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Mosquitoes including Aedes aegypti are human disease vectors because females must blood feed to produce and
lay eggs. Blood feeding triggers insulin-insulin growth factor signaling (IIS) which regulates several physiological
processes required for egg development. A. aegypti encodes 8 insulin-like peptides (ILPs) and one insulin-like
receptor (IR) plus ovary ecdysteroidogenic hormone (OEH) that also activates IIS through the OEH receptor

Ecd;
Rzp}rlzzzemon (OEHR). In this study, we assessed the expression of A. aegypti ILPs and OEH during a gonadotrophic cycle and
Metabolism produced each that were functionally characterized to further understand their roles in regulating egg formation.

All A. aegypti ILPs and OEH were expressed during a gonadotrophic cycle. Five ILPs (1, 3, 4, 7, 8) and OEH were
specifically expressed in the head, while antibodies to ILP3 and OEH indicated each was released after blood
feeding from ventricular axons that terminate on the anterior midgut. A subset of ILP family members and OEH
stimulated nutrient storage in previtellogenic females before blood feeding, whereas most IIS-dependent pro-
cesses after blood feeding were activated by one or more of the brain-specific ILPs and/or OEH. ILPs and OEH
with different biological activities also exhibited differences in IIS as measured by phosphorylation of the IR,
phosphoinositide 3-kinase/Akt kinase (AKT) and mitogen-activated protein kinase/extracellular signal-regulated
kinase (ERK). Altogether, our results provide the first results that compare the functional activities of all ILP
family members and OEH produced by an insect.

1. Introduction related RTKs named IGFRs. Both activate signaling through the phos-
phoinositide 3-kinase/Akt kinase (PI3K/AKT) and mitogen-activated
protein kinase/extracellular signal-regulated kinase (MAPK/ERK)

pathways which together are known as insulin-IGF signaling (IIS). In

Higher eukaryotes encode multiple insulin-like peptide (ILP) genes
that are expressed as pre-pro-peptides with four domains (signal, B, C,

and A) (Irwin, 2021; Shabanpoor et al., 2009). Vertebrate ILPs are
subdivided into insulin that primarily regulates glucose uptake and in-
termediate metabolism, insulin-like growth factors (IGFs) that have
mitogenic activities, and relaxins that have pleotropic functions (Bath-
gate et al., 2013; Belfiore et al., 2017; Haeusler et al., 2018). Insulins and
relaxins are processed into separate B and A chains that are connected by
two inter-disulfide bridges while IGFs have the same disulfide bridges
but are processed into single peptides that retain the short C domain
(Irwin, 202; Lawrence, 2021). Insulin binds a receptor tyrosine kinase
(RTK) named the insulin receptor (IR) while IGFs preferentially bind
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contrast, relaxins signal through leucine-rich repeat containing G-pro-
tein coupled receptors (LGRs) (Bathgate et al., 2013; Patil et al., 2017).

Invertebrates like insects also encode multiple ILPs but their func-
tional range is less understood (Alvarez-Rendén et al., 2023; Antonova
et al., 2012; Chowanski et al., 2021; Kannan and Fridell, 2013; Lin and
Smagghe, 2019; Nassel et al., 2015; Semaniuk et al., 2021a, 2021b;
Smykal et al., 2020). This is due in part to most insects encoding only
one IR/IGF-like RTK (usually named the IR), which makes it unclear
how family members differentially regulate IIS-dependent metabolic
and growth functions (Chowanski et al., 2021; Nassel and Vanden
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Broeck, 2016; Semaniuk et al., 2021a; Vogel et al., 2013). One possi-
bility is that within species, several ILP family members can bind and
activate the IR but differences in downstream signaling result in variable
physiological activities (Post et al., 2018). Differential expression or
release could also contribute to family members within a given species
having different physiological roles (Kim and Neufeld, 2015; Semaniuk
et al., 2021b). However, it has also been noted that knockout of one or
more ILP genes in Drosophila or mosquitoes either causes no defects in
metabolic and/or growth activities or results in physiological alterations
but no lethality due to potential redundancy among family members
(Gronke et al., 2010; Liao and Nassel, 2020; Ling and Raikhel, 2018;
Zhang et al., 2009). Producing ILPs that can be bioassayed indepen-
dently provides another means for comparing the function of different
family members but this approach is also difficult because these peptide
hormones are more difficult to synthesize than many others due to their
structure. As a result, only a few insect ILPs have been produced and
bioassayed, while no study has produced and bioassayed all family
members from the same species (Bai et al., 2012; Brown et al., 2008;
Mizoguchi and Okamoto, 2013; Post et al., 2018; Wen et al., 2010).

