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Abstract

Insulin-like peptides (ILPs) play important roles in growth and metabolic homeostasis, but have
also emerged as key regulators of stress responses and immunity in a variety of vertebrates and
invertebrates. Furthermore, a growing literature suggests that insulin signaling-dependent
metabolic provisioning can influence host responses to infection and affect infection outcomes. In
line with these studies, we previously showed that knockdown of either of two closely related,
infection-induced ILPs, ILP3 and ILP4, in the mosquito Anopheles stephensi decreased infection
with the human malaria parasite Plasmodium falciparum through kinetically distinct effects on
parasite death. However, the precise mechanisms by which ILP3 and ILP4 control the response to
infection remained unknown. To address this knowledge gap, we used a complementary approach
of direct ILP supplementation into the blood meal to further define ILP-specific effects on
mosquito biology and parasite infection. Notably, we observed that feeding resulted in differential
effects of ILP3 and ILP4 on blood-feeding behavior and P, falciparum development. These effects
depended on ILP-specific regulation of intermediary metabolism in the mosquito midgut,
suggesting a major contribution of ILP-dependent metabolic shifts to the regulation of infection
resistance and parasite transmission. Accordingly, our data implicate endogenous ILP signaling in
balancing intermediary metabolism for the host response to infection, affirming this emerging
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tenet in host—pathogen interactions with novel insights from a system of significant public health
importance.

Introduction

Insulin/insulin-like growth factor signaling (11S) is highly conserved from nematodes to
mammals and insulin-like peptides (ILPs) regulate a wide array of physiological processes
[1-3]. Our previous work demonstrated that 11S modulates diverse facets of mosquito
biology, including lifespan, response to oxidative stress, autophagy, midgut stem cell
activity, host-seeking behavior, and immunity [4—-15]. Other groups have examined the role
of I1S in controlling mosquito reproduction, blood meal digestion, and metabolism [16-20].
Despite this understanding, little is understood about the roles of endogenous mosquito ILPs
in resistance to infection.

In the midgut of Anopheles stephensi, expression of /LP genes is induced in response to
human insulin and infection with the human malaria parasite Plasmodium falciparum [21].
We previously showed that knockdown of either of two infection-induced ILPs, ILP3 or
ILP4, in the midgut decreased £ falciparum infectivity through kinetically distinct effects on
A. stephensi innate immune defenses [13]. Specifically, knockdown of ILP4 increased early
expression of antiparasite genes (1-6 h post-infection) and increased killing of ookinetes
prior to invasion, whereas knockdown of ILP3 increased anti-parasite gene expression at a
later time (24 h post-infection), boosting killing of parasites during and after invasion [13].
While we predicted that decreased £ falciparum infectivity following ILP knockdown was
due, at least in part, to increased expression of antiparasite effector genes in the midgut, the
specific mechanisms by which ILPs regulate mosquito resistance to infection remained
unconfirmed.

In Drosophila melanogaster, antimicrobial responses are largely controlled by NF-xB-
dependent transcription downstream of the Toll and immune deficiency pathways, as well as
JAK/STAT signaling [22,23]. These pathways are networked with 11S-associated
phosphatidylinositol 3-kinase/Akt signaling and the downstream transcription factor FOXO
as well as c-Jun A-terminal kinase ( JNK) and extracellular signal-regulated kinase (ERK)
[12,24-29]. In addition to directly regulating antiparasite responses, 1IS controls a variety of
cellular processes that are intrinsically linked to infection resistance and that could
contribute to the effects of ILPs on P, falciparum infection. For example, 11S is involved in
the regulation of midgut epithelial barrier homeostasis through control of autophagy and cell
renewal [20,30,31], two processes implicated in pathogen resistance in both mammals and
invertebrates [8,32—37]. Furthermore, 11S is widely known to control carbohydrate and lipid
metabolism across the same range of organisms [16-17,38], and a growing body of literature
suggests that alterations in central metabolism are driving forces in the control of
inflammatory responses to infection [39-45]. In particular, metabolic shifts may occur to
maximally allocate available resources to immunity [39], but may also be due to pathogenic
processes stemming from pathogen colonization [40-42]. Accordingly, changes in mosquito
metabolism by ILPs produced in the midgut during £ falciparum infection could contribute
to their effects on parasite resistance and transmission.
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Given the aforementioned possibilities, we sought to confirm our understanding of ILP
regulation of P, falciparum infectivity and to identify the effects of ILP3 and ILP4 on the
broader host response to infection. To this end, we examined various outputs of immunity,
cell signaling, and intermediary metabolism in the midgut of mosquitoes provisioned with
ILPs. Our results suggest that ILP3 and ILP4 differentially regulate 2. falciparum
development in the mosquito through diverse effects on midgut physiology, with metabolic
shifts acting as key drivers of infection resistance.

