKC(s) are involved in parasite signaling to induce AsNOS expression in A.
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stephensi cells.

Future studies on PKC activation may help in determining

whether this signaling is associated with insulin signaling (e.g., the atypical
PKCs, ref) or is part of an entirely new parasite signaling pathway in A. stephensi
cells. Although my data indicate involvement of kinases associated with insulin
signaling in AsNOS induction by P. falciparum and PfGPIs, these agents are not
insulin-mimetic to A. stephensi cells. We conclude that activation of A. stephensi
Akt/PKB and DSOR1/ERK by P. falciparum merozoites and PfGPIs is likely due
to activation of pathways that share signaling components with insulin signal
transduction pathways.

Akt/PKB, for example, phosphorylates more than 50

known mammalian substrates associated with cell growth, defense, survival and
metabolism (48), suggesting that malaria parasite activation of A. stephensi
Akt/PKB perturbs multiple pathways and physiological processes in A. stephensi
cells. Further, inhibition of parasite signaling of AsNOS induction by genistein, a
PTK inhibitor that is inactive against the INR (44), indicates that other PTKs,
perhaps including representatives of the src family, are involved in parasite
signaling of AsNOS induction. Mimicry of insulin by PfGPIs, therefore, appears
to be restricted to mammalian hosts of P. falciparum. However, the conservation
of PfGPIs as a prominent parasite-derived signal of innate immunity can now be
extended to include Anopheles mosquitoes.

This novel finding significantly

increases the likelihood of identifying additional signaling pathways and
downstream

effectors

associated

with

development.
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Chapter 4 Involvement of Toll and Imd pathway in
signaling by Plasmodium-derived AsNOS inducing factors
4.1 Abstract
Trypanosoma cruzi GPIs signal through Toll-like receptor-2 (22) and
induce iNOS expression in vertebrate cells (6).

In insects, the immune

responsive Toll and immune deficiency (Imd) signaling pathways are dependent
on signaling proteins in the NF-κB superfamily (60). To determine whether P.
falciparum signals AsNOS induction via NF-κB, ASE cells were pre-treated with
PDTC, a general inhibitor of NF-κB activation. Pre-treatment reduced AsNOS
induction by P. falciparum merozoite stimulation, suggesting involvement of NFκB in signaling. I have cloned two A. stephensi Toll orthologs (AsToll5A and
AsToll1) and showed that the expression of AsToll5A was induced in the midgut
by Plasmodium infection. Further discriminate whether the Toll or Imd pathways
were involved in the parasite signaling of AsNOS induction, Pelle and Tak1,
representative molecules of the Toll and Imd pathways, respectively, were
targeted for RNAi-mediated gene silencing via dsRNA transfection.

Pelle

knockout induced AsNOS expression by parasite stimulation suggesting that the
Toll pathway negatively regulates parasite induction of AsNOS expression. In
contrast, Tak1 knockout reduced AsNOS expression by 20% suggesting that
Tak1 and perhaps the Imd pathway transduce signals from Plasmodium-derived
AsNOS-inducing factors. Further, the involvement of JNK associated with Tak1,
as a branch of Imd pathway, was tested. However, merozoite stimulation did not
alter the level of JNK phosphorylation suggesting that JNK is not involved in
Plasmodium-derived signaling pathway.
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4.2 Introduction
To determine whether Toll or Imd pathways are involved in signaling of
parasite-derived factors, I addressed the following questions; (a) Is the
expression of A. stephensi Toll genes induced by Plasmodium infection? (b) Is
the expression of A. stephensi Toll genes induced by merozoites and PfGPIs in
vitro and induced by PfGPIs in vivo? (c) Is NF-κB-dependent signaling required
for parasite-factor(s) to induce AsNOS expression? (d) Are Toll and/or Imd
pathways required for signaling by Plasmodium-derived AsNOS-inducing
factors?
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4.3 Experimental procedures
Cloning of AsToll5A and AsToll1.
Total RNA was isolated from ASE cells and P. falciparum infected and
uninfected A. stephensi midguts as described in Chapter 3. First strand cDNA
was synthesized using MuLV reverse transcriptase (Applied Biosystems).
Fragments of both A. stephensi Toll5A (AsToll5A) and Toll1 (AsToll1) genes
were

amplified

with

degenerate

GCTGGCAYGTGCGCGACTG

3’;

primers:

forward

reverse

primer

primer

5’
5’

TGCCGATGTCKCCGTAGATGATG 3’.
Expression of AsToll5A and AsToll1 in mosquito midguts.
Anopheles stephensi were fed on P. berghei-infected or uninfected
Institute for Cancer Research (ICR) mice. Midguts of Infected and uninfected A.
stephensi were dissected at 0 h, 1 h, 3 h, 12 h, 24 h, and 2 d pBM. Total RNA
was isolated as described above. Expression levels of AsToll5A and AsToll1
were measured by quantitative RT-PCR with gene-specific primers and the
following conditions: AsToll5A forward 5’ GTCTCCCCACCGGACGTA 3’;
AsToll5A reverse 5’ TTTGACGCGTTCATTTCGTA 3’; AsToll1 forward 5’
TTCGTGTCCTACTCGCACAA

3’;

AsToll1

reverse

5’

GTCTCCCCAACGCACGTA 3’; 1 cycle of 48°C 30 min, 1 cycle of 95°C 10 min,
40 cycles of 95°C 15 s, 60°C 1 min, 81.5°C 15 s. Gene expression levels were
normalized against S7 ribosomal protein gene expression. This experiment was
replicated three times.
PDTC pre-treatment and stimulation of ASE cells.
For this assay, 1 × 106 ASE cells were seeded in a 96-well plate and kept
for overnight. Plated cells were pre-treated with several concentrations of PDTC
dissolved in water or equivalent volumes of water as a control for 1 h. After pretreatment, cells were stimulated with 15.6 × 106 P. falciparum merozoites for 48
h. RNA isolation and AsNOS expression analyses were performed as above.
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Cloning of AsPelle and AsTak1.
To clone A. stephensi Pelle and Tak1 gene orthologs, degenerate primers
were designed using D. melanogaster Pelle and predicted A. gambiae Pelle
sequences. Template cDNA was prepared from ASE cells and P. falciparuminfected A. stephensi midgut tissue. Degenerate primers and conditions for RTPCR were as follows: AsPelle forward primer 5’ CAGCAGNATGTTGNCCGG 3’;
AsPelle reverse primer 5’ AGCACNANGCCGAAGCTG 3’; 1 cycle of 95°C 10
min, 35 cycles of 94°C 30 s, 56°C 30 s, 72°C 30 s, 1 cycle of 72°C 10 min;
AsTak1 forward primer 5’ ATGGAGTNCGCNGANGGTGG 3’; AsTak1 reverse
primer 5’ CCATCCANGCNGCACTG 3’; 1 cycle of 95°C 10 min, 35 cycles of
94°C 30 s, 59°C 30 s, 72°C 30 s, 1 cycle of 72°C 10 min. To obtain extended
sequences of AsPelle and AsTak1, 5’ and 3’ Rapid Amplifications of cDNA Ends
(RACE) were performed using ASE cell cDNA synthesized as described by the
manufacturer (FirstChoice RLM-RACE, Ambion). Briefly, for 5’ RACE, total RNA
was treated with Calf Intestine Alkaline Phosphatase (CIP) to remove free 5’
phosphates. The RNA was then treated with Tobacco Acid Pyrophosphatase
(TAP) to decap.

An adaptor was then ligated to the RNAs and cDNA was

synthesized using random decamers. For 3’ RACE, cDNA was synthesized with
a primer composed of polyT and adaptor sequences.

To amplify extended

AsPelle sequence, RT-PCR was performed with an outer gene-specific primer
(Pelle 9; 5’ TACTGGAGCCCTTTTGCAGT 3’) and an outer adaptor primer
provided with the kit. PCR products were cloned into pCR2.1-TOPO plasmid
and submitted sequencing for both strands. Extended AsTak1 sequence was
obtained by performing 5’ RACE and 3’ RACE. For 5’ RACE, first-round RT-PCR
was

performed

with

an

outer

gene-specific

primer

(Tak1-7;

5’

CCATCCAGGCGGCACTG 3’) and an outer adaptor primer. This PCR product
was used as a template for a subsequent amplification with an inner genespecific primer (Tak1-8; 5’ GTGACTGTACCGAAGTCGCATA 3’) and an inner
adaptor primer. To obtain 3’ end sequence of AsTak1, two rounds of PCR were
performed

with

outer

gene

specific
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primer

(Tak1-5;

5’

ATGGAGTACGCGGAAGGTGG 3’) and inner gene specific primer (Tak1-6;
ACGGCCCGTCTATACAGC 3’).
Expression of AsPelle and AsTak1.
Total RNA was isolated from P. falciparum infected and uninfected A.
stephensi abdomens at 1 h pBM, and from ASE cells and MSQ43 cells. The
isolated RNA was treated with DNAse I (Ambion) to remove contaminating
genomic DNA. First strand cDNAs were synthesized from DNAse-treated RNA
with reverse transcriptase.
conditions

as

RT-PCRs were performed with the primers and

following:

CTGCAGCAGAGCTCCAACGA

AsPelle

forward

3’; AsPelle

primer

reverse

(Pelle

primer

(Pelle

5)
9)

5’
5’

TACTGGAGCCCTTTTGCAGT 3’; 1 cycle of 95°C 10 min, 35 cycles of 94°C 30
s, 57°C 30 s, 72°C 30 s, 1 cycle of 72°C 10 min; AsTak1 forward primer (Tak1-6)
5’

ACGGCCCGTCTATACAGC

3’;

AsTAk1

reverse

primer

(Tak1-8)

5’