Mosquitoes are insects of interest because many vector bloodborne
pathogens including the causative agents of malaria, dengue fever, and
yellow fever in humans (World Health Organization, 2014). Disease
transmission only occurs through adult females that must blood feed on
vertebrates to produce eggs (Clements, 2012). Egg formation in
mosquitoes is also of interest from the perspective of ILP function
because studies of the yellow fever mosquito, Aedes aegypti, indicate IIS
regulates several activities during a gonadotrophic cycle (Roy et al.,
2018; Strand et al., 2016). A. aegypti encodes 8 ILPs, 1 IR, and a putative
relaxin receptor LGR4 (Brown et al., 2008; Ling et al., 2017; Ling and
Raikhel, 2018; Sharma et al., 2019; Strand et al., 2016; Valzania et al.,
2019). Seven family members (ILP1-5, 7 and 8) are processed into
predicted insulin/relaxin-like hormones while ILP6 is processed into an
IGF-like peptide (Brown et al., 2008; Riehle et al., 2006). Five family
members (ILP1, 3, 4, 7, 8) are specifically expressed in the brain of adult
females while three (ILP2, 5, 6) are preferentially expressed in other
tissues (Riehle et al., 2006; Brown et al., 2008; Ling and Raikhel, 2021).
ILP3 shares the highest amino acid identity with mammalian insulins
but overall sequence homology is less than 50% as is the case for all ILPs
produced by other insects (Brown et al., 2008; Nassel et al., 2015; Post
et al., 2018). Most insects, including mosquitoes, additionally express a
neuroparsin, unknown from vertebrates, named ovary ecdysteroido-
genic hormone (OEH). A. aegypti OEH is expressed in brain medial
neurosecretory cells and activates IIS but shares no sequence similarities
with ILPs (Brown and Cao, 2001; Dhara et al., 2013; Vogel et al., 2015).
We earlier produced synthetic A. aegypti ILP3 to demonstrate high af-
finity binding (ICso = 5.9 nM) to the IR in ovary membranes (Wen et al.,
2010) and later used a recombinant OEH to show that activity is unaf-
fected by IR inhibition and demonstrate this hormone binds a different
RTK named the OEHR (Valzania et al., 2019; Vogel et al., 2015).

A. aegypti females emerge in a previtellogenic state with primary
follicles in the ovaries containing developmentally arrested oocytes
(Valzania et al., 2019). Previtellogenic females consume sugar sources
like nectar, which provision energy for flight and nutrients that are
stored in the fat body as glycogen and neutral lipids (Baredo and
DeGennaro, 2020; Briegel, 2003; Dou et al., 2023). Synthetic ILP3, re-
combinant OEH, and juvenile hormone (JH) upregulate enzymes with
functions in glycogen and lipid synthesis while also stimulating nutrient
storage (Brown et al., 2008; Dou et al., 2023; Hou et al., 2015; Wang
et al., 2017; Zhu and Noriega, 2016). Primary follicles remain arrested
until a female blood feeds, which activates the vitellogenic phase that
culminates with development of oocytes into mature eggs that females
lay. Ablating heads within 2 h of blood feeding inhibits the vitellogenic
phase by ablating the source of brain-produced ILPs and OEH, whereas
injection of ILP3 or OEH stimulates the ovaries to produce ecdysteroids
that are converted to 20-hydroxyecdysone (20E) (Brown et al., 2008;
Dhara et al., 2013). IIS and 20E signaling promote enzyme digestion of
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blood proteins and amino acid transport out of the midgut (Dou et al.,
2023; Harrison et al., 2022; Roy et al., 2007). This bipartite signaling
together with target of rapamycin kinase (TOR) signaling also stimulates
vitellogenin (Vg) biosynthesis in the fat body that is concurrently
dependent on mobilization of nutrient stores by adipokinetic hormone
(Dou et al., 2023; Gulia-Nuss et al., 2011; He et al., 2021). Vg and other
yolk components are then packaged into oocytes followed by chorion
formation (Li and Li, 2006; Roy et al., 2018). Subsequent blood meals
stimulate the same events, which enable females to produce multiple
egg clutches over a lifespan (Harrison et al., 2021, 2022).