ILP3 and ILP4 differentially affect P. falciparum infectivity in A. stephensi

We have previously shown that knockdown of either ILP3 or ILP4 can significantly reduce
the prevalence and intensity of £ falciparum infection in A. stephensi, suggesting that
mosquito ILPs are immunosuppressive [13]. While the primary aim of the present study was
to determine the mechanisms by which these ILPs modulate resistance to infection, we first
sought to extend previous findings by characterizing the phenotypic effects of these peptides
using ILP provisioning as a complement to our knockdown studies. To this end, we
quantified A falciparum oocysts in mosquitoes fed ILP3 or ILP4 in an infected blood meal
using a design based on our previous studies with human insulin. Specifically, we showed
that provision of 170 pM human insulin can activate 1S in the mosquito midgut to facilitate
parasite development [12]. Accordingly, we used this concentration of ILPs in our feeding
assays. Provision of 170 pM ILP4 significantly increased the prevalence (proportion of
mosquitoes infected) of infection (Figure 1A) from 57.8 to 80.8% and the intensity (oocysts/
midgut) of infection (Figure 1B) from 1.11 to 2.13 oocysts/midgut when compared with
controls, as predicted by our recent work [13]. Surprisingly, feeding of 170 pM ILP3
significantly decreased the prevalence of infection from 62.2 to 54.3% (Figure 1C), but had
no effect on the intensity of infection relative to controls (Figure 1D). Therefore, whereas
both ILP3 and ILP4 are necessary for optimal parasite development [13], only ILP4 is
sufficient to increase parasite growth. Together, these data suggested that ILP3 and ILP4
differentially regulate mosquito physiology, possibly through the activation of distinct cell
signaling pathways to control resistance to 2. falciparum infection.

ILP3 and ILP4 reduce NF-xB-dependent immune gene expression in response to P.

falciparum

Our infection data did not preclude the regulation of immunity and resistance to infection by
ILP3, but rather suggested a difference in the mechanism of action between ILP3 and ILPA4.
To address this, we analyzed the expression of known antiparasite effector genes [46] in the
midgut of ILP-fed mosquitoes at 1 and 24 h post-feeding of a blood meal containing soluble
P, falciparum products (PPs) [12,13] and supplemented with ILP3 or ILP4 (Figure 2). We
found that both ILP3 and ILP4 repressed transcript levels of NF-xB-dependent immune
genes to varying degrees. Specifically, expression of nitric oxide synthase (NOS) was
significantly reduced at 24 h after feeding of ILP3 or ILP4. Expression of APL 1 was also
significantly decreased at 1 and 24 h post-1LP4 feeding and at 1 h post-ILP3 feeding.
Although expression levels of 7EPZand LR/IMI at 1 h postfeeding were unaffected by ILP4,
and both were significantly reduced by ILP3 at this time point. In addition, expression of
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defensinwas significantly reduced by ILP4 feeding at 1 h postfeeding. While all other
changes were not significant, all trended toward reduced expression with the exception of a
small increase in TEP1 expression levels at 1 h post-1LP4 feeding. These results demonstrate
that while ILP3 and ILP4 have distinct effects on parasite infection, both peptides
suppressed transcript levels of NF-xB-dependent immune genes to a similar degree. These
data suggested that the differential effects of ILP3 and ILP4 on parasite infection are not due
solely to effects on host immunity.

ILP3 and ILP4 differentially induce MAPK phosphorylation in the midgut

To understand the physiological mechanisms by which ILPs might regulate host resistance
to P, falciparum, we provided ILP3 or ILP4 (170 pM) in a meal of human red blood cells
(RBCs) to A. stephensi and examined signaling protein activation in the midgut at 15 min
after feeding. Intriguingly, neither ILP3 nor ILP4 activated I1S-associated Akt or FOXO in
vivo (data not shown). This result was in contrast with stimulation with human insulin which
induced Akt and FOXO phosphorylation within this timeframe in parallel experiments and
in previous work [12]. However, both ILPs induced ERK phosphorylation relative to control,
while ILP3 induced moderate, but significant levels of INK1/3 phosphorylation relative to
control (Figure 3A,B). In D. melanogaster, homeostasis of the midgut epithelium is
controlled by ILPs and the integration of 11S with several signaling pathways, including Ras-
ERK and JNK [47], suggesting that the observed signaling differences could contribute to
differences in ILP effects on infection.

ILP3 and ILP4 alter nutrient intake and intermediary metabolism in A. stephensi

In D. melanogaster, moderate activation of JINK in midgut stem cells of young flies is
associated with expression of cytoprotective genes and tissue regeneration [48], physiology
that we have observed recently [7], and that could explain ILP3-associated resistance to
infection. In particular, provision of physiologically low concentrations of human IGF1 in
blood to A. stephensiinduced moderate activation of JNK in the midgut that was associated
with resistance to A2 falciparum infection in the absence of NF-xB-mediated immunity [7].
Although these data were consistent with JNK signaling regulation of cellular functions
ranging from apoptosis to cyto-protection and homeostasis in the fruit fly gut, biochemical
data from both the fruit fly and the mosquito to confirm these assertions are limited
[7,48,49].