GTGACTGTACCGAAGTCGCATA 3’; 1 cycle of 95°C 10 min, 35 cycles of 94°C
30 s, 55°C 30 s, 72°C 30 s, 1 cycle of 72°C 7 min. Control reactions for each
target gene were performed in the absence of RT to confirm a lack of
contaminating genomic DNA.
Knockout of AsPelle and AsTak1 in MSQ43 cells by RNAi-mediated gene
silencing and analysis of AsNOS induction.
To produce templates for preparation of dsRNA, 603 bp and 705 bp of A.
stephensi Pelle and Tak1 were amplified from cloned pCR2.1-TOPO plasmid
clones by PCR. T7 promoter adaptors were ligated to each PCR product using
the Lig’nScribe kit (Ambion) and sense and antisense DNA templates were
amplified by PCR using gene specific primers and a T7 promoter adaptor primer.
Amplified DNA templates were used to produce sense and antisense singlestranded RNA (ssRNA) with the MEGAscript T7 transcription kit (Ambion).
Double-stranded RNAs of A. stephensi Pelle and Tak1 orthologs were produced
as described (67). Preparation of dsRNA was confirmed by subjecting samples
of dsRNA and ssRNA to digestion with RNAse A under low salt (0.0015 M NaCl)
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and high salt (0.3M NaCl; (42)) conditions. For each transfection, 2.5 × 106
MSQ43 cells in 10 ml E5 medium were transfected with 2 µg of dsRNA using
Effectene Transfection Reagent (Qiagen); control cells were treated in an
identical manner but without dsRNA (e.g., mock transfection). Previous results
confirmed that transfection of mouse cyclophilin dsRNA, a more stringent control,
did not differ from mock transfection in impact on A. stephensi target mRNA
levels. Reduction of A. stephensi Pelle and Tak1 mRNA levels in transfected
MSQ43 cells was confirmed by RT-PCR from 6 h to 5 d post-transfection. For
stimulation experiments, culture medium was removed from MSQ43 cells at 12 h
post-transfection and 1 × 106 MSQ43 cells were reseeded in a 96-well plate.
Cells were allowed to stabilize for 6 h and then stimulated with 15.6 × 106 P.
falciparum merozoites or with incomplete medium as a control for 48 h.
Following stimulation, MSQ43 cells were harvested and AsNOS expression was
measured by quantitative RT-PCR as described above.
JNK western blot.
For these studies, ASE cells were transfected with AsTak1 dsRNA or
mock-transfected as controls. Plated ASE cells (1x106 per well in 96 well plates)
were stimulated with 15.6×106 P. falciparum merozoites or equivalent volume of
incomplete medium for 5 min, 30 min, and 1 h. After stimulation, cells were
collected and lysed in buffer containing 10 mM Tris-HCl (pH 7.4), 100 mM NaCl,
1 mM EDTA, 1 mM EGTA, 1 mM NaF, 20 mM Na4P2O7, 2 mM Na3VO4, 0.1%
SDS, 0.5% sodium deoxycholate, 1% Triton-X 100, 10% glycerol, 1 mM PMSF,
60 µg/ml aprotinin, 10 µg/ml leupeptin, and 1 µg/ml pepstatin. Cell debris was
removed by centrifugation for 10 min at 4°C. Sample buffer containing 125 mM
Tris (pH 6.8), 10% glycerol, 10% SDS, 0.006% bromophenol blue, and 130 mM
DTT was added to cell lysates and boiled.
electrophoretically

separated

by

Proteins from cell lysates were

SDS-PAGE

and

were

transferred

to

nitrocellulose membrane using a semi-dry blotter (Bio-Rad, Hercules, CA.). The
membranes were blocked overnight at 4°C with Tris-buffered saline (pH 7.4;
TBS) containing 3% BSA (Fisher Scientific, Pittsburgh, PA). After washing with
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TBS containing 0.1% Tween 20, the membranes were incubated with a 1:1,000
dilution of polyclonal rabbit anti-phospho-JNK antisera (Biosource International,
Camarillo, CA) for 2 h at room temperature. Membranes were then washed and
incubated with a 1: 50,000 dilution of HRP-conjugated anti-rabbit IgG (Biosource
International). Peroxidase activity was detected with the SuperSignal West Pico
Chemiluminecent detection kit (Pierce).
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4.4 Results
Cloning of A. stephensi Toll orthologs.
As the first step to determine whether Plasmodium-derived factors signal through
an Anopheles Toll pathway, fragments of two Toll orthologs (AsToll5A and
AsToll1) were cloned from ASE cells by RT-PCR with degenerate primers.
Neighbor joining analysis with 1000 bootstrap replication was performed to
create a phylogenetic tree that included Human TLRs (HuTLRs), Drosophila
melanogaster Tolls (DmTolls), Anopheles gambiae Tolls (AgTolls), AsToll5A, and
AsToll1 sequences (Figure 32). This analysis indicated that the AsToll gene
fragments are derived from different genes: AsToll5A has the highest similarity to
AgToll5A and AsToll1 is an AgToll1 ortholog (Figure 33). Lemaitre et al 1996
and Tauszig et al 2000 showed that transfection of DmToll and Dm Toll5 into S2
cells induced the expression of drosomycin efficiently whereas other Toll genes
did not.

Further, expression of AgToll was induced to 1.5-fold by immune

challenge with gram-negative bacteria compared to mock-treatment (74). Based
on these studies, I hypothesized that AsToll5A and AsToll1 may be involved in
the response to Plasmodium infection.

84

Figure 32 Phylogenetic tree of AsToll5A and AsToll1.
Phylogenetic tree of Tolls Human (Hu) TLRs, D. melanogaster (Dm) Tolls, A.
gambiae (Ag) Tolls, AsToll5A and AsToll1 (underlined) were alighed with
ClustalX. Phylogenetic tree was generated with Neighbor-joining method using
PAUP.
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AsToll5A
AsToll5A: 1
AgToll5A: 26

DKDKKFDAFISYSHKDEAFIVDTLMPTLEREPMSFKICWHVRDFMPGELISTQITKAVED 60
DMDKRYDAFISYSHKDEEFVTGQMLPRLESEELNFKICWHVRDFMPGEMIASQITKAVED 85

AsToll5A: 61
AgToll5A: 86

SRRTIIVLSPNYLESVWGQMEFNTAYLQSVADKRNRVIPTIYEDIGDVETLDPELRAYLK 120
SRRTIIILSHNYLESVWGQMEFNTAYLQSLEDKRNRVIPIIYQDIGDIDQLDPELQAYLK 145

AsToll5A: 121 TNTYVRWGDPWFWD 134
AgToll5A: 146 TNTYVRWDDPWFWD 159

AsToll1
AsToll1: 1
AgToll1: 28

DKDKKFDAFVSYSHKDEAFITEHLVPTLEREPMNFKLCWHVRDWTPGEMISSQISSSVEQ 60
DRDKLYDAFVSYSHKDEAFITEHLVPTLERDPMNFKLCWHVRDWTPGEMISSQISSSVEQ 87

AsToll1: 61
AgToll1: 88

XRRTIIVLSSSFLESLWGQLEFRTAHLQSMAERRNRLIIVIYGDIGNIDDLEPELRAYLH 120
SRRTIIVLSSSFLESLWGQLEFRTAHLQSMAERRNRLIIIIYGDIGNIYDLEPELRAYLH 147

AsToll1: 121 TNTYVRWGDPWFWD 134
AgToll1: 148 TNTYVRWGDPWFWD 161

Figure 33. The alignment of predicted amino acid sequences of AsToll5A
and AsToll1 with A. gambiae Tolls.
The predicted amino acid sequences of the AsToll5A fragment (403 bp) and
AsToll1 fragment (472 bp) are highly homologous to A.gambiae Toll5A and Toll1,
respectively. Conserved amino acids are represented in bold type.
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Expression of AsToll5A is induced by Plasmodium infection in A.
stephensi.
In mouse macrophages and in D. melanogaster cells, Toll gene
expression is induced in response to pathogen infection (120, 124). Similarly,
the expression levels of AgToll1 and AgToll9 were induced ~1.5-fold in response
to bacterial challenge in A. gambiae (74).

These studies suggested that

AsToll5A and AsToll1 expression might be induced in the A. stephensi midgut in
response to Plasmodium infection. To test this hypothesis, AsToll5A, AsToll1,
and AsNOS expression levels were measured by quantitative RT-PCR in P.
berghei-infected and uninfected A. stephensi midguts at 0 h, 1 h, 3 h, 6 h, 12 h,
24 h, and 2 d pBM.

At all time points examined, AsToll5A and AsNOS

expression levels were significantly different from levels at 0 h pBM (p<0.1)
(Figure 34).

At 24 h pBM, AsToll5A expression was induced >2-fold in

Plasmodium-infected A. stephensi midguts. However, AsToll1 expression levels
at 1 h, 3 h, 6 h, 12 h, 24 h, and 2 d pBM were quite variable and, hence, not
significantly different from AsToll1 expression levels at 0 h pBM (Figure 34).
Although these results do not confirm that Toll induction and AsNOS induction
are causally linked, they do reveal that Toll expression can be induced by
Plasmodium infection in mosquito midgut.
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Figure 34.

The expression of AsToll5A, AsToll1, and AsNOS in A.

stephensi midgut epithelium.
Anopheles stephensi were fed on P. berghei-infected or uninfected mice. Total
RNA from infected and uninfected dissected midguts was isolated at 0 h, 1 h, 3
h, 6 h, 12 h, 24 h, and 2 d pBM. Midgut samples collected from 3 separate
feedings were used for these analyses.

AsToll5A, AsToll1, and AsNOS

expression levels were analyzed by quantitative RT-PCR.

Induction was

calculated by dividing gene expression in P. berghei-infected A. stephensi midgut
sample by gene expression in the uninfected mosquito midgut sample. Data
were analyzed by Student’s t test (α=0.1). Statistically significant differences
relative to 0 h values (p<0.1) are indicated by asterisks.
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To analyze the relationship between induction of AsToll and AsNOS gene
expression more directly, ASE cells were stimulated for 3 h, 6 h, 12 h, and 48 h
with crude lysates prepared from P. berghei-infected mouse blood, P. falciparum
merozoites, and purified PfGPIs. Gene expression levels were measured by
quantitative RT-PCR. AsToll5A and AsToll1 expression were not significantly
induced by crude lysate, merozoite, or by stimulation with PfGPIs (data not
shown).

Conflicting data from in vivo and in vitro assays may reflect

physiological differences between ASE cells and midgut cells and also suggest
that induction of Toll gene expression requires multiple factors in the
Plasmodium-infected midgut in vivo.
In chapter 3, my data confirmed that provision of PfGPIs can induce
AsNOS expression in vivo.