Taken together, previous findings suggest nutrient storage during the
previtellogenic phase and the first step in the vitellogenic phase,
ecdysteroid production by the ovaries, could depend solely on ILP3 and
OEH. Alternatively, other ILP family members could also have functions
in these or the other physiological processes that are required for egg
development. In this study, we profiled the expression of all ILPs and
OEH during a gonadotropic cycle. We then produced each ILP to use
with OEH, 20E and JH in functional assays. We report that all ILPs and
OEH are expressed during a gonadotropic cycle, as are the IR, OEHR and
LGR4. Several ILPs and OEH stimulated nutrient storage in previtello-
genic females, whereas tissue specific processes in the vitellogenic phase
were primarily activated by ILPs and/or OEH expressed in the brain. Our
results identify redundancy in the biological and signaling activity of
some family members but distinct differences between others.

2. Materials and methods
2.1. Mosquitoes

The University of Georgia strain of A. aegypti (UGAL) was maintained
as earlier described (Harrison et al., 2021). Females produced eggs for
culture maintenance using defibrinated rabbit blood (Hemostat Labo-
ratories) plus 1 mM ATP in warmed membrane feeders. For in vivo as-
says, females blood fed on an anesthetized rat. Handling and
anesthetization of rats followed the protocol (A2020 12-008-R1)
approved by The University of Georgia Institutional Animal Care and
Use Committee, which maintains an Assurance of Compliance with the
US Public Health Service and is accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care International
and licensed by the US Department of Agriculture.

2.2. Synthetic ILP1-5, 7, 8, recombinant ILP6, and recombinant OEH

The genes encoding A. aegypti ILP1-5, 7 and 8 were previously
examined to predict signal peptide and C chain enzymatic cleavage sites
(Brown et al., 2008; Ling and Raikhel, 2021; Riehle et al., 2006)
(Fig. S1A). The gene for ILP6 was predicted to encode two transcripts,
ilp6-A and ilp6-B, that have signal peptides but no C chain enzymatic
cleavage sites but RT-PCR data only detected ilp6-B in adults (Brown
et al., 2008; Ling and Raikhel, 2021; Riehle et al., 2006) (Fig. S1A). OEH
was also identified as a single chain peptide with a signal peptide (Vogel
et al., 2015) (Fig. S1A). ILP1-5, 7 and 8 were synthesized in mg quan-
tities (>80% purity) as complete or truncated B and A chains with ca-
nonical inter- and intrachain bonds between conserved Cys residues
(CPC Scientific Inc; San Jose CA) using methods similar to earlier ap-
proaches used to synthesize ILP3 (Brown et al., 2008) (Fig. S1B). Syn-
thesis of the B chains for ILP3 and ILP8 replaced the oxidation-prone
methionine in each with a non-oxidizable norleucine (Fig. S1). Correct
synthesis and disulfide bridge formation was assessed by confirming the
molecular mass of each synthesized ILP by mass spectrometry
(Table S2). ILP6-B was produced as a single chain recombinant protein
in E. coli by isolating total RNA from adult females using Trizol reagent
(Invitrogen) followed by cDNA synthesis and amplification of the entire
coding region using specific primers with Ek/LIC overhangs (5-GAC
GAC GAC AAG ATA AGA GCC GTG CGA AAA TCA TG-3' and 5-GAG
GAG AAG CCC GGT TTA GCA TTT ATT CTG TTG AAC TCC G-3") and
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iScript™ Reverse Transcription Supermix (Bio-Rad). The resulting cDNA
was cloned into pET30 Ek/LIC (Novagen) in frame with N-terminal
6xHis- and S-tags, and a C-terminal His-tag, followed by expression in
E. coli BL21a (DE3) cells that were grown in SOC medium (0.5% yeast
extract, 2% tryptone, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl,, 10 mM
MgSO4, 20 mM glucose) with 10 pg/ml of kanamycin to an optical
density of 1.0 at 37 °C. Cells were then induced by adding iso-
propyl-p-d-thiogalactopyranoside (IPTG) to a final concentration of 0.1
mM, and grown as 800 ml cultures for 16 h at 16 °C. Bacterial cells were
then harvested by centrifugation at 5000xg for 10 min followed by
storage at —20 °C. Cell pellets were resuspended in lysis buffer (50 mM
NaHPO4, 300 mM NaCl, 10 mM imidazole) on ice for 1 h followed by
addition of lysozyme (1 mg/ml) in 50 mM Tris buffer (pH 8.0) and
sonication. After centrifugation of the lysate at 10,000xg for 25 min,
supernatants were bound to a Ni-NTA matrix (5 Prime) pre-equilibrated
with lysis buffer. Bound proteins were washed 5 x with wash buffer (50
mM NaH;PO4 300 mM NaCl, 20 mM imidazole) followed by elution with
three column volumes of elution buffer (50 mM NaH;PO4, 300 mM
NaCl, 40-300 mM imidazole). The eluted proteins from wash fractions
were loaded onto 10% SDS-PAGE gels and visualized by Coomassie blue
staining. Recombinant ILP6 (22,259 Da) eluted using 500 mM imadizole
was desalted and concentrated by Centricon 10 (Millipore, USA)
(Fig. S1B). Recombinant OEH (18,278 Da) used in the study was pre-
viously produced in E. coli and purified by HPLC (Vogel et al., 2015)
(Fig. S1B).