Accordingly, to address whether differential regulation of intermediary metabolism was
associated with ILP-specific patterns of resistance, we performed untargeted metabolomics
analyses with LC-MS/MS of intra-cellular metabolites present in the midgut at 1 and 24 h
after provision of a blood meal containing 170 pM ILP3 or ILP4. Through this approach, we
identified 106 metabolites in both treatments that showed different abundance in the midgut
relative to blood-fed controls not provisioned with ILP3 or ILP4. The majority of these
metabolites (92 of 106) were determined to be of mosquito origin based on exclusion of 14
exogenous metabolites of human origin (e.g. cholesterol), plant origin (e.g. p-sitosterol, 3-
cholestanol, and stigmasterol), and present in food or blood additives or of iatrogenic origin
(e.g. acetophenone, salicylaldehyde, methyltetra-hydrophenanthrenone, lactose, lactulose,
maltotriose, mannitol, galactose and benzoic acid). The relative concentrations of these 92
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metabolites with ILP3 and ILP4 at each time point showed a strong linear and positive
correlation (Pearson’s P< 0.01; Figure 4A). Eight metabolites identified at 1 h were
excluded from this analysis because they were outside the 95% CI calculated for all
metabolites. The slope of the line obtained at 1 h indicated that those metabolites associated
with ILP3 were 1.69-fold of those with ILP4, whereas at 24 h postmeal, the slope and,
hence, fold change were 1.23 (black circles; Figure 4A). This indicated that the majority of
meta-bolites in ILP3-fed mosquitoes had higher concentrations than that in ILP4-fed
mosquitoes at 1 h. This effect was reversed at 24 h (white circles; Figure 4A). A separate
correlation was performed with the 14 metabolites at 1 h considered to be exogenous to A.
stephensi (Figure 4B). Metabolites present in the sugar chase after the blood meal and not
yet digested were also included (e.g. sucrose) among these metabolites. This correlation was
also significant (Pearson’s < 0.01) with the metabolites in ILP3-fed mosquitoes present at
higher levels than those in ILP4-fed mosquitoes (1.64-fold of ILP4). Consistent with the
above results, a higher content of hemoglobin was obtained in midguts of ILP3-fed relative
to ILP4-fed mosquitoes (Drabkin’s assay; 1.25 relative to control for ILP3 vs. 0.71 relative
to control for ILP4). Thus, endogenous metabolites that are produced and/or absorbed in the
midgut as well as exogenous metabolites in the blood meal tracked with higher hemoglobin
content. We also evaluated the ratio of total amino acids over that of sucrose in the midguts
of ILP3-fed relative to ILP4-fed mosquitoes at 1 h postmeal. The ratios were 20.3 and 8.5
for ILP3 and ILP4, respectively, suggesting a preference for a protein-rich blood meal over a
carbohydrate-rich sugar meal (provided ad /ibitum in cotton pads after the blood meal) in
ILP3-fed relative to ILP4-fed mosquitoes at 1 h. These observations suggested that ILP3
induces an orexigenic response to blood ingestion relative to ILP4.

To further understand ILP-mediated metabolic shifts, we focused on endogenous metabolites
that were significantly different from controls with either treatment (with £< 0.05; Figure
4C). These metabolites were analyzed by using Brite from the KEGG database to classify
them into their biological roles. Several important features were noted in the metabolic
profile and are described below. For both ILPs, most metabolites (17 of 29) belonged to the
‘lipids’ category (including fatty acids, fatty alcohols, dicarboxylic acids, fatty amides, and
monoacylglycerols), followed by the amino acid and biogenic amine category (5 of 29),
carbohydrates and derivatives (3 of 29), and metabolites of nucleic acids and derivatives and
‘others’ category (2 of 29 each; Figure 4C). ILP3 treatment resulted in higher levels of
metabolites than observed for ILP4 treatment at 1 h (25 of 29 metabolites; Figure 5C), again
reflecting the orexigenic response of ILP3-fed mosquitoes with only a single metabolite
(monopalmitin) higher than that of ILP4-fed mosquitoes. However, we cannot exclude the
effect of amino acid ingestion, which could induce the synthesis of trypsin coincidentally
with the activation of the TOR pathway [50]. At 24 h, most metabolites in ILP3-fed
mosquitoes returned to control levels, whereas for ILP4-fed mosquitoes, 20 metabolites
were higher than controls but, more importantly, had higher levels than those at 1 h (6 were
lower and the remainder were comparable to control levels; Figure 4C).

In ILP3-fed mosquitoes, the increase in midgut metabolites at 1 h followed by their decrease
at 24 h appears to reflect increased biosynthetic activities (esterification of fatty acids as
triacylglycerides and synthesis of nucleic acids and proteins). Conversely, the persistent and,
in some cases, increased levels of metabolites at 24 h in ILP4-fed mosquitoes, especially
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those represented by the lipid category, along with increases in lactate, are consistent with an
increased use of carbohydrates (glycolysis) with a significant decrease in fatty acid
oxidation. In an attempt to compensate for this energy imbalance, increased lipolysis and
glycolysis (increased lactate over glucose) are triggered. Further experimental evidence for
this scenario in ILP4-fed mosquitoes is increased glycolysis not accompanied by oxidative
phosphorylation. This is supported by the higher levels of both Ala (the transamination
product of pyruvate) and lactate (reduced product of pyruvate via lactate dehydrogenase)
normalized to that of glucose (to account for the difference in blood meal size), which were
2.6 and 5.8 at 1 and 24 h for ILP4-fed mosquitoes, respectively, compared with 1.9 and 4.0
for ILP3-fed mosquitoes. This finding is also supported by the higher sucrose-to-protein
ratio ingested by ILP4-fed mosquitoes compared with ILP3 as stated above. Energy deficits
in ILP4 were supported by the increased levels of AMP normalized to glucose at both 1 h
(1.3 in ILP4 relative to 0.5 in ILP3) and 24 h (2.9 in ILP4 relative to 1.5 in ILP3) and the
higher steady state of free fatty acids (FFAs), which act as uncouplers of mitochondrial
electron transport and ATP synthesis [51-53]. Decreased mitochondrial fatty acid -
oxidation in ILP4-fed mosquitoes was supported by (i) the sustained levels of pelargonic
acid (C9) at both 1 and 24 h, which suggests decreased mitochondrial utilization of fatty
acids, even those that are carnitine-independent; (ii) increased dicarboxylic acid (azelaic
acid) between 1 and 24 h suggesting an increase in extra-mitochondrial w-oxidation of
accumulated (not processed by mitochondria) fatty acids [54]; and (iii) increased levels of 3-
hydroxyvalerate [55] which result from deficits in the mitochondrial pathway from odd-
chain fatty acids and some amino acids such as lle, Val, and Met to form succinyl CoA for
its oxidation in the TCA cycle. Increased lipolysis is reflected by the lower fat content of
ILP4-fed mosquitoes (30% of controls) relative to ILP3-fed mosquitoes (80% of controls)
and the increased levels of monoacylglycerols (monostearin and monopalmitin) in ILP4-fed
mosquitoes relative to ILP3-fed mosquitoes at 24 h. Decreased synthesis of critical
biomolecules (such as proteins and nucleic acids) is supported by the accumulation of
adenosine, uracil, and amino acids as well as fatty alcohols (dodecanol, hexadecanol, and
octadecanol) that are needed for the synthesis of cuticular wax. Taken together, these results
indicated that ILP3 induces a metabolic state in the mosquito midgut with increased
capability to synthesize biomolecules and, more importantly, to sustain this demand with
increased energy capability from mitochondria (lower lactate). In contrast, ILP4 induces an
‘energy-deficient state’, which cannot match the energy demand.