With midgut RNA samples from these assays, I

performed quantitative RT-PCR of AsToll5A and AsToll1 gene expression to
determine whether AsToll genes are also induced by PfGPIs in vivo. In contrast
to data collected from natural parasite infection (Figure 34), induction levels of
AsToll5A and AsToll1 following PfGPI feeding were too variable to be
significantly different from controls. As proposed earlier, these results suggest
that parasite factors in addition to PfGPIs may be required to induce Toll gene
expression in the A. stephensi midgut.
NF-κB signaling is required for P. falciparum merozoite induction of AsNOS
expression in A. stephensi cells.
In mammalian cells, pre-treatment with the NF-κB inhibitor PDTC reduced
NO synthesis in response to PfGPIs (117). In the D. melanogaster Toll and Imd
pathways, the NF-κB family proteins Dorsal, Dif, and Relish are terminal
transcriptional activators in these pathways (28, 51).

To determine whether

signals from parasite-derived AsNOS-inducing factor(s) are transduced through
the Toll and/or Imd pathways, ASE cells were pretreated with PDTC for 1 h prior
to stimulation with P. falciparum merozoites for 48 h.

Quantitative RT-PCR

analysis of AsNOS expression revealed that pre-treatment with 0.01µM and
0.1µM PDTC reduced AsNOS expression by 50% (n=2, p=0.1) and 40% (n=2,
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p=0.01) respectively, compared to the control mock pre-treatment (Figure 35).
Pre-treatment with 1 µM and 10 µM PDTC did not alter AsNOS induction relative
to mock pre-treatment control. In related studies, pre-treatment with 50µM PDTC
induced AsNOS expression implying that a high concentration of PDTC can
activate a stress response that leads to AsNOS induction. To determine whether
a high dose of PDTC, like high doses of other kinase inhibitors (Figure 17), could
activate A. stephensi JNK, ASE cells were treated with 100 µM PDTC. This
treatment activated JNK 2.5-fold in ASE cells relative to untreated cells,
suggesting that PDTC-induced AsNOS expression may be a response to stress
(Figure 36). However, we also considered the impact of LPS contamination of
the PDTC preparation. If the inhibitor was contaminated, increased doses of
inhibitor would result in cell exposure to increased doses of LPS, perhaps the
most potent known signal inducer of NOS expression in mammalian cells (25).
To eliminate possible LPS contamination, the inhibitor preparation was treated
with polymyxin B-agarose which binds LPS. Polymyxin B-treated inhibitor did not
alter AsNOS expression relative to untreated inhibitor controls implying that LPS
contamination was not responsible for induced AsNOS expression at higher pretreatment concentrations of PDTC. As shown in Figure 35, reduction of AsNOS
expression by PDTC pre-treatment suggests that NF-κB signaling is involved in
malaria parasite induction of AsNOS expression.
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Figure 35. AsNOS induction by P. falciparum merozoites in ASE cells pretreated with PDTC.
A total of 1×106 ASE cells were pre-treated with 0.01 µM (n=2) or 0.1 µM (n=2)
PDTC for 1 h.

The cells were then stimulated with 1.56×106 P. falciparum

merozoites for 48 h.

Total RNA was isolated and AsNOS expression was

measured by quantitative RT-PCR. Relative AsNOS induction was calculated by
dividing AsNOS expression level in inhibitor-treated ASE cells by AsNOS
expression level in mock pre-treated (0µM) ASE cells.

Therefore, relative

AsNOS induction of 0 µM PDTC treatment (mock pre-treatment) was shown as
“1”. Data were analyzed by Student’s t test (α=0.1).
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Figure 36. Treatment with PDTC induces JNK/SAPK phosphorylation in
ASE cells.
ASE cells were treated with 100 µM or an equivalent volume of water as a control
for 1 h. After stimulation, cells were collected and lysed as described in the
experimental procedures.

Proteins from cell lysates were electrophoretically

separated by SDS-PAGE and analyzed by western analysis as described in the
text using a 1:1,000 dilution of polyclonal rabbit anti-phospho JNK/SAPK and a
1:250,000 dilution of HRP-conjugated anti-rabbit IgG. Peroxidase activity was
detected with the SuperSignal West Pico chemiluminescent detection kit. Signal
intensities were measured using a GS-800 calibrated densitometer (Bio-Rad)
and normalized against untreated, control cells.
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Cloning of AsPelle and AsTak1.
Results from PDTC pre-treatment implied the involvement of NF-κB
signaling in parasite induction of AsNOS expression. However, these data do
not discriminate whether signaling is transduced through Toll and/or Imd
pathways. To determine which pathway is required for P. falciparum induction of
AsNOS, RNAi-based strategies were used. As targets of Toll and Imd pathways,
Pelle and Tak1 were selected for knockout analyses. Fragments of A. stephensi
Pelle and Tak1 were amplified using RT-PCR with degenerate primers and both
strands of cDNA were sequenced. These degenerate primers were designed
based on D. melanogaster and A. gambiae Pelle and Tak1 sequences. Based
on preliminary sequence data, 5’ RACE and 3’ RACE were then performed to
obtain sufficient sequences for RNAi (Figure 37, Figure 38, and Figure 42).
Anopheles stephensi Pelle and Tak1 sequences are homologous to A. gambiae
and D. melanogaster gene sequences (Figure 39 and Figure 43). As shown in
Figure 37 and Figure 38, three AsPelle transcripts identified by 5’ RACE possess
5’ nucleotide sequence and predicted amino acid sequence variability.

This

pattern of transcript sequence variation has been reported for murine IRAK2.
Four transcripts are transcribed from murine IRAK2, a Pelle ortholog, by
alternative splicing (Figure 40; (49)). This variation results in alterations in the
regulation of gene expression such that Irak2a and 2b isoforms were stimulatory
and Irak2c and 2d isoforms were inhibitory to NF-κB activation (49). The AsPelle
transcripts identified in this study may also represent transcripts produced by
alternative splicing. Further, a conserved domain search of AsPelle transcripts
showed that AsPelle encodes domains similar to those of murine Irak2 isoforms.
For example, AsPelle P2 and AsPelle P9 encode a death domain, but AsPelle
P15 does not (Figure 41). The sequence similarities to the murine Irak2
transcripts imply that the AsPelle transcripts may encode proteins with the same
range of functions as the murine Irak2 isoforms.
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P2 :
P9 :
P15:

1

acgga

5

P2 :
P9 :
P15:

1
atgcatgctcgagcggccgccagtgtgatg
6 cagcagcaaacaatgggtggtagtggagagagcattccaaacctatccaactttgtgtac
1
ggatccagacgctgcgtttgctggct

54
65
29

P2 :
P9 :
P15:

55 gatatctgcagaattcgcccttcgcggatccacacgctgcgtttgctggttttgatgaaa 114
66 atctacgacattccacggatggagaagaaacggctggctgcgctgctcgagataaacaac 125
30 ttgatgaaaattccacggatggagaagaaacggctggctgcgctgctcgagataaacaac 89

P2 : 115 aagtggtacgtgctgggtgtaaagcagatgggttatagtagcgccgaactggatagtacg 174
P9 : 126 aagtggtacgtgctgggtgtaaagcagatgggttatagtagcgccgaactggatagtacg 185
P15: 90 aagtggtacgtgctgggtgtaaagcagatgggttatagtagcgccgaactggatagtacg 149
P2 : 175 caaagatgttgccagagaaacaatcgatcaccggcggaagatctgctcgataaatggggt 234
P9 : 186 caaagatgttgccagagaaacaatcgatcaccggcggaagatctgctcgataaatggggt 245
P15: 150 caaagatgttgccagagaaacaatcgatcaccggcggaagatctgctcgataaatggggt 209
P2 : 235 aactacaaccataccatcacggaactgtttgtggtgctgtcccgcgagaagctttacagc 294
P9 : 246 aactacaaccataccatcacggaactgtctgtggtgctgtcccgcgagaagctttacagc 305
P15: 210 aactacaaccataccatcacggaactgtttgtggtgctgtcccgcgagaagccttacagc 269
P2 : 295 tgtatggaactcatcaagcggtacgttgaaccacggtaccatgtgctgattaaacattcg 354
P9 : 306 tgtatggaactcatcaagcggtacgttgaaccacggtaccatgtgctgattaaacattcg 365
P15: 270 tgtacggaactcatcaagcggtacgttgaaccacggtaccatgtgctgattaaacattcg 329
P2 : 355 cgcagtggccccacggccggtatgggcacattcaacggtgcggacgctaataacaatccg 414
P9 : 366 cgcagtggccccacggccggtatgggcacattcaacggtgcggacgctaataacaatccg 425
P15: 330 cgcagtggccccacggccggtatgggcacattcaacggtgcggacgctaataacaatccg 389
P2 : 415 gaagcagcgaacggaaatcgtgtcccaccggcaaatcaggcaatggctgggggtggagct 474
P9 : 426 gaagcagcgaacggaaatcgtgtcccaccggcaaatcaggcaatggctgggggtggagct 485
P15: 390 gaagcagcgaacggaaatcgtgtcccaccggcaaatcaggcaatggctgggggtggagct 449
P2 : 475 aaacagaaagcggctgcggatccgggcactccggacgctgctaagaatgaaagcaatcct 534
P9 : 486 aaacagaaagcggctgcggatccgggcactccggacgctgctaagaatgaaagcaatcct 545
P15: 450 aaacagaaagcggctgcggatccgggcactccggacgctgctaagaatgaaagcaatcct 509
P2 : 535 tcgaattcaaaagatgattctccgtttgcgaatgagcttgcggatctgtccagcttgata 594
P9 : 546 tcgaattcaaaagatgattctccgtttgcgaatgagcttgcggatctgtccagcttgata 605
P15: 510 tcgaattcaaaagatgattctccgtttgcgaatgagcttgcggatctgtccagcttgata 569
P2 : 595 ccgaagataagctacgccgagctaacagccgccaccgataattggagcgaacggaacatt 654
P9 : 606 ccgaagataagctacgccgagctaacagccgccaccgataattggagcgaacggaacatt 665
P15: 570 ccgaagataagctacgccgagctaacagccgccaccgataattggagcgaacggaacatt 629
P2 : 655 cttggcaagggtggctttgggacggtgtaccggggtattttcaagcacacgtacatggca 714
P9 : 666 cttggcaagggtggctttgggacggtgtaccggggtattttcaagcacacgtacatggca 725
P15: 630 cttggcaagggtggctttgggacggtgtaccggggtattttcaagcacacgtacatggca 689
P2 : 715 attaaaaagatcgactacagcaaggtaaagacgagcgaggcggaacgcatccagctgcag 774
P9 : 726 attaaaaagatcgactacagcaaggtaaagacgagcgaggcggaacgcatccagctgcag 785
P15: 690 attaaaaagatcgactacagcaaggtaaagacgagcgaggcggaacgcatccagctgcag 749
P2 : 775 caaagtttcaacgagctgcgcttccttaactcatgtcgacatgacaacattgtgccgctg 834
P9 : 786 caaagtttcaacgagctgcgcttccttaactcatgtcgacatgacaacattgtgccgctg 845
P15: 750 caaagtttcaacgagctgcgcttccttaactcatgtcgacatgacaacattgtgccgctg 809
P2 : 835 tatggttacagtttggagaaggaaccctgcttggtgtaccagtttatgccgggaggatca 894
P9 : 846 tatggttacagtttggagaaggaaccctgcttggtgtaccagtttatgccg
896
P15: 810 tatggttacagtttgaagaaggaaccctgcttggtgtaccagtttatgccgggaggatca 869
P2 : 895 ttggacaaatgcttgtttgcccgacggcccgcatcaccactaacctggaaggagcgtatg 954
P9 :
P15: 870 ttggacaaatgcttgtttgcccgacggcccgcatcaccactaacctggaaggagcgtatg 929