2.3. ILP3 antibody, enzyme immunoassay, and immunocytochemistry

An antibody generated against A. aegypti ILP3 (Nuss and Brown,
2018) was assessed for recognition of ILP3 and other family members by
enzyme immunoassay (EIA). In brief, ILP1-8 and OEH were solubilized
in 90% acetonitrile with 0.1% trifluoroacetic acid as a 10 ng/100 pl
stock. The top horizontal row of 96-well polystyrene microplates
(Corning 3590) received 200 pl of each peptide in duplicate wells, and
100 pl from the wells was then transferred with a multi-tip pipettor into
the lower rows containing 100 pl of the solvent to produce a 10 to 0.156
ng half step serial range for each of the peptides. Wells with solvent and
no peptide were included for absorbance background controls. Plates
were frozen and lyophilized overnight. For the following steps, all so-
lutions were added as 100 pl/well. Wells were blocked with 1.5% bovine
serum albumin (BSA) in phosphate buffered saline (PBS) (NagHPO4 10
mM, KCl 2.7 mM, NaCl 137 mM and KH2PO4 1.8 mM, pH7.4) for 1-2 h
at room temperature (RT). Wells were then cleared, rinsed once with
PBS containing 0.2% Tween 20 (PBST), and cleared again before adding
AalILP3 rabbit polyclonal antibody (3580 production bleed, 1:2000 in
PBS plus 1.5% BSA (Nuss and Brown, 2018). Plates were sealed and held
overnight in a humid chamber at 4 °C with no agitation. Wells were
cleared, rinsed two times with PBST, and treated with
peroxidase-conjugated goat anti-rabbit IgG antibody (1:7000; Jackson
Laboratories) in 1.5% BSA PBS at RT for 4 h as above. Wells were
cleared, rinsed with two changes of PBST, and treated with substrate (3,
3',5,5-tetramethylbenzidine; KPL 50-76-00) for 15 min in the dark at
RT. Addition of 0.5 M phosphoric acid stopped the reaction, and
absorbance values/well recorded with a plate reader at 450 nm (BioTek
MQX200).

For immunocytochemistry, brains and digestive tracts were dissected
in PBS from 4-day old previtellogenic females before blood feeding
(=non-blood fed (NBF)) and 4-day old females 6 h and 48 h after
consuming a blood meal (=post-blood meal (PBM)). Females were
placed at 4 °C for 3-5 min and then dissected in ice-cold PBS. Heads
were carefully removed from the body by cutting at the neck with sharp
scissors under a dissecting microscope. The whole gut was also
explanted from the decapitated female using forceps. Heads were placed
in ice-cold fixative (3% NaCl, 0.25% Triton X100 and 4% para-
formaldehyde in PBS) and fixed for 3 h on a rocker in a cold room. Guts
were placed in fixative (4% paraformaldehyde in PBS) for 30 min on a
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rocker at room temperature. Fixed heads were put on ice and dissected
to collect intact brains using forceps. Brains and guts were washed 3x in
PBS before permeabilizing in 4% paraformaldehyde in PBS containing
0.5% Triton X 100 for 30 min, washing 3x (5 min each) in 1 ml PBS
containing 0.2% Tween 20 (PBT) on a rocker at RT, and blocking in
2.5% BSA in PBT on a rocker at RT for 1 h. Brains and guts were then
incubated with anti-ILP3 (1:50, affinity purified 3580 Ew2+3) or a
previously generated anti-OEH (1:2000) (Brown and Cao, 2001) for 2
days on a rocker at 4 °C. After washing 3x in PBS, an Alexa Fluor 488
secondary antibody (1:2000; Thermo Fisher Scientific) was added and
incubated in darkness for 1 day on a rocker at 4 °C. Samples were then
rinsed again 3x in PBS and mounted on slides in 50% glycerol in PBS.
Samples were examined using a Leica epifluorescence microscope fitted
with a digital camera. Resulting images were exported to Adobe Pho-
toshop. Relative abundance of ILP3 per medial neurosecretory cell
(mNSC) or ventral nerves on the midgut was assessed by measuring pixel
intensity using ImageJ software (National Institutes of Health, Bethesda,
MD, USA) which calculates pixel intensity in arbitrary units. For each
treatment, pixel intensities were measured in a minimum of 9 mNSCs
and ventral nerve groups from 10 females using captured images that
were acquired under identical exposure and gain conditions with
background subtracted (https://imagej.nih.gov/nih-image/manual/
tech.html).