ILP3 and ILP4 alter neurotransmitter levels in A. stephensi

In addition to the above metabolites, we identified amino acids and derivatives that have
been classified either as neurotransmitters (NTs) or modulators of insect NTs for which
receptors have been reported in mosquitoes [56]. Among these were Tyr (precursor for the
NT dopamine and the biogenic amine tyramine), Gly, 5-methoxytryptamine (5MT; a
derivative closely associated with the NTs serotonin and melatonin, which in vertebrates is
synthesized by the deacetylation of melatonin in the pineal gland), Asp, Glu, y-
hydroxybutyrate (GHB, a derivative of GABA), and taurine. At 1 h, higher levels of Tyr (13-
fold), Gly (11.2-fold), and 5MT (3.5-fold) were observed in ILP3-fed mosquitoes relative to
ILP4-fed mosquitoes (Figure 5). These amino acid values could be interpreted as reflecting
directly the proteolysis of human hemoglobin (the most abundant protein in the blood meal),

Biochem J. Author manuscript; available in PMC 2017 July 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pietri et al.

Page 7

but the most abundant amino acids of the a- and p-chains of the tetramer (Ala, Leu, and Val
at >10% calculated from primary sequences) were not proportionally represented.

The only NT or neuromodulator higher in ILP4-fed relative to ILP3-fed mosquitoes at 1 h
was taurine. Taurine may act as a neuromodulator and cell survival factor in Drosophilain
clearing excess Asp within the synaptic cleft to ensure excitatory amino acid concentrations
below excitotoxicity levels [57], consistent with the various roles of taurine in
developmental plasticity and the long-term potentiation of synaptic transmission in
vertebrates [58-60]. At 24 h, most of these NTs/neuromodulators were higher in ILP4-fed
relative to ILP3-fed mosquitoes (except SMT with equal levels for both ILPs) and higher in
ILP3-fed relative to ILP4-fed mosquitoes at 1 h; the most notable changes included Gly (18-
fold) followed by Tyr, Asp, and GHB (2-fold for each). While the first three are considered
excitatory NTs, GABA (or GHB) is considered the predominant inhibitory neurotransmitter
in mammalian and insect brains. The GABA-B family receptor GPRGBB1 [61] has been
found associated with the Serratia marcescens infection phenotype in Anopheles gambiae
and the D. melanogaster ortholog of GPRGBB1 has been implicated in behavioral responses
to alcohol sensitivity [62—64].

Taken together, these results suggested that in ILP3-fed relative to ILP4-fed mosquitoes,
there is an early and higher concentration of excitatory NTs (Tyr, Gly, and 5MT) relative to
taurine and GHB. At 24 h, most of these NTs decrease in ILP3-fed mosquitoes (at about half
of the ratio observed at 1 h), while in ILP4-fed mosquitoes a significant increase in
excitatory NTs (Gly, Tyr, and Asp) is observed along with that of a potent inhibitory NT
(GHB). Accordingly, the orexigenic response along with the preference for a protein-rich
diet triggered by ILP3 seems to follow an increase in excitatory NTs.

ILP-dependent shifts in A. stephensi metabolism regulate P. falciparum infectivity

To determine the potential role of ILP-mediated metabolic alterations (Figure 4) in
regulating resistance to 2. falciparum, we utilized small-molecule inhibitors to reverse the
metabolic effects of ILP3 and ILP4 (Supplementary Figures S1-S3). Specifically, we used
heptelidic acid (HA), an inhibitor of glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
to inhibit glycolysis in ILP3-fed mosquitoes [65], and 4-hydroxy-L-phenylglycine (4H-PG),
an inhibitor of carnitine palmitolytransferase-1 (CPT1) to inhibit f-oxidation of fatty acids
[66]. Our rationale was that by inhibiting glycolysis with HA in ILP3-fed mosquitoes, we
would induce a shift in metabolism that would result in more amino acids and fatty acids
being utilized for energy, while the carbon skeletons of amino acids would be used as
anaplerotic substrates for the TCA. While this switch is more energy efficient, mobilization
of fat and protein for energy use is significantly slower than for carbohydrates and requires
an adaptation period. Thus, this treatment would mimic a ‘low-energy state’. The midgut
metabolome in this case would show a decrease in FFA (increased fatty acid oxidation or
esterification to be shipped elsewhere for use) with increased free amino acids derived from
proteolysis, and increased AMP and decreased lactate due to increased pyruvate utilization
by mitochondria. On the other hand, the use of 4H-PG in ILP4-fed mosquitoes would reduce
the content of FFA from intake by forcing their esterification and storage as triacylglycerol
(and decreasing their uncoupling effect on mitochondria) while deriving energy mainly from
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carbohydrates followed by amino acids Thus, this treatment would mimic a *high-energy
state’. The metabolome in this case would show decreased FFA with increased free amino
acids from proteolysis, increased AMP, and decreased lactate due to increased pyruvate
utilization by mitochondria. The confirmation that each of the inhibitors was acting at the
desired step was obtained from the metabolomes of midguts from mosquitoes fed either
inhibitor at 24 h (Supplementary Figures S2 and S3).