Figure 37. Nuclotide sequences of three AsPelle transcripts.
Nucleotide sequences of three different AsPelle transcripts (AsPelle P2, P9, and
P15) are shown. Positions with variable single nucleotides are shown as black
boxes. Variable 5’ sequences among the transcripts are shaded; a short shared
sequence region within the variable region is highlighted in green. Nucleotide
sequences used to design gene-specific primers for RNAi are underlined.
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AsPelle P2 :
AsPelle P9 :
AsPelle P15:

MHARAAASVMDICRIRPSRIHTLRLLVLMKKWYVLGVKQMGYSSAELDS
GQQQTMGGSGESIPNLSNFVYIYDIPRMEKKRLAALLEINNKWYVLGVKQMGYSSAELDS
RIQTLRLLALMKIPRMEKKRLAALLEINNKWYVLGVKQMGYSSAELDS

AsPelle P2 :
AsPelle P9 :
AsPelle P15:

TQRCCQRNNRSPAEDLLDKWGNYNHTITELFVVLSREKLYSCMELIKRYVEPRYHVLIKH
TQRCCQRNNRSPAEDLLDKWGNYNHTITELSVVLSREKLYSCMELIKRYVEPRYHVLIKH
TQRCCQRNNRSPAEDLLDKWGNYNHTITELFVVLSREKPYSCTELIKRYVEPRYHVLIKH

AsPelle P2 :
AsPelle P9 :
AsPelle P15:

SRSGPTAGMGTFNGADANNNPEAANGNRVPPANQAMAGGGAKQKAAADPGTPDAAKNESN
SRSGPTAGMGTFNGADANNNPEAANGNRVPPANQAMAGGGAKQKAAADPGTPDAAKNESN
SRSGPTAGMGTFNGADANNNPEAANGNRVPPANQAMAGGGAKQKAAADPGTPDAAKNESN

AsPelle P2 :
AsPelle P9 :
AsPelle P15:

PSNSKDDSPFANELADLSSLIPKISYAELTAATDNWSERNILGKGGFGTVYRGIFKHTYM
PSNSKDDSPFANELADLSSLIPKISYAELTAATDNWSERNILGKGGFGTVYRGIFKHTYM
PSNSKDDSPFANELADLSSLIPKISYAELTAATDNWSERNILGKGGFGTVYRGIFKHTYM

AsPelle P2 :
AsPelle P9 :
AsPelle P15:

AIKKIDYSKVKTSEAERIQLQQSFNELRFLNSCRHDNIVPLYGYSLEKEPCLVYQFMPGG
AIKKIDYSKVKTSEAERIQLQQSFNELRFLNSCRHDNIVPLYGYSLEKEPCLVYQFM
AIKKIDYSKVKTSEAERIQLQQSFNELRFLNSCRHDNIVPLYGYSLKKEPCLVYQFMPGG

AsPelle P2 :
AsPelle P9 :
AsPelle P15:

SLDKCLFARRPASPLTWKERMNIARGTAKGLQ
SLDKCLFARRPASPLTWKERMNIARGTAKGL

Figure 38. Amino acid sequences of three AsPelle transcripts.
Predicted amino acid sequences of three different AsPelle transcripts (AsPelle
P2, P9, and P15) are shown. Positions with variable single amino acids are
shown as black; a short shared sequence region within the variable region is
highlighted in green. Variable N-terminal sequences among the transcripts are
shaded. Nucleotide sequences encoding amino acid sequences indicated as
lines were used to design gene-specific primers for RNAi.
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AsPelle:
AgPelle:
DmPelle: 76

QRNNRSPAEDLLDKWGN-YNHTITELFVVLSREKLYSCMELIKRYVEPRYHVLIKHSRSG
QRNNRSPAEQLLDKWGN-YNHTITELFVVLSREKLYNCMELIKRYVDSRYHVLIKESASD
KQRGRSASNEFLNIWGGQYNHTVQTLFALFKKLKLHNAMRLIKDYVSEDLHKYIPRS--- 132

AsPelle:
---PTAGMGTFNGADANNNPEAANGNRVPPANQAMAGGGAKQKAAADPGTPDAA---KNE
AgPelle:
GRNAVANMATFSGA--NNNANVPNGHRAAHRLKDGAADQKVNGGGGDGAAAAAAAATNDK
DmPelle: 133 ---------------------------VPTISELRAAPDSSAKVNNGPPFPSSS-GV--- 161
AsPelle:
SNPSNSKDDSPFANELADLSSL--------------IPKISYAELTAATDNWSERNILGK
AgPelle:
SNPTNSKENSPFANELADLTSL--------------IPKISYEELTAATDNWSERNILGK
DmPelle: 162 SNSNNNRTSTTATEEIPSLESLGNIHISTVQRAAESLLEIDYAELENATDGWSPDNRLGQ 221
AsPelle:
GGFGTVYRGIFKHTYMAIKKIDYSKVKTSEAERIQLQQSFNELRFLNSCRHDNIVPLYGY
AgPelle:
GGFGTVYRGNFKHTFMAIKKIDYNKVKSSEAERIQLQQSFNELRFLNSCRHDNIVPLFGY
DmPelle: 222 GGFGDVYRGKWKQLDVAIKVMNYRSPNIDQ-KMVELQQSYNELKYLNSIRHDNILALYGY 280
AsPelle:
SLEK-EPCLVYQFMPGGSLDKCLFARRPASPL---TWKERMNIARGTAKGLQYLHTFGEK
AgPelle:
CIEK-EPCLVYQFMPGGSLDKSLFARRPASPL---TWRERMNIAIGTARGLQYLHTFGDK
DmPelle: 281 SIKGGKPCLVYQLMKGGSLEARLRAHKAQNPLPALTWQQRFSISLGTARGIYFLHTARGT 340
AsPelle:
PFIHGDIKPDNILL 313
AgPelle:
PFIHGDIKPGNILL 375
DmPelle: 341 PLIHGDIKPANILL 354

Figure 39. Alignment of AsPelle with AgPelle and Dmpelle.
Conserved amino acids are represented in bold type. The predicted amino acid
sequence of AsPelle (conserved region among three transcripts) was aligned
with A. gambiae Pelle (AgPelle; EAA07539; 516 a.a.) and D. melanogaster Pelle
(DmPelle; A45775; 501 a.a.).

Nucleotide sequences encoding amino acid

sequences indicated by overlines were used to design gene-specific primers for
RNAi.
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Figure 40. Alternative splicing of murine IRAK2 (Hardy et al 2004; (49)).
A schematic representation of the genomic structure of murine IRAK2. Exons
(numbered boxes) are shown on the genomic sequence (horizontal line) with
start and stop codons indicated by asterisks (∗) and carets (∧), respectively.
Mature Irak2 protein is represented above the genomic structure as the Nterminus, the death domain (DD), the inter domain, kinase domain, and Cterminus.

Alternative splicing at the 5’-end of Irk2 leads to the formation of

multiple Irak2 isoforms.

Irak2a utilizes all 5’-exons; Irak2b and Irak2d are

generated by exon skipping of exon 3 and 2, respectively, and Irak2c has its own
5’-UTR (designated exon 4’).
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AsPelle P2

AsPelle P9
AsPelle P15

Figure 41. Schematic of AsPelle domain structure.
AsPelle P2, P9, and P15 amino acid sequences were submitted to the
Conserved

Domain

Database

and

Search

Service,

v2.01

(www.ncbi.nlm.nih.gov). Conserved domain structures are indicated below the
sequence representations as colored boxes.
serine/threonine protein kinase catalytic domain.
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DEATH: death domain; S_TKc:

1
1

GATCCTCGCAGGCAATGTCCAGGGAGCAGATCAATCGTGTGAACAGCGTGCTACCGCCCT
S S Q A M S R E Q I N R V N S V L P P

61
20

TCGTTACTGCAATAGACATCAACGAAATTGAACAGATTGCAACCGTCGGTAAAGGTTCTT
F V T A I D I N E I E Q I A T V G K G S

121
40

ACGGAACAGTAATTAAAGCGAAATGGAGAAACAAATACGTCGCCGTGAAATACCTGGAGT
Y G T V I K A K W R N K Y V A V K Y L E

181
60

CACACTCCATTACCGAACACGCATTTGCCGCCGAGGTGAGCCACTTGTCCCGTGTGGCAC
S H S I T E H A F A A E V S H L S R V A

241
80

ATCCCAACATAATCGAGCTTTACGGAGCTTGCACGGAATCACCGCACGTTTGCCTCGTGA
H P N I I E L Y G A C T E S P H V C L V

301
100

TGGAGTACGCGGACGGTGGCTCACTTCACAAAGTGCTGCACTGTAGGCCACGGCCCGTCT
M E Y A D G G S L H K V L H C R P R P V

361
120

ATACAGCCGCGCATGCAATGAGCTGGGCGCGGCAATGCGCGGAGGGTGTTGCCTATCTGC
Y T A A H A M S W A R Q C A E G V A Y L

421
140

ACGACATGACCCCCCGACCCATGATCCATCGCGATCTGAAACCACCGAACCTGCTGCTGG
H D M T P R P M I H R D L K P P N L L L

481
160

TCAACAATGGTACCGTGCTGAAGATATGCGACTTCGGTACAGTCACGGACAAATCGACGC
V N N G T V L K I C D F G T V T D K S T

541
180

TCATGACCAACAACAAGGGCAGTGCCGCGTGGATGGCGCCGGAAGTGTTTGAAGGTTCGT
L M T N N K G S A A W M A P E V F E G S

601
200

CTTACACCGAAAAGTGTGACGTGTTTAGCTGGGGTATCATCCTGTGGGAGGTGATAGCGC
S Y T E K C D V F S W G I I L W E V I A

661
220

GCGAACAACCGTTCAAACACATCGACACGTCGTACGCGATCATGTGGCGCGTGCATCGTG
R E Q P F K H I D T S Y A I M W R V H R

721
240

GTAGCCGGCCACCGCTCATCGAGCACTGCCCAAAACCGATCGAACAGTTGATGATACAGT
G S R P P L I E H C P K P I E Q L M I Q

781
260

GCTGGGACAAGGAACCGATCAGACGCCCCTCGATGAAGGAGGTGGTCGGCGTGATGAACG
C W D K E P I R R P S M K E V V G V M N

841
280

AACTGTGTAAGCTGTTTGTGGGCGAAAATGAACCAATCGGTAACGAGTTTCTACCCGAAG
E L C K L F V G E N E P I G N E F L P E

901
300

ATGAGGATGACTCGTACAGGATGGCTTATCCAAGCGAAAGTATCGTTTCGGAAAGCATGG
D E D D S Y R M A Y P S E S I V S E S M

961
320

ACAACGGGCTAGATACGAACAACAGTCGATCGGGAACGATCACTAATAACAACAGCACGG
D N G L D T N N S R S G T I T N N N S T

1021
340

TACAGCGGATACGCGACATGCCGCTGAGGGATAGTCCACTAAGAAATGTGCCACCAAGCG
V Q R I R D M P L R D S P L R N V P P S

1081
360

TACTGCAACCGCTACACATCGAGGTGAACCCGTTTGACCAACCAATGGACCTTGGAAGCG
V L Q P L H I E V N P F D Q P M D L G S

Figure 42. Sequence of AsTak1.
Nucleotide and predicted amino acid sequences are shown.

Nucleotide

sequences shaded as yellow were used to design gene-specific primers for
RNAi.
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AsTAK1:
AgTAK1:
DmTAK1: 24

TVGKGSYGTVIKAKWRNKYVAVKYLESHSITEHAFAAEVSHLSRVAHPNIIELYGACTES
TVGKGSYGTVIKAKWRNKYVAVKYMEV--LTEQAFTAEVSHLSRVAHPNIIELYGACTEK
KVGHGSYGVVCKAVWRDKLVAVKEFFA-SAEQKDIEKEVKQLSRVKHPNIIALHGISSYQ 82

AsTAK1:
AgTAK1:
DmTAK1: 83

PHVCLVMEYADGGSLHKVLHCRPRPVYTAAHAMSWARQCAEGVAYLHDMTPRPMIHRDLK
PNFCLVMEYADGGSLHKVLHSRPRPVYTAAHAMSWARQCAEGVAYLHDMTPRPMIHRDLK
QATYLIMEFAEGGSLHNFLHGKVKPAYSLAHAMSWARQCAEGLAYLHAMTPKPLIHRDVK 142

AsTAK1:
PPNLLLVNNGTVLKICDFGTVTDKSTLMTNNKGSAAWMAPEVFEGSSYTEKCDVFSWGII
AgTAK1:
PPNLLLVNNGTVLKICDFGTVTDKSTLMTNNKGSAAWMAPEVFEGSSYTEKCDVFSWGII
DmTAK1: 143 PLNLLLTNKGRNLKICDFGTVADKSTMMTNNRGSAAWMAPEVFEGSKYTEKCDIFSWAIV 202
AsTAK1:
LWEVIAREQPFKHIDTSYAIMWRVHRGSRPPLIEHCPKPIEQLMIQCWDKEPIRRPSMKE
AgTAK1:
LWEVIAREQPFKHIDTSYAIMWRVHQGSRPPLIDHCPKPIEQLMVRCWDKDPISRPSMKE
DmTAK1: 203 LWEVLSRKQPFKGIDNAYTIQWKIYKGERPPLLTTCPKRIEDLMTACWKTVPEDRPSMQY 262
AsTAK1:
VVGVMNELCKLFVGENEPIGNEFLPEDE
AgTAK1:
VVNVMNALCKLFTGENEPIGNEFLPEDE
DmTAK1: 263 IVGVMHEIVKDYTGADKALEYTFVNQQI 290

Figure 43. Alignment of AsTAK1 with AgTAK1 and DmTAK1.
Conserved amino acids are represented in bold type. The predicted amino acid
sequence of AsTAK1 was aligned with A. gambiae TAK1 (AgTAK1; EAA07538)
and D. melanogaster TAK1 (DmTAK1; CAA81204; 530 a.a.).
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Expression of AsPelle and AsTak1 in A. stephensi midguts and cultured
cells.
Before beginning RNAi, the expression of AsPelle and AsTak1 was
examined in A. stephensi tissues and cultured cells. Total RNA was isolated
from ASE cells, MSQ43 cells, and P. falciparum-infected and uninfected A.
stephensi abdomens collected at 1 h pBM.

In replicated RT-PCR assays,

products of 222 bp and 177 bp were amplified from all samples (Figure 44). The
absence of genomic contamination was confirmed by RT-PCR performed without
reverse transcriptase.
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Lane 1: Plasmodium falciparum-infected A. stephensi abdomen cDNA (1 h pBM)
Lane 2: Plasmodium falciparum-infected A. stephensi abdomen cDNA (1 h pBM); -RT control
Lane 3: Uninfected A. stephensi abdomen cDNA (1 h pBM)
Lane 4: Uninfected A. stephensi abdomen cDNA (1 h pBM); -RT control
Lane 5: ASE cell cDNA
Lane 6: ASE cell cDNA; -RT control
Lane 7: MSQ43 cell cDNA
Lane 8: MSQ43 cell cDNA; -RT control

Figure 44. Expression of A. stephensi Pelle and Tak1.
Fragments of AsPelle and AsTak1 genes were amplified from cDNA samples
using gene-specific primers and cycling conditions described in the experimental
procedures. Control reactions were performed in the absence of RT to confirm a
lack of contaminating genomic DNA. Results show amplifications from cDNA
and RNA from A. stephensi abdomen tissue 1 h post-infection with P. falciparum
(Inf abdomen), amplifications from cDNA and RNA prepared from A. stephensi
abdomen tissue 1 h after an uninfected bloodmeal (Uninf abdomen),
amplifications from cDNA and RNA prepared from ASE cells and MSQ43 cells.
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Knockout of AsPelle enhanced P. falciparum induction of AsNOS.
To determine whether parasite signaling requires AsPelle, a Toll pathway
component, to induce AsNOS expression, we silenced AsPelle with RNAi in
MSQ43 cells prior to stimulation. In AsPelle dsRNA-transfected cells, AsPelle
mRNA levels were undetectable from 6 h to 5 d post-transfection (Figure 45).
For AsNOS induction assays, 1×106 MSQ43 cells were stimulated at 18 h posttransfection with 15.6 × 106 P. falciparum merozoites or incomplete medium for
48 h. Unexpectedly, P. falciparum merozoite stimulation significantly induced
AsNOS expression in AsPelle knockout MSQ43 cells to ∼2.5-fold compared to
AsNOS induction in mock treatment (p=0.02; Figure 46). These results indicated
that an A. stephensi Toll pathway might function as a negative regulator of
AsNOS induction by parasite-derived factors.

In D. melanogaster, Pelle

knockout by RNAi did not alter LPS-induced attacin expression (115) because
Gram-negative bacteria activate the Imd pathway to induce the expression of
antibacterial peptides. Together with my data, these observations suggest that
parasite signaling of AsNOS induction may be transduced through an Imd
pathway rather than a Toll pathway.
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6h

18h

1d

2d

3d

4d

5d

AsPelle
AsS7
T

Figure 45.

C

T

C T

C

T

C

T

C

T

C

T C

Transfection of dsRNA eliminates expression of AsPelle in

MSQ43 cells.
Double-stranded RNA (dsRNA) for AsPelle was transfected into MSQ43 cells as
described in the experimental procedures.

RT-PCR was used to confirm

reduction of A. stephensi Pelle mRNA levels in transfected MSQ43 cells from 6h
to 5d post-transfection. Ribosomal S7 protein gene RT-PCR amplification was
used as a loading control and to confirm sample integrity. C = mock transfection;
T = AsPelle dsRNA-transfected MSQ43 cells.
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Relative AsNOS induction
Figure 46.

p=0.02

7
6
5
4
3
2
1
0
Mock transfected

AsPelle RNAi

AsPelle may function as a negative regulator of AsNOS

induction by Plasmodium falciparum merozoites.
Relative AsNOS expression levels in mock-transfected and AsPelle dsRNAtransfected cells were divided by expression levels in matched transfected cells
stimulated with incomplete medium to show relative AsNOS induction by
treatment with 15.6 x 106 P. falciparum merozoites (n = 2). Values represent
means ± SEs. Data within each treatment were analyzed using the Student’s t
test; p-values are shown.
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Anopheles stephensi Tak1 is required for signaling by Plasmodium-derived
AsNOS-inducing factors.
To determine whether an Imd pathway is required for signaling by
Plasmodium-derived AsNOS-inducing factor(s), Tak1 was selected as a target
for RNAi. AsTak1 dsRNA was transfected into MSQ43 cells and the success of
RNAi was monitored using RT-PCR as described (84). As shown in Figure 47,
AsTak1 expression was undetectable from 6 h to 5 d post-transfection. At 18 h
post-transfection, MSQ43 cells were stimulated by P. falciparum merozoites or
incomplete medium for 48 h. AsNOS induction by merozoite stimulation was
decreased in AsTak1 dsRNA transfected MSQ43 cells by 20% compared to
AsNOS induction in mock-treatment (p=0.02; Figure 48). This result suggested
that Plasmodium-derived signal is transduced through an Imd pathway.
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6h

18h

1d

2d

3d

4d

5d

AsTak1
AsS7
T

Figure 47.
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Transfection of dsRNA eliminates expression of AsTak1 in

MSQ43 cells.
Double-stranded RNA (dsRNA) of AsTak1 was transfected into A. stephensi
MSQ43 cells as described in the experimental procedures. RT-PCR was used to
confirm reduction of AsTak1 mRNA level in transfected MSQ43 cells from 6 h to
5 d post-transfection. RT-PCR amplification of ribosomal S7 protein gene was
used as a loading control and to confirm sample integrity. C = mock transfection;
T = AsTak1 dsRNA-transfected MSQ43 cells.
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Relative AsNOS induction
Figure 48.