2.4. Quantitative reverse transcriptase (qRT-)PCR

Gene specific primers were synthesized by IDT (Integrated DNA
Technologies for the following A. aegypti genes: ir, oeh, oehr, Igr4, and
ilp1-8, vitellogenin A1 (AaVgA1l), serine protease VI (AaSPVI), chorion
protein 15a3 (Aal5a3), and ribosomal protein 8 (rpl8) (normalizing
control) (Table S1). The homolog of A. aegypti LGR4 is the predicted
relaxin-like receptor for D. melanogaster ILP7 while a second LGR
designated as LGR3 is the predicted receptor for D. melanogaster ILP8 but
has no homolog in A. aegypti (Veenstra, 2020). The two other Igr genes in
the A. aegypti genome were recently deorphanized as the glycoprotein
GPA2/GP5B receptor (LGR1, AAEL004399) and bursicon receptor
(LGR2, AAEL004777) (Veenstra, 2020). Newly emerged previtellogenic
females were provided ad libitum access to a sugar solution and water
until 4 days post-emergence (PE) and then blood-fed. Females were then
sampled immediately before blood feeding (0 h) or 2, 6, and 24 h PBM
when head with brain, gut (fore-, mid-, and hindgut), ovaries and
remaining abdomens (=pelt) containing fat body, epidermis and ventral
nerve chord were collected by dissection in PBS. Each biological repli-
cate consisted of the above organs or tissues from two females with at
least three biological replicates analyzed per treatment and time point.
For all samples, total RNA was extracted using TRIzol (Ambion) ac-
cording to the manufacturer’s instructions followed by reverse tran-
scription of a 1 pg sample using a cDNA synthesis kit (Bio-Rad). Relative
expression of each ILP family member and OEH was assessed by
qRT-PCR and the 27AACD method (Livak and Schmittgen, 2001) with
data normalized to rpl8 (Dzaki et al., 2017). Quantitative estimates of
transcript abundance were determined for the ir, oehr, and Igr4 by dis-
secting 4-day old previtellogenic females (NBF), and 2, 6 and 24 h PBM
females in PBS and collecting tissue samples, isolating total RNA and
synthesizing cDNA templates as described above. cDNA from the ovaries
was used to amplify a portion of each target gene using specific primers
(Table S1) followed by cloning into TOPO TA 2.1 (Invitrogen). After
transformation into NEB-10p competent E. coli (NEB), plasmid DNA was
extracted using a GeneJET Plasmid Miniprep Kit (Thermo) and each
insert sequenced (Psomagen) to confirm identity. Serial dilutions of
10%-10® plasmid copies were used to generate a standard curve which
was then used to estimate transcript abundance of each target gene in
the different samples using established methods (Dou et al., 2023).
gRT-PCR data were generated from each tissue and treatment using the
QuantiFast SYBR Green PCR Kit 4000 (Qiagen), run in quadruplicate
technical replicates on a Rotor-Gene Q cycler (Qiagen) under the
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following conditions: initial denaturation at 95 °C for 10 min, followed
by 35 cycles of which denaturation at 95 °C for 10 s, annealing at 55 °C
for 15 s, and extension at 72 °C for 20 s. A minimum of three indepen-
dently collected biological samples were collected and analyzed for each
treatment and time point.