Inhibition of CPT1 with 4H-PG prior to feeding of a parasite-infected blood meal reversed
the effects of ILP4 on infection (Figure 6A). That is, ILP4 alone significantly increased
infection intensity (oocysts/midgut) relative to diluent-fed controls, but pretreatment with
4H-PG prior to feeding of ILP4-supplemented infected blood significantly decreased
infection intensity relative to an identical meal without prior inhibition of CPT1 to a level
that was indistinguishable from that of controls. Similarly, inhibition of GAPDH prior to
feeding of an ILP3-supplemented infected blood meal reversed the effects of ILP3 on
infection prevalence (Figure 6B). That is, feeding of ILP3 alone significantly decreased the
prevalence of infection relative to diluent-fed controls, while pretreatment with HA prior to
feeding of an ILP3-supplemented infected blood meal resulted in infection prevalence that
was not significantly different from controls and that was increased relative to an ILP3-
supplemented meal without prior inhibition of GAPDH. Pretreatment of A. stephensi with
4H-PG had no effect on NF-xB-dependent transcript levels in the midgut (Supplementary
Figure S4A). Pretreatment with HA had no significant effect on transcript levels of NF-xB-
dependent immune genes (Supplementary Figure S4B). Accordingly, our results suggest that
ILP modulation of metabolism, in the absence of prototypical NF-xB-dependent antiparasite
responses, appears to be key in regulating parasite infection.

ILP3 and ILP4 differentially regulate A. stephensi feeding and flight behavior

Changes in intermediary metabolism are not only strongly linked to changes in the host
response to infection [43-45] (Figure 6), but are also a driving force behind nutrient sensing
[67-69] and the balance between energy supply (food intake and mobilization of energy
storage) and energy output (activity). Our metabolic analyses indicated that ILP3 induces a
high-energy state, whereas ILP4 induces energy deficiency (Figure 4). Furthermore, both
ILP3 and ILP4 can regulate NT activity (Figure 5), whereas ILP3 appears to induce an
orexigenic response. As such, we sought to directly examine mosquito blood-feeding
behavior and flight activity after provision of ILP3 and ILP4. We found that feeding of either
ILP in a blood meal significantly increased the proportion of mosquitoes relative to controls
that engorged when offered a second blood meal 3 days later (Figure 7A). Furthermore,
ILP4, but not ILP3, in the blood meal significantly decreased the amount of time spent
flying relative to controls during a 10-min period 24 h after feeding (Figure 7B).
Interestingly, the effects of ILP3 and ILP4 on blood feeding appear to be due to their effects
on metabolism, as inhibiting GAPDH in the context of ILP3 feeding and inhibiting CPT1 in
the context of ILP4 feeding both significantly decreased blood-feeding propensity of
mosquitoes offered a second blood meal (Figure 7C); the inhibitors alone had no effect
relative to control on the proportions of mosquitoes that engorged (Supplementary Figure
S5). Notably, these findings were consistent with increased host-seeking activity associated
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with increased ILP3 and ILP4 expression in the midgut during 2. falcjparum infection in A.
stephensi [4].

Discussion

In the previous work, we showed that knockdown of either ILP3 or ILP4 in A. stephensi
reduced the prevalence and intensity of £ falciparum infection while also increasing the
expression of antiparasite genes [13]. As a follow-up to these studies, here we show that
feeding of ILP4 in a blood meal increased infection prevalence and intensity. Unexpectedly,
feeding of ILP3 decreased the prevalence of parasite infection, despite intake of more blood,
with no effect on the intensity of infection. Collectively, these data indicate that ILP4 is
necessary for optimal parasite development and sufficient for increased development,
whereas ILP3 is necessary for optimal parasite development, but not sufficient to increase
development. The insufficiency of ILP3 may be due to the requirement of additional
signaling components to achieve its effects. For example, ILP3 may act in concert with other
ILPs during a natural infection. An alternative explanation is that the receptor for ILP3 may
be expressed at a low level and therefore signal saturation occurs rapidly, somewhat
mitigating the effect of ILP3 added to the blood meal. Both ILP4 and ILP3 decreased
transcript levels of NF-xB-dependent immune genes, suggesting that ILP effects on
infection are not exclusively dependent on prototypical antiparasite responses. Accordingly,
we investigated the roles of ILP3 and ILP4 in cell signaling and intermediary metabolism in
A. stephensi and observed differences in the regulation of these processes by ILP3 and ILP4.

From our studies, intermediary metabolism was significantly modulated by ILP3 and ILP4.
Importantly, ILP3 induced moderate induction of JNK and a metabolic shift that could
enhance tissue homeostasis [7,48] and provide metabolic fuel [43,44] for successful
resistance to £ falciparum infection. In contrast with ILP3, provision of ILP4 appeared to
induce an ‘energy-deficient’ state, which could alter the balance of biochemical
intermediates for early host defense responses [43,44]. Indeed, the effects of inhibitor
pretreatment provide complementary arguments that ILP-dependent changes in intermediary
metabolism and likely energy balance regulate parasite development in the mosquito host.