2.5
p=0.02

2.0
1.5
1.0
0.5
0
Mock transfected

AsTak1 RNAi

Knockout of AsTak1 expression reduced P. falciparum

induction of AsNOS expression.
Relative AsNOS expression levels in mock-transfected and AsTak1 dsRNAtransfected cells were divided by expression levels in matched transfected cells
stimulated with incomplete medium to show relative AsNOS induction by
treatment with 15.6 × 106 P. falciparum merozoites (n=2).

Values represent

means ± SEs. Data within each treatment were analyzed using the Student’s t
test; p-values are shown.
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JNK is not involved in signaling by Plasmodium-derived AsNOS-inducing
factors.
In mouse glial cells, Tak1 activates p38 mitogen-activated protein kinase
(MAPK), JNK, and NFκB to induce iNOS expression in response to Gramnegative bacterial infection (14). Furthermore, Tak1 functions as an IκB kinase
kinase and the JNK kinase kinase activating both branches of Imd pathway
signaling by LPS stimulation in Drosophila cells (112).

In Drosophila

melanogaster S2 cells, JNK activation was detected at 15 min and 30 min after
LPS stimulation (91). As shown in RNAi experiments in the previous section,
AsTak1 is necessary for signaling of Plasmodium-derived factors to induce
AsNOS expression.

Based on these observations, I proposed to determine

whether Plasmodium signaling is transduced through JNK, as a component of
the Imd pathway (Figure 49). For this assay, 1×106 MSQ43 cells were stimulated
with 15.6 ×106 P. falciparum merozoites or equivalent volume of incomplete
medium as a control for 5 min, 30 min, and 1 h. After stimulation, cell lysates
were prepared as described and western blot analyses were performed with antiphospho JNK. An expected size of cross-reacting band was 50kD. In duplicated
experiments, merozoite stimulation failed to induce JNK activation suggesting
that parasite signal(s) were not transduced through JNK (not shown). To confirm
my results, JNK western analyses were performed using lysates prepared from
AsTak1 dsRNA transfected MSQ43 cells following merozoite stimulation.
Knockout of AsTak1 expression did not affect phosphorylation level of JNK by
merozoite stimulation (not shown).

These results and PDTC treatment data

suggest that parasite signaling might be transduced through a branch of the Imd
pathway that is dependent on IKK and Relish (Figure 49).
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Figure 49. Drosophila model of branched Imd pathway (Park et al 2004;
(91)).
Signaling during Gram-negative bacterial infection is transduced through the Imd
pathway to regulate expression of defense genes including the antibacterial
peptides diptericin and attacin.

Ligands bind a peptidoglycan recognition

receptor protein (PGRP-LC) to activate IMD. Tak1 serves as JNK kinase and
IKK kinase. Phosphorylation of JNK and IKK induce defense gene expression by
the translocation of transcriptional activators into the nucleus.
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4.5 Discussion and future directions
Insects protect themselves against microbial infections with innate
immune responses. In D. melanogaster, Toll and Imd signaling pathways are
activated by bacterial and fungal infections. Activation of these pathways induce
a variety of immune responses including the production of antimicrobial peptides
(17). However, the signaling pathways that are activated during defense against
Plasmodium infection are unknown.

I hypothesized that Toll and/or Imd

pathways might be responsible for protection against Plasmodium infection by
inducing AsNOS expression. In this study, I showed that two A. stephensi Tolls
were expressed in A. stephensi cells and in the midgut tissue. Also, expression
of AsToll5A was inducible against Plasmodium infection. In spite of the induction
of AsToll5A in in vivo, I failed to verify direct relationship between expression of
AsToll genes and AsNOS in our in vitro system. Although I could not show any
correlation between expression levels of AsTolls (AsToll5A and AsToll1) and
AsNOS in vitro, it is possible that other signals present in vivo but not in vitro are
required for induction of Toll gene expression.

To extend my in vivo

observations, future efforts may be focused on knockout of AsToll5A in vivo to
determine whether parasite-derived signals are transduced through AsToll5A to
induce AsNOS expression. Ten Toll-related genes have been identified in the A.
gambiae genome sequence (56) suggesting that the genome of closely related
A. stephensi should also encode multiple Toll genes. As such, additional efforts
may focus on identification and expression analyses of the remaining A.
stephensi Toll genes.
In the process of cloning the A. stephensi Pelle ortholog, I identified three
transcripts with 5’ sequence variability (Figure 37 and Figure 38). Mammalian
IRAK is orthologous to Drosophila Pelle (90).

Murine Irak2 produces four

transcripts: Irak2a, Irak2b, Irak2c, and Irak2d by alternative splicing.

Two

transcripts, Irak2a and Irak2b, stimulate NF-κB activation, while Irak2c and
Irak2d inhibit NF-κB activation (49).

Although three different transcripts of

AsPelle were detected, the functions of these transcripts cannot be determined
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from sequence alone. As such, future efforts may be focused on overexpression
and/or knockout of each AsPelle transcript in vitro to elucidate the functions of
AsPelle isoforms.
To determine the involvement of Imd pathway in signaling by Plasmodiumderived AsNOS-inducing factors, assays were performed to knockout expression
of AsTak1. Data from these experiments revealed that AsTak1 RNAi reduced
merozoite-stimulated AsNOS expression by 20% compared to controls.

In

Drosophila S2 cells, Tak1 RNAi reduced LPS induction of attacin expression by
50% relative to dsRNA untransfected cells (115).

Furthermore, RNAi of

AsDSOR1 and AsAkt reduced AsNOS induction by merozoite stimulation by 6080% (Figure 23 and Figure 27). Together, these observations imply that an Imd
pathway might function as an accessory pathway for signaling by Plasmodiumderived AsNOS-inducing factors.

To examine whether Imd pathway is also

required for parasite signaling of AsNOS induction in the mosquito, future efforts
may be focused on RNAi of AsTak1 expression in vivo.
Together with the Tak1 RNAi, the JNK western blot, and the PDTC pretreatment data suggest that Plasmodium-derived factors signal through Tak1 and
Relish in A. stephensi cells in vitro.

Unlike other Rel family proteins, Relish

contains an inhibitory domain in the C-terminus and is activated by proteolytic
cleavage. To verify that a branch of the Imd pathway composed of Tak1 and
Relish is involved in the signaling pathway by Plasmodium-derived factors,
western blots with anti-Relish antibody can be performed. As a first step, cell
lysates from A. stephensi cells stimulated with P. falciparum merozoites can be
prepared for western analyses of Relish activation. Based on similar assays with
D. melanogaster cells (123), anti-Relish antibody should cross-react with two
bands corresponding to full length and cleaved Relish if activation has occurred
(91). The high level of amino acid sequence homology between A. gambiae and
D. melanogaster Relish suggest that antisera to the fly protein should cross-react
with the mosquito protein. If two bands are difficult to discern in blots from whole
cell lysates, cytosolic and nuclear protein lysates could be prepared from A.
stephensi cells for western analysis. In this case, an anti-Relish western blot
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would reveal whether Relish is activated and translocated to the nuclear
compartment. A third approach could take advantage of my established protocol
for AsTak1 RNAi-dependent gene silencing.

Anti-Relish western analyses of

lysates from AsTak1 dsRNA-transfected cells may reveal a dependency of Relish
activation following parasite stimulation on the presence of AsTak1 in A.
stephensi cells.
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Chapter 5 The expression of candidate
antinitrosative stress defense genes of
Plasmodium
5.1 Abstract
Anopheles stephensi limits Plasmodium development with inducible NO
synthesis catalyzed by AsNOS (72). The fact that Plasmodium development is
not completely inhibited despite exposure to the NO-rich environment of the
midgut implies that Plasmodium may have efficient detoxification systems. While
defenses against oxidative stress are fairly well known, defenses against
nitrosative stress, a phenomenon recognized only in the last decade, are not. In
this study, expression of several Plasmodium antioxidant defense genes was
examined during sexual development in the mosquito. These genes are known
to defend bacteria and human cells against nitrosative stress as well as oxidative
stress (26).

Several candidate nitrosative stress defense genes including

peroxiredoxins containing 1 cysteine (Pf 1-cys Prx) or 2 cysteines (Pf 2-cys Prx),
heat shock protein 70 (Pf HSP70), Glutathione reductase (Pf GR), and
thioredoxin (Pf Thx) were expressed in P. falciparum during sexual development.
Notably, induction of Pf 1-cys Prx and Pf 2-cys Prx expression was roughly
associated with the time just prior to and during parasite penetration of the
midgut epithelium. Provision of Nω-nitro-L-arginine (L-NAME), a known inhibitor
of mosquito NOS enzyme activity, in an infectious bloodmeal to A. stephensi,
reduced expression of Pf 1-cys Prx and Pf 2-cys Prx indicating that these gene
products may function to protect parasites against nitrosative stress induced by
AsNOS.

Although this study showed only changes in expression profiles of

candidate genes, my data are the first indication of the capacity of the parasite to
defend itself against mosquito-derived stresses.

In addition, these data may

contribute to the development of new parasite targets for transmission-blocking
vaccines.
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5.2 Introduction
When Plasmodium is ingested, mosquito innate immune defenses,
including NO synthesis, are activated (72). However, such defenses appear to
limit rather than eliminate parasite development. In chapter 5, I focus on several
gene products that may protect Plasmodium against nitrosative stress in A.
stephensi. The following questions are addressed in this chapter: (a) Are the
candidate genes, Pf 1-cys Prx, Pf 2-cys Prx, Pf HSP70, Pf Thx, and Pf GR
expressed during parasite development in the mosquito? (b) If a candidate gene
is expressed, does expression change through parasite development? (c) Does
L-NAME feeding affect expression of candidate parasite defense genes?
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5.3 Experimental procedures
Expression of candidate nitrosative stress defense genes in mosquitoes.
Anopheles stephensi were fed on P. falciparum blood culture. Total RNA
was isolated from whole mosquitoes at various times following feeding.
Expression levels of P. falciparum 1-cys Prx, 2-cys Prx, HSP70, Thx, GR and the
P2 protein gene were examined by RT-PCR with primers and conditions as in
Table 1.