2.5. Triacylglycerol and glycogen assays

To assess triacylglycerol (TAG) and glycogen stores in response to
different hormones, one cohort of 4-day old NBF females were sugar fed,
injected with each ILP or OEH (20 pmol in 0.5 pl saline), 20E (100 ng
(=210 pmol)) in 0.5 pl saline, Sigma) or saline and immediately
decapitated. A second cohort of 4-day old females was topically treated
with methoprene (Zoecon) (250 ng (=800 pmol) in 0.25 pl of ethanol)
and immediately decapitated. Abdomen pelts containing the fat body
but with the gut and ovaries removed were then collected by dissection
in PBS 24 h later. Each biological sample used to measure TAG and
glycogen stores for a given treatment consisted of two abdomen pelts
that were homogenized in 100 pl of PBS containing 0.5% Tween-20 and
then incubated at 70 °C for 5 min. Pelt samples were centrifuged at
3000xg for 1 min and 15,900xg for 3 min followed by transfer of 10 pl
from each sample to individual wells of 96-well plates (Corning). After
adding 100 pl of TAG reagent (Thermo-Fisher) and gentle mixing,
samples were incubated for 10 min at room temperature and absorbance
was measured with a Synergy plate reader (BioTek) at 530 nm. A range
of TAG standards (MedTest Dx, Canton MI) was included in the wells of
each plate and used to calculate experimental values from a regression
line. Glycogen levels were measured using a Glycogen Assay Kit
(Cayman) per instructions from the manufacturer. Briefly, two pelts
were homogenized in 100 pl diluent assay buffer and then centrifuged at
3000xg for 10 min. Sample supernatants (10 pl) were transferred to
wells in 96 well plates followed by hydrolysis enzyme solution (50 pl) for
a 30 min incubation at 37 °C and then developer solution (150 pl) for 15
min at 37 °C. Plate wells were read with the same instrument as above
with an excitation wavelength of 530 nm and an emission wavelength of
585 nm. Glycogen standards in wells of the same plate were similarly set
up and read to calculate experimental values as above.

2.6. Ovary ecdysteroid production

Triplicate sets of two pairs of ovaries from 4-day old previtellogenic
females (NBF) were placed into 60 pl of Sf900 II (Gibco) in a 0.6 ml
microtube cap followed by addition of 2 and 20 pmol of ILP1-8 or OEH
in 6 h at 27 °C. The caps were placed in a 24 well plate with a drop of
water in each well, covered, and gently rocked in a box suspended in a
water bath to maintain a constant high humidity. After incubation,
media containing secreted ecdysteroids were individually collected and
frozen. Ecdysteroid content in each sample (25 pl of the collected vol-
ume/well) was determined by enzyme-linked immunoassay (EIA) using
the EAB27 rabbit antibody, which recognizes 20E and ecdysone equally,
and calculated from a semi-log linear regression line of 20E standards
(4-2000 pg, Millipore Sigma) and corrected for amount secreted by one
ovary pair (McKinney et al., 2017).

2.7. Yolk deposition into oocytes

Newly emerged females were provided ad libitum access to 10% su-
crose for 2 days post-emergence (PE), followed by water only on day 3
PE, and blood fed to repletion on day 4 PE on an anesthetized rat for 5
min. Replete females were decapitated within 1 h PBM and injected with
each ILP family member (20 pmol per female) OEH (20 pmol), or 20E
(500 ng (=1 nmol)) in saline (0.5 pl per female), which similar to the
TAG and glycogen assays described above was administered at a higher
dose than in ex vivo assays due to presumptive metabolism (Brown et al.,
2008; Dou et al., 2023; Gulia-Nuss et al., 2011; Harrison et al., 2022).
Intact (non-decapitated), blood-fed females injected with saline served
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as a positive control while decapitated females injected with saline
served as the negative control. Ten or more females were injected for
each treatment and held in small containers in the above rearing con-
ditions. At 36 h PBM, ovaries from each female were dissected and
examined by measuring the length of yolk deposition (mm) along the
anterior-posterior axis of five oocytes with the average length serving as
the yolk deposition value for each female (Brown et al., 2008; Harrison
et al., 2021).