The processes of seeking a blood meal and ingestion of a second blood meal are critical
features that determine the likelihood of successful parasite transmission. Accordingly,
provision of ILP3 and ILP4 both increased the propensity to take a second blood meal, but
probably for very different reasons. ILP3 appears to be orexigenic with early activation (1 h)
of excitatory NTs, physiology that may be sustained through to a second blood meal, while
the low-energy state of ILP4-fed mosquitoes limited their flight activity, but increased NT
activity and refeeding because of the need for replenishment of energy stores.

While ILP3 is orexigenic compared with ILP4, the differential effects of the two peptides
may also derive from differences in receptor-binding affinity. In the mosquito Aedes aegypti,
ILP3 and ILP4 do not compete for a receptor, but instead exert differential effects on
hormone synthesis and metabolism by binding to the single insulin receptor and to an
uncharacterized 44 kDa membrane protein, respectively [70]. Thus, as in A. aegypti, A.
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stephensi ILP3 and ILP4 may activate cell signaling from multiple receptors, thereby leading
to the differential effects on intermediary metabolism and behavior that we have observed.

Ultimately, our results demonstrate a major contribution of ILP-mediated metabolic changes
to the regulation of P, falciparum development in the mosquito host (Figure 8). Our work
also extends the understanding of fundamental connections among intermediary metabolism,
behavior, and infection, while providing novel mechanistic insights from this medically
important species with unique mitochondrial physiology [71]. We not only show that two
ILPs differentially regulate intermediary metabolism, likely altering homeostasis in the
midgut, but we also provide evidence that these metabolic changes have an impact on 2
falciparum infection independently of canonical NF-xB-mediated immunity. Additionally,
we suggest that ILP regulation of metabolism is a driving force behind behavioral alterations
as has been observed in organisms from nematodes to mammals [66,68,69,72,73] and that
these changes are particularly important for successful parasite transmission. Taken together,
our data implicate ILP3 and ILP4 as key mediators of an array of physiological processes in
the mosquito that influence its capacity to act as an efficient vector arthropod.

Materials and methods

P. falciparum culture and mosquito infections

The NF54 strain of £ falciparum was initiated at 1% parasitemia in 10% heat-inactivated
human serum and 6% washed RBCs in RPMI 1640 with HEPES (Gibco, Manassas, VA) and
hypoxanthine. At days 15-17, stage V gametocytes were evident and exflagellation was
evaluated the day before and day of feeding by observation of blood smears before the
addition of fresh media at 200x magnification with phase-contrast or modified brightfield
microscopy. Female A. stephensiwere provided water only (no sucrose) for 24 h and then
fed a meal of either unsupplemented, 2. falciparum-infected RBCs, or £ falciparum-infected
RBCs supplemented with 170 pM ILP3 or ILP4 (CPC Scientific, Sunnyvale, CA), using a
Hemotek artificial circulation system (Discovery Workshops, Accrington, UK). To inhibit
GAPDH, mosquitoes were supplemented with 10 uM HA (Biovisions, Milpitas, CA) in
water-soaked cotton pads for 24 h before blood feeding. To inhibit CPT1, mosquitoes were
supplemented with 1 mM 4H-PG (Sigma-Aldrich, St Louis, MO) in water-soaked cotton
pads for 24 h before blood feeding. Treatments were performed in this manner to minimize
direct effects on parasites in the blood meal. Mosquitoes were allowed to feed on infected
RBCs for 30 min and were then maintained on cotton pads soaked in 10% sucrose until day
10 postinfection. To quantify infection levels, midguts were dissected on day 10
postinfection and stained with 0.5% mercurochrome for visualization of £ falciparum
oocysts by microscopy. Experiments were independently replicated with 3—7 cohorts of 60—
120 mosquitoes. Data were pooled for analysis as one-way ANOVA determined that
infections in control groups were not significantly different among replicates. Infection
prevalence and intensity data were analyzed by XZ test, Mann-Whitney test, or
nonparametric ANOVA (Kruskal-Wallis) followed by Dunn’s multiple comparisons test to
determine differences between groups. P-values were deemed significant when P< 0.05.
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Mosquito gene expression

Cohorts of 45-60 mosquitoes were dissected 1 or 24 h after provision of a meal of human
RBCs supplemented with soluble P/Ps (1:100 dilution [12]) in the presence or absence of
ILP3 or ILP4 (170 pM). Midguts were collected into TriZOL (Invitrogen, Carlsbad, CA) for
extraction of total RNA according to the manufacturer’s protocol. cDNA was synthesized
using the QuantiTec Reverse Transcription Kit (Qiagen, Valencia, CA) according to the
manufacturer’s protocol. Quantitative real-time PCR (qRT-PCR) for analyses of immune
gene expression was performed on an ABI 7300 Sequence Detection System (Applied
Biosystems, Foster City, CA) using gene-specific primers for defensin, NOS, TEP1, APL 1,
LRIM1, and S7with SYBR Green PCR Mastermix as previously described [8,12].
Anopheles stephensi ribosomal protein S7 gene was used to normalize gene target data. Data
were analyzed using the AAG method [74]. These assays were completed with 3-7 separate
cohorts of A. stephensi. Data were analyzed by #test to determine differences between ILP-
treated and control groups (P/Ps only, set at 0). ~~values were deemed significant when P<
0.05.