For all reactions, equivalent amounts of RNA (200ng) were used.

Amplification from A. stephensi S7 cDNA was used as a control. PCR products
were examined by visual inspection of molecular size following electrophoresis
through 1.5 % agarose gels and further confirmed by DNA sequencing.
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Table 1. Primer sequences and PCR conditions for candidate P. falciparum
nitrosative stress defense genes.
9F: 5' TTT GTA CCA CTG AAC TTG CTG 3'
9R: 5' GGA TTC ATC ACA AAC CAT AGG 3'
1 cycle of 95°C 10min
45 cycles of 94°C 30 s, 54°C 30 s, 72°C 30 s
1 cycle of 72°C 10 min
34F: 5' AGA TTT TAC GTT TGT ATG CCC ATC 3'
Pf 2-cys peroxiredoxin
34R: 5' TAA ATG TTG AAC AAC ACC TTG CTT 3'
1 cycle of 95°C 10min
35 cycles of 94°C 30 s, 58°C 30 s, 72°C 30 s
1 cycle of 72°C 10 min
Pf heat shock protein 70 22: 5' AAA TCC ACT GGT AAA CAA AAC C 3'
23: 5' ATA CCT CCT GGG AAA TTC ATA C 3'
1 cycle of 95°C 10min
35 cycles of 94°C 30 s, 55°C 30 s, 72°C 1 min
1 cycle of 72°C 10 min
28F: 5' TTT GCT GAA TGG TGT GGA C 3'
Pf thioredoxin
28R: 5' GCT GAG TCG TTT GCT CCT AA 3'
1 cycle of 95°C 10min
35 cycles of 94°C 30 s, 56°C 30 s, 72°C 30 s
1 cycle of 72°C 10 min
Pf glutathione reductase 30F: 5' TTC TGA AGA AGC AGC AAT TC 3'
30R: 5' CCT TGA ACA ATT TCA TCT GC 3'
1 cycle of 95°C 10min
40 cycles of 94°C 30 s, 58°C 30 s, 72°C 30 s
1 cycle of 72°C 10 min
33F: 5' CAT TAA AAG GAA AGA GTT GCC 3'
Pf P2 protein
33R: 5' GGA AAA TCC TAA GTC GTC TTC 3'
1 cycle of 95°C 10min
35 cycles of 94°C 30 s, 46°C 30 s, 72°C 30 s
1 cycle of 72°C 10 min
Pf 1-cys Peroxiredoxin
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Feeding of L-NAME and quantitative RT-PCR of Pf 1-cys Prx and 2-cys Prx
expression.
Plasmodium falciparum blood culture with or without 1mg/ml L-NAME
(Sigma) or 1 mg/ml Nω-nitro-D-arginine (D-NAME; Sigma) was provided by
artificial feeder to 4- to 5-day-old female A. stephensi. Total RNA was isolated
from abdomens at 0 h, 1 h, and 3 h pBM and from midguts at 12 h, 1 d, 2 d, 3 d,
5 d, and 7 d pBM. For quantitative analyses of the parasite gene expression, I
prepared total RNA from dissected midguts rather than whole mosquitoes to
increase the proportion of parasite RNA.

However, due to the difficulty of

dissecting midguts at short time periods (0h, 1h, and 3h), I prepared RNA from
mosquito abdomens at early time points. Isolated total RNA was digested with
DNAse I (Ambion) to remove genomic DNA contamination. Expression of P.
falciparum 1-cys Prx and 2-cys Prx were measured by quantitative RT-PCR
using ABI Prism 7700 (PE Applied Biosystems). To calculate expression levels,
the relative standard method was used as described in the manufacturer’s
manual. Briefly, several concentrations of total RNA isolated from P. falciparuminfected A. stephensi abdomens at 3 h pBM were used to create a standard
curve.

Expression levels of the ribosomal P2 protein gene were positively

correlated with increasing RNA concentration of the standards, indicating that
expression of this gene could be used to normalize for variations in sample RNA
concentration.

As such, expression level of a gene of interest in each

experimental sample was normalized using ribosomal P2 protein gene
expression in the same sample. For each target gene, relative normalized gene
expression at each time point sample was calculated by dividing by the lowest
normalized gene expression for that target gene among the collected samples.
The primers and conditions for quantitative RT-PCR were as follows: 1-cys Prx
forward primer (1PfPrx F), 5’ ACCACTGAACTTGCTGAATTTGG 3’; 1-cys Prx
reverse primer (1PfPrx R), 5’ CCACTTATCTAGGTTTCCGTAAAATTTT 3’; probe
(1PfPrx

probe

labeled

with

VIC),

5’

AGGATTTAGCTGTAACTCCAAAGAATCTCACGATCAA 3’; 2-cys Prx forward
primer (PfPrx2F2), 5’ GATTTTACGTTTGTATGTCCATCTGAA 3’; 2-cys Prx

118

reverse

primer

(PfPrx2R2),

5’

GTATATTTACTATCCACACTACAGCCTATTAATTC 3’; probe (2PfPrx probe
labeled with VIC), 5’ TCATTGCATTAGATAAGGCTCTTGATGCATTTAAGG 3’;
P2 protein forward primer (PfP2F) 5’ CGTTGCTGCATATCTTATGTGTGTAT 3’;
P2 protein reverse primer (PfP2R), 5’ TCAGCATTTACGGCTCCTAACA 3’; probe
labeled with FAM, 5’ AGGAAATGAAAACCCAAGCACAAAAGAAGTTAAGA 3’; 1
cycle of 48°C 30 min, 1 cycle of 95°C 10 min, 45 cycles of 95°C 15 s, 58°C 1
min.

119

5.4 Results
Expression of Plasmodium candidate nitrosative stress defense genes in
A. stephensi.
To determine whether target candidate nitrosative stress defense genes
are expressed in the mosquito stage parasites, RT-PCR was performed using
total RNA isolated from whole P. falciparum-infected A. stephensi at various
times after feeding.

Two separate matched sets (C1 and C2) of infected

mosquitoes were used for these analyses. To confirm results, all reactions were
duplicated. The absence of genomic contamination was confirmed by a lack of
amplification in reactions without RT (not shown). P. falciparum 1-cys and 2-cys
Prx, HSP70, and GR were expressed all time points examined (Figure 50). Pf
Thx was expressed at all time points except at 3 d pBM (Figure 50). Although
these reactions do not provide quantitative data, the expression of 1-cys and 2cys Prx appeared to decrease from 2 d to 4 d and the expression of Thx and GR
seemed to decrease from 2 d to 7 d pBM (Figure 50).

Despite relatively

consistent expression of HSP70, there appeared to be a slight reduction in
expression at 2 d and 3 d. Expression levels of the ribosomal P2 protein gene
were similar across all stages. Robust amplification of A. stephensi S7 cDNA as
a control confirmed that decreased Prxs, HSP70, Thx, and GR amplification at 27 d was not due to poor quality cDNA. Quantitative RT-PCR was performed
using DNAse-treated C2 RNA to measure AsNOS expression. Expression of
AsNOS in C2 RNA was induced 2.1-fold at 6 h pBM and 1.7-fold at 9 d pBM
(Figure 51). AsNOS induction at 6 h and 9 d pBM was associated with relatively
greater expression of nitrosative stress defense candidate genes at these early
and late time points. In mouse macrophages, catalytic activity of NOS may last
2-5 d after NOS gene expression is induced (34, 123).

Therefore, AsNOS

induction at 6 h and 9 d pBM suggests that high levels of NO may be present
during parasite development from 6 h through 2-5 d and from 9 d onward.
Induction of AsNOS may explain the expression of Plasmodium nitrosative stress
defense genes at time points shown in Figure 50. Decreased expression of
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candidate genes from 2 d to 4 d, however, could also be due to quantitative loss
of parasites during invasion of the midgut epithelium (47). However, the fact that
expression patterns of these candidate genes are not identical over the complete
time course would suggest that factors in addition to parasite loss may impact
expression of these genes.
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C1, C2: Cohorts 1, 2

Figure 50.

Expression of P. falciparum candidate nitrosative stress

defense genes.
Two separate cohorts (C1 and C2) of infected mosquitoes were used for these
analyses. RT-PCRs for Pf 1-cys and 2-cys Prx, Pf HSP70, Pf Thx, Pf GR and
ribosomal Pf P2 protein were performed using equivalent amounts of RNA
isolated from whole mosquitoes. Amplification from A. stephensi S7 cDNA was
used as a control.
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Relative AsNOS induction
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Figure 51. Induction of AsNOS expression in whole A. stephensi.
Total RNA was isolated from P. falciparum-infected or uninfected whole A.
stephensi C2 at various times after feeding. AsNOS expression was measured
by quantitative RT-PCR. Expression levels in infected A. stephensi were divided
by the expression levels in uninfected mosquitoes to show relative induction.
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Changes of P. falciparum 1-cys Prx and 2-cys Prx expression in A.
stephensi.
For quantitative analyses of candidate parasite nitrosative stress defense
genes, I selected 1-cys Prx and 2-cys Prx based on previous studies.

The

proteins of the Prx family are known to regulate the intracellular concentration of
hydrogen peroxide (H2O2) by reducing it in the presence of appropriate electron
donor (94). Additionally, recent studies have shown the involvement of Prx in the
protection of bacteria, Mycobacterium tuberculosis and Salmonella typhimurium,
against nitrosative stress (20, 26). The P. falciparum genome encodes three
Prxs: two Prxs containing two cysteines (2-cys Prx) and a Prx containing 1
cysteine (1-cys Prx) in the catalytic domain (58, 59, 65).

Recently, Komaki-

Yasuda et al. (2003) suggested that P. falciparum 2-cys Prx (PfTPx-1) detoxifies
intracellular reactive oxygen species (ROS) and RNIs by showing that PfTPx-1
null parasites were more sensitive to a superoxide donor (paraquat) and a NO
donor (sodium nitroprusside) than wild type parasites (63).

Based on these

observations, I examined gene expression of P. falciparum 1-cys Prx and 2-cys
Prx (PfTPx-1) with quantitative RT-PCR to definitely examine gene expression in
mosquitoes.