2.8. AaVgAl, AaSpVI, and Aal5a3 expression assays

Two abdominal pelts or two pairs of ovaries were dissected from 4-
day old previtellogenic females in PBS and floated on 59 pl of Sf900II
medium in a 0.5 ml microtube cap. Two whole guts were dissected from
newly blood fed four-day old females and similarly set up in ex vivo
cultures as above. Each ILP (20 pmol) or OEH (20 pmol) in 1 pl of saline
was added individually or with 20E (6 pmol) to cultures for 6 h at 28 °C.
Total RNA was then extracted from each tissue, cDNA synthesized, and
qRT-PCR reactions run using specific primers (Table S1) to amplify
transcripts for the A. aegypti vitellogenin A1 (AaVgAl, U02548), serine
protease VI (AaSPVI, GQ398048), or chorion protein 15a3 (Aal5a3,
AAEL014561) as described above. Each amplicon was also cloned into
pCR2.1 (Invitrogen) and transformed into NEB-10p (NEB). Plasmids
were extracted using GeneJET Plasmid Miniprep Kit (Thermo) and
sequenced. Serial dilutions of 10%-108 plasmid copies were used to
generate a standard curve which was then used to estimate transcript
abundance of each target gene in the different experimental samples.
qRT-PCR data were generated as described above, run in quadruplicate
technical replicates on a Rotor-Gene Q cycler (Qiagen) under the
following conditions: initial denaturation at 95 °C for 10 min, followed
by 35 cycles of which denaturation at 95 °C for 10 s, annealing at 55 °C
for 15 s, and extension at 72 °C for 20 s. A minimum of three indepen-
dently collected biological samples were collected and analyzed for each
treatment and time point. To determine whether IR signaling was
required for upregulated expression of Aal5a3, the IR inhibitor, OSI-906
(10 mM stock in DMSO) was added to cultures at 170 and 850 nM along
plus ILP3 (20 pmol) and 20E (6 pmol). The same concentration of DMSO
without inhibitor served as the negative control.

2.9. Immunoblotting

Five pairs of ovaries, five whole guts (fore-, mid-, and hindgut), or 3
abdomen pelts containing fat body with gut and ovaries removed were
dissected from 4-day old previtellogenic female and placed into 59 pl of
Sf900II medium in a 0.5 ml microfuge cap followed by addition of 20
pmol of ILP2, 3, 5, 7 or OEH for 1 h (ovaries, pelts) or 3 h (guts) bringing
the final volume up to 60 pl. The negative control was incubation of each
organ in medium only. PRO-PREP extraction solution (100 pl; 17,081
Intron Biotechnology) with 1 X protease and phosphatase inhibitors
(Thermo Fisher Scientific) was added to each sample and homogenized
using the MP Biomedical Fastprep 24 Sample Preparation System. Pro-
tein concentration was determined using Coomassie Plus Protein re-
agent (Thermo Fisher Scientific). Samples were mixed with 4x Laemmli
buffer containing 10% mercaptoethanol, boiled for 5 min, and electro-
phoresed (50 pg per lane) on 4-20% Trish-HCI gels (Bio-Rad), followed
by transfer to polyvinyl difluoride (PVDF; Thermo Fisher Scientific).
After blocking in 5% nonfat dry milk in PBS buffer with 0.05% Tween 20
(PBST), the blots were sequentially probed overnight with primary an-
tibodies to phosphorylated IR (pIR) (1:1000, 3024 S, Cell Signaling
Technology), pAKT (Thr342) (1:1000, p104-342, PhosphoSolutions),
PERK (1:1000, 4370 S, Cell Signaling Technology), or actin (1:2000,
A2103, Sigma-Aldrich) which was used as a loading control with prior
evidence confirming each primary antibody visualizes the phosphory-
lated form of the target protein but not the non-phosphorylated form in
A. aegypti (Martinson et al., 2022; Valzania et al., 2018, 2019). Blots
were washed 3 times with PBST and probed with a



K. Chen et al.

peroxidase-conjugated goat anti-rabbit secondary antibody (1:5000,
Jackson Labs) for 2 h. After 3 times wash with PBST, blots were visu-
alized using a chemiluminescent substrate (Clarity, Bio-Rad) and a
Syngene imaging system. Each blot was then stripped and probed with
another primary antibody and processed until all targets were visual-
ized. Each treatment was examined in triplicate using independently
collected samples. Relative abundance of pIR, pAKT and pERK was
estimated by measuring pixel intensity using ImageJ. For each treat-
ment, pixel intensities were measured for each treatment band relative
to the actin loading control using captured images that were acquired

A
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under identical exposure and gain conditions (https://imagej.nih.gov/
nih-image/manual/tech.html).