Western blotting

For analyses of cell signaling /n vivo, mosquitoes were fed 170 pM ILP3 or ILP4 in a meal
of uninfected human RBCs for 15 min using a Hemotek artificial circulation system. After
feeding, 60—90 mosquitoes were dissected and midguts were processed as previously
described [14]. After processing, midguts were placed into cell extraction buffer
(Invitrogen), incubated at 4°C for 1 h, and periodically vortexed. Cell lysates were then
cleared at 16 000 g for 10 min and protein supernatants were mixed with sample loading
buffer (125 mM Tris—HCI pH 6.8, 10% glycerol, 10% SDS, 0.006% bromophenol blue, and
130 mM dithiothreitol) and boiled for 5 min. Proteins were separated on 10% SDS-PAGE
and transferred onto the nitrocellulose membranes (BioRad, Hercules, CA). Membranes
were blocked with 5% nonfat dry milk in Tris-buffered saline/Tween-20 (TBS-T) for 1 h at
room temperature. For detection of phosphorylated ERK (pERK), membranes were
incubated overnight at 4°C with a 1:10 000 dilution of anti-pERK antibody (Cell Signaling,
Danvers, MA) in 5% nonfat dry milk. Membranes were then washed three times with TBS-T
for 5 min and incubated with a 1:10 000 dilution of secondary HRP-conjugated rabbit
antimouse antibody (Sigma-Aldrich) in 5% nonfat dry milk overnight. Detection of
phosphorylated FOXO (pFOXO; Cell Signaling, 1:1000 primary, 1:2000 goat antirabbit
secondary), phosphorylated Akt (pAkt; Cell Signaling, 1:1000 primary, 1:3000 goat
antirabbit secondary), phosphorylated JNK1/3 (pJNK1/3; Sigma-Aldrich, 1:1000 primary,
1:3000 goat antirabbit secondary), and GAPDH (Cell Signaling, 1:10 000 primary, 1:200
000 goat antirabbit secondary) followed the same protocol. Proteins were visualized by
incubating membranes with SuperSignal West Dura chemiluminescent reagent (Pierce,
Rockford, IL) for 3 min and exposing on an Image Station 4000 Pro digital imager (Kodak,
Rochester, NY) for 1-5 min. Densitometry of pERK and pJNK Western blots was performed
using the ImageJ (http://rsbweb.nih.gov/ij/) gel analysis tool. /n vivo data were normalized
to untreated control groups (RBCs only; set at 1) as well as a Coomassie brilliant blue
loading control. These experiments were replicated 3—4 times with independent cohorts of
mosquitoes. Data were analyzed by #test to determine significant differences between ILP-
treated and control groups. P-values were deemed significant when < 0.05.
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Metabolomics, hemoglobin content, and fat content

For metabolomic analyses, mosquitoes were fed 170 pM ILP3 or ILP4 in a meal of human
RBCs for 15 min using a Hemotek artificial circulation system. Midguts were dissected at 1
and 24 h postfeeding and washed 5-10 times with PBS until clear of blood to eliminate
metabolites derived from the blood meal. Samples were processed as described in
Supplementary Methods. Fat from mosquitoes (30-200/treatment) was determined using
Folch extraction, drying the extracted organic layer under nitrogen, and weighing the final
dry pellets as described [75]. Data were normalized per mosquito. For assays of hemoglobin
content as a proxy for ingested blood, mosquitoes were allowed to feed on a meal of human
RBCs supplemented with or without ILPs for 30 min. At 1 h postfeeding, whole mosquitoes
were flash-frozen in liquid nitrogen and lysates were used for determination of hemoglobin
with Drabkin’s reagent.

Behavioral assays

For assays of blood-feeding behavior, mosquitoes were maintained on water only for 24 h
prior to feeding 170 pM ILP3 or ILP4 in a meal of uninfected human RBCs. Blood-fed
mosquitoes were allowed to completely digest the blood meal for 72 h and were then offered
a second blood meal of uninfected RBCs. Mosquitoes were given the opportunity to feed for
15 min. After this time, fed and unfed mosquitoes were counted to determine the proportion
of engorged mosquitoes in each group. Experiments were independently replicated three
times and data were analyzed by Xz test to determine significant differences between
groups. For assays of flight activity, mosquitoes were starved for 24 h (water only) prior to
feeding 170 pM ILP3 or ILP4 in a meal of uninfected human RBCs. Blood-fed mosquitoes
were allowed to rest for 24 h, transferred to individual pint-sized containers, and their
behavior was recorded for 10 min. Time spent flying (seconds) was measured for each
mosquito using BORIS observational software (http:/penelope.unito.it/boris?page=home).
Experiments were replicated with mosquitoes (1= 5) from six separate cohorts (30
mosquitoes total) and data points for each group were pooled for analysis. Data were
analyzed using a zero-inflated negative binomial regression model to determine significant
differences between groups. P-values were deemed significant when P< 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ILP3 and IL P4 differentially affect P. falciparum infectivity in A. stephensi.
Cohorts of A. stephensiwere fed (A and B) 170 pM ILP4 or (C and D) 170 pM ILP3 ina AP

falciparum-infected blood meal. Ten days later, midguts were dissected and stained for
visualization of oocysts to determine the prevalence (percentage of mosquitoes infected) and
intensity of infection (number of oocysts/midgut). All experiments were independently
replicated with 3—7 cohorts of 60-120 mosquitoes each. Infection prevalence and intensity
data were analyzed by Xz goodness-of-fit test and nonparametric Mann—Whitney test,
respectively, to determine differences between groups. Numbers above the graphs indicate
the mean prevalence or intensity. *P-values were deemed significant when P< 0.05.
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Figure 2. ILP3 and IL P4 reduce NF-xB-mediated immune gene expression in responseto P.

falciparum.