For these studies, total RNA was isolated from midguts or

abdomens of P. falciparum-infected at various times after feeding as described
above. The RNA was treated with DNAse I (Ambion) to remove genomic DNA
contamination and the expression of P. falciparum 1-cys Prx and 2-cys Prx was
measured by quantitative RT-PCR. The level of P. falciparum 1-cys Prx and 2cys Prx expression was normalized to the level of P. falciparum ribosomal P2
protein gene expression. These analyses revealed that the expression of 1-cys
Prx increased from 3 h pBM to 1 d pBM then decreased until 3 d and second
peak was followed after 5 d or 7 d pBM in the 1st feeding (Figure 52 A). The first
peak of 1-cys Prx expression roughly coincides with the time just prior to parasite
penetration of midgut epithelium. In the second feeding, the pattern of 1-cys Prx
expression showed a similar peak from 3 h to 1 d (Figure 52 B). Expression of 2cys Prx was increased from 12 h to 2 d pBM, periods that correlate with the
invasion of ookinetes into the midgut epithelium (Figure 52 C and D).
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Figure 52.

12

Expression of P. falciparum 1-cys Prx and 2-cys Prx in A.

stephensi.
Total RNA was isolated from P. falciparum-infected A. stephensi abdomens or
midguts at various times after feeding.
feeding) were used.

Two separate cohorts (1st and 2nd

Expression levels of Pf 1-cys Prx and 2-cys Prx were

measured by quantitative RT-PCR and were calculated by the relative standard
method. Expression level was normalized against P. falciparum ribosomal P2
protein gene expression level. Relative expression levels are shown.
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Effect of L-NAME feeding on expression of P. falciparum 1-cys and 2-cys
Prx.
To determine whether the expression of these candidate genes was
related to nitrosative stress caused by induction of AsNOS gene expression, we
provided female, adult A. stephensi with bloodmeals containing P. falciparum
alone or bloodmeals containing P. falciparum and L-NAME, a known inhibitor of
AsNOS activity, or P. falciparum and D-NAME, the inactive isomer, as a control
(72). In previous experiments, provision of L-NAME in the bloodmeal increased
parasite numbers in infected mosquitoes relative to control mosquitoes (72).
Additional work in our lab has shown that provision of L-NAME in the bloodmeal
blocks

malaria

parasite

infection-related

formation

of

reactive

nitrogen

intermediates in the midgut of A. stephensi (Peterson et al., unpublished). As
such, we predicted that reduction of nitrosative stress by feeding L-NAME would
correlate with reduced expression of P. falciparum 1-cys Prx and 2-cys Prx if
these gene products function in nitrosative stress defense. Following feeding,
RNA was isolated from midguts or abdomens and quantitative RT-PCR was
performed as described previously. To verify that L-NAME feeding increased
parasite infection, oocysts were counted on dissected midguts at 7 d pBM.
Results from two independent experiments confirmed that provision of L-NAME
in the bloodmeal significantly increased oocyst numbers compared to D-NAMEtreated and untreated control groups (not shown). Further, expression levels of
P. falciparum 1-cys Prx and 2-cys Prx were significantly decreased in L-NAMEtreated

mosquitoes

(Kolmogorov-Smirnov

relative

to

Comparison;

untreated
D=0.5,

control

infected

P=0.039;

D=0.6,

mosquitoes
P=0.031,

respectively; Figure 53). As expected, Pf 1-cys and 2-cys Prx expression levels
in mosquitoes treated with D-NAME were not significantly different from
expression levels in untreated control infected mosquitoes (D=0.2143, P=0.862
for Pf 1-cys Prx; D=0.2, P=0.975 for Pf 2-cys Prx; not shown). These results
suggest that P. falciparum 1-cys Prx and 2-cys Prx may function to protect
parasites against nitrosative stress induced by AsNOS.
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Figure 53. Effect of L-NAME feeding on P. falciparum 1-cys Prx and 2-cys
Prx.
Total RNA was isolated from abdomens or midguts of A. stephensi provided with
bloodmeals containing P. falciparum alone or bloodmeals containing P.
falciparum and L-NAME at various times after feeding. Expression levels of Pf 1cys Prx and 2-cys Prx were measured by quantitative RT-PCR and were
calculated by the relative standard method. Expression levels were normalized
against P. falciparum ribosomal P2 protein gene expression. Relative expression
levels are shown.
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5.5 Discussion and future directions
AsNOS is a promising target for genetic modification of Anopheles to
enhance anti-parasite resistance.
mechanisms

of

Plasmodium

To succeed, the capacity of defense

against

nitrosative

stress

should

not

be

underestimated. In this chapter, as the first step to find candidate nitrosative
stress

defense

genes,

expression

of

selected

genes

was

examined.

Plasmodium falciparum 1-cys Prx, 2-cys Prx, HSP70, Thx, and GR were
expressed all time points during sexual development. In asexual stages, the
expression of 1-cys Prx and 2-cys Prx is restricted to ring and late trophozoite
stages (58, 59).

Major transcription of GR occurs only in the late

trophozoite/early schizont stages (35).

These observations indicated that

intracellular stage parasites also depend on host detoxification systems to
survive during oxidative damage. In contrast to asexual stages, parasite sexual
stages express all candidate genes during development in the mosquito.
Universal expression of candidate defense genes in sporogonic stages, in
contrast to limited expression in erythrocytic stages, is likely correlated with a
largely extracellular existence.

Mosquito-stage parasites, unlike those in

erythrocytes, must depend solely on endogenous defenses against oxidative and
nitrosative damage.
In my dissertation work, expression profiles of only Pf 1-cys Prx and 2-cys
Prx were examined using quantitative RT-PCR. Future efforts may be focused
on quantitative expression profiles of other genes such as HSP70, Thx, and GR
in mosquitoes fed on L-NAME. Moreover, beyond studies at the transcriptional
level, activity assays of purified Pf 1-cys Prx and Pf 2-cys Prx proteins may help
to clarify the functions of these proteins. Such assays have been useful in other
systems.

For example, Bryk et al 2000 overexpressed and purified the

peroxiredoxin AhpC of Salmonella typhimurium. To determine whether AhpC
could protect cells from peroxynitrite, a potent oxidizing RNI, assays were
performed with AhpC in the presence of peroxynitrite and susceptible target
molecules (e.g., DNA and dihydrorhodamine) in vitro (20).
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These studies

demonstrated that AhpC, acting as a peroxynitrite reductase, could forestall
oxidation of susceptible bystander molecules. In addition to studies of purified
proteins in vitro, gene knockout and proteomics approaches may be useful to
determine function of candidate stress defense genes in protecting P. falciparum
against nitrosative stress.
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Chapter 6 Conclusions
The first part of my research was to identify Plasmodium-derived factors
that can induce NOS-mediated innate immunity in A. stephensi.

My data

demonstrated that whole parasites, specifically P. falciparum merozoites, could
induce AsNOS expression in ASE cells.

Parasite crude lysate, prepared by

lysing Plasmodium-infected mouse RBCs hypotonically, also contains AsNOSinducing factors.

Moreover, AsNOS-inducing factors were concentrated in

glycolipid-enriched organic extract prepared from parasite crude lysate. Parasite
GPIs, which are presumed to be present in the organic extract, induced AsNOS
expression in ASE cells in vitro and in the A. stephensi midgut in vivo. However,
it is likely that other parasite factors, in addition to GPIs, function to induce
AsNOS expression.
parasite factors.

Future studies will focus on the identification of these

Malaria parasite hemozoin, a by-product of hemoglobin

digestion that is carried with parasites into the mosquito midgut, can induce iNOS
and cytokine production in mammalian cells (55, 117).

Thus, Plasmodium

hemozoin may function with PfGPIs to induce AsNOS expression in A. stephensi
cells.
The insulin and Toll/Imd signaling pathways were proposed as candidate
pathways to transduce signal from Plasmodium-derived factors for the induction
of AsNOS expression in A. stephensi.

My results showed that Plasmodium-

derived factors signal through proteins associated with both branches of the
insulin signaling pathway in vitro. Anopheles stephensi ERK and Akt were also
activated in the mosquito midgut following feeding of PfGPIs, indicating that
activation of these signaling proteins is recapitulated in vivo. However, neither P.
falciparum merozoites nor PfGPIs were insulin-mimetic to A. stephensi cells. My
data show for the first time that insulin signaling is involved in innate immunity in
A. stephensi. Future efforts to characterize the insulin signaling pathways by
RNAi or overexpression of interesting genes such as AsDSOR1 and AsAkt in
vivo and to define target genes of insulin signaling may facilitate discovery of
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novel effectors which can be used for genetic enhancement of anti-parasite
resistance in Anopheles.
My results suggested the involvement of Toll and Imd pathways in
parasite signaling of AsNOS expression. Knockout of Pelle expression increased
AsNOS expression in response to parasite stimulation. This result suggested
Toll signaling may negatively regulate the NOS-mediated innate immune
response in mosquitoes.

However, I found the presence of at least three

transcripts of AsPelle which may have different functions in regulation of AsNOS
expression.

Further analyses of AsPelle isoforms using overexpression or

knockout in vitro need to be performed. In contrast to AsPelle knockout results,
knockout of AsTak1 reduced parasite induction of AsNOS expression by 20%.
Although this reduction suggests that the Imd pathway positively regulates
parasite signaling of AsNOS expression, the modest level of reduction suggests
that the Imd pathway functions as an accessory, rather than primary, pathway to
tranduces parasite signals.
The direct manipulation of AsNOS gene may be difficult because of the
presence of multiple AsNOS transcripts produced by alternative splicing.

As

such, the manipulation of signaling molecules can be used as amenable targets
to regulate downstream AsNOS expression.
As the first step to characterize the mechanism of Plasmodium nitrosative
stress defense, I selected several candidate genes based on previous studies.
All candidate genes, Pf 1-cys Prx, Pf 2-cys Prx, Pf HSP70, Pf GR, and Pf Thx
were expressed in A. stephensi during sexual development.

Specifically,

induction of Pf 1-cys Prx and Pf 2-cys Prx expression was roughly correlated with
the time just prior to and with the time to parasite penetration of midgut
epithelium. The feeding of L-NAME, a known inhibitor of NOS enzyme activity, to
A. stephensi with Plasmodium culture reduced expression of Pf 1-cys and 2-cys
Prx indicating that these gene products may function to protect parasites against
nitrosative stress induced by AsNOS. Future studies will focus on the functional
analysis of Plasmodium Prxs and other candidate genes as a necessary corollary
to the study of mosquito innate immunity. Specifically, if we do not account for
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the parasite capacity to thwart enhanced mosquito defenses, transmission
blocking strategies may not be successful.
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