Cohorts of A. stephensi were fed either (A) 170 pM ILP4 or (B) 170 pM ILP3 in a meal of
human RBCs supplemented with soluble P/Ps. Midguts were dissected at 1 and 24 h

postfeeding for RNA

extraction and qRT-PCR analysis of NOS, Defensin, LRIMI, APL1,

and TEPI gene expression. Data from 3 to 7 independent cohorts of 45-60 mosquitoes each
are represented as mean —-22¢; values + SEM on a Log2 scale (1 G value = 2-fold change,

PPs-treated controls

set at 0). Data were analyzed by #test to determine differences between

ILP-treated and control groups (P7Ps only; set at 0). *P-values were deemed significant

when P< 0.05.
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Figure3.ILP3 and ILP4 signaling in the A. stephensi midgut
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4

Cohorts of A. stephensiwere fed (A) 170 pM ILP3 or (B) 170 pM ILP4 in a meal of
uninfected human RBCs. Midguts were collected 15 min after feeding and protein extracts
were used for Western blotting to detect protein phosphorylation. Values from ILP-treated
samples were normalized first to Coomassie brilliant blue stain for total protein and then to
untreated controls (unsupplemented human RBCs; set at 1) for calculation of fold change.
Experiments were independently replicated with 3-5 cohorts of 60-90 mosquitoes each and
data were analyzed by #test to determine differences between ILP-treated and control

groups. *P-values were deemed significant when £< 0.05.
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Figure 4. ILPs differentially have an impact on intermediary metabolism in A. stephensi
Mosquitoes were fed either 170 pM ILP3 or ILP4 in a meal of uninfected human RBCs. (A)

Identified metabolites were normalized to control levels at each of the two time points (1 h
shown as black circles; 24 h shown as white circles). (B) Correlation of metabolites (n= 14)
identified as exogenous to the mosquitoes (present in the blood meal or sugar chase) at 1 h
with each of the ILP treatments. Metabolites included here are of plant origin (p-sitosterol,
3-cholestanol, and stigmasterol), are iatrogenic or food additives (acetophenone, benzoic
acid, salicylaldehyde, methyltetrahydrophenanthrenone, lactose, lactulose, maltotriose,
mannitol, and galactose), present in sugar chase (sucrose), or derived from RBCs
(cholesterol). (C) Compounds were analyzed using the BRITE hierarchy algorithm within
the KEGG database to categorize them according to their biological roles: I, lipids, fatty
acids and derivatives; 11, carbohydrates and derivatives; I11, nucleic acids and derivatives; 1V,
amino acids and biogenic amines; V, others.
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Neurotransmitters and derivatives identified by metabolomics for each treatment and at each
time point were normalized to control values (i.e. mosquitoes fed blood only). To fit the
ratios for all compounds and time points, the ratios were plotted in a log scale. Tyr, tyrosine;
Gly, glycine; 5MT, 5-methoxytryptamine (as a proxy for serotonin); Asp, aspartate; Glu,

glutamate; Tau, taurine; GHB, y-hydroxybutyrate (as a proxy for GABA).
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Figure 6. L P-mediated metabolic shifts control P. falciparum infectivity in A. stephensi.
Cohorts of A. stephensiwere pretreated with water alone or water supplemented with

inhibitors of metabolism for 24 h and then fed a P, falciparum-infected blood meal
supplemented with 170 pM ILP3 or ILP4 or supplemented with an equivalent volume of ILP
diluent. Ten days later, midguts were dissected and stained for visualization of oocysts to
determine the prevalence of infection (percentage of mosquitoes infected) or intensity of
infection (humber of oocysts/midgut). (A) Mosquitoes were pretreated with 1 mM 4H-PG to
inhibit p-oxidation or (B) 10 pM HA to inhibit GAPDH. Experiments were independently
replicated with 3—4 cohorts of 60-90 mosquitoes each. Infection prevalence and intensity
data were analyzed by Xz goodness-of-fit test and nonparametric ANOVA (Kruskal-Wallis)
followed by Dunn’s multiple comparisons test, respectively, to determine differences
between groups. *P-values were deemed significant when £< 0.05.
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Figure7. ILP3 and IL P4 regulate A. stephensi feeding and flight behavior
Mosquitoes were fed either 170 pM ILP3 or ILP4 in a meal of uninfected human RBCs and

the effects of this meal on (A) the propensity of mosquitoes to take a second blood meal 3
days later and (B) flight activity (average number of seconds spent flying in 10 min) at 24 h
after feeding were measured. (C) Mosquitoes-fed ILPs in blood were treated with small-
molecule inhibitors of GAPDH (HA) or CPT1 (4H-PG) in water for 3 days then assayed for
the propensity to take a second blood meal. Blood-feeding experiments were (A) replicated
three times with cohorts of 84-126 mosquitoes each or (C) replicated three times with
cohorts of 356-428 mosquitoes each and data were analyzed by Xz test to determine
significant differences between groups. Flight activity experiments (B) were replicated with
A. stephensi females from six cohorts (=5 mosquitoes per replicate, 30 mosquitoes total)
and data were analyzed using a zero-inflated negative binomial regression model to
determine significant differences between groups. *P-values were deemed significant when
P<0.05.
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Figure 8. Proposed model: ILP3 and IL P4 differentially regulate behavior and P. falciparum
infection in A. stephensi through effects on intermediary metabolism

ILP3 induces moderate JNK activation and up-regulates excitatory NTs, resulting in
increased nutrient uptake and a high-energy state that can reduce parasite infection. In
contrast, ILP4 does not activate JNK signaling and results in an energy-deficient state that
increases parasite infection and leads to increased feeding behavior to replenish nutrient

stores.
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