2.10. Data analysis

All data sets were analyzed using JMP Pro 16.0 (SAS, Cary, NC). Data
sets were first analyzed for being normally distributed using a Shapiro-
Wilk test or Bartlett’s homogeneity of variances test followed by either
one-way ANOVA and a Tukey-Kramer least significant difference test,
one-way ANOVA and a Dunnetts test that compared each treatment to a
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Fig. 1. Relative expression of most ilp genes and oeh increases after blood feeding. (A) Brain-specific ILPs (ilp1, 3, 4, 7, 8) and oeh. (B) ILPs preferentially
expressed in other tissues (ilp2, ilp5, and ilp6). Data for ilp2 come from the ovaries while data for ilp5 and ilp6 come from pelts. Relative transcript abundances were
normalized to the reference gene rpl8 with different letters above a given bar indicating fold change significantly differed (Tukey-Kramer post-hoc multiple com-
parison test; P < 0.05). Each bar shows treatment means while solid circles show values for the three independently collected biological replicates that were analyzed

for each treatment and time point.
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designated control, or a non-parametric Kruskal-Wallis test followed by
a Dunn’s test with a designated control. Figures were generated using
GraphPad Prism 10.0 that were exported to Adobe Illustrator.

3. Results

3.1. Most ILPs and OEH are expressed in the brain while receptors are
expressed globally

Consistent with earlier findings (Riehle et al., 2006; Brown et al.,
2008; Ling et al., 2017), qRT-PCR assays specifically detected transcripts
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Transcript abundances for the ir and oehr were much higher in the
ovaries than other tissues, and also were higher than Igr4 in all tissues
(Fig. S3). After blood feeding, ir abundance further increased in the
ovaries and head by 24 h PBM but not in the pelt and gut (Fig. S4). Copy
number for oehr increased in the ovaries by 2 h PBM and in the head by
24 h PBM while largely remaining unchanged in the pelt and gut
(Fig. S4). Copy number for Igr4 also increased in the ovaries after blood
feeding but not in other tissues (Fig. S4). Taken together, transcripts for
all ILP family members, OEH and their candidate receptors were
expressed during the previtellogenic and vitellogenic phases of the first
gonadotropic cycle.

for ilp1, 3, 4, 7, 8, and oeh in the head (Fig. S2). ilp5 and ilp6 were
exclusively or preferentially detected in the pelt containing fat body,
epidermis and ventral nerve chord, while ilp2 was preferentially detec-
ted in the in the ovaries (Fig. S2). After blood feeding, relative abun-
dance of all brain-specific ILP family members and oeh increased by 6 h
PBM and either remained elevated or declined by 24 h PBM to similar
levels in previtellogenic (NBF), 4-day old females (=0 h) (Fig. 1A). We
noted that ilp6 in the pelt and ilp2 in the ovaries also increased after
blood feeding, whereas ilp5 in the pelt declined (Fig. 1B). Profiling
transcript copy number for the ir, oehr and Igr4 in previtellogenic, 4-day
old females detected each in the ovary, gut, pelt, and head (Fig. S3).

3.2. Blood feeding stimulates ILP3 and OEH release from ventricular
nerves

An antibody generated to ILP3 recognized this family member but no
others in an EIA (Fig. S5). This antibody specifically detected ILP3 in
brain medial neurosecretory cells (mNSCs) but no difference in labeling
intensity was detected between previtellogenic NBF 4-day old females,
6 h PBM females and 48 h PBM females (Fig. 2A and D). Thus, transcript
abundance increased in the head after blood feeding but labeling of ILP3
in mNSC cell bodies did not. Axons from mNSCs radiate out of the brain
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Fig. 2. ILP3 and OEH location and release. ILP3 (A-H) and OEH (I-O) are specifically detected in brain medial neurosecretory cells (mNSCs) and markedly
decrease in ventricular nerves after blood feeding. Epifluorescence microscopy images of mNSCs in brains from 4-day old females that were labeled with anti-ILP3
(green): (A) before blood feeding (NBF), (B) 6 h PBM, and (C) 48 h PBM. (D) Quantification of ILP3 in mNSCs at each sample time in arbitrary pixel intensity units. No
significant difference was detected between treatments (One-way ANOVA; P > 0.05). Epifluorescence microscopy images of anterior midguts from 4-day old females
labeled with anti-ILP3 (green): (E) before blood feeding (NBF), (F) 6 h PBM, and (G) 48 h PBM. Ventricular nerves (Vn) radiating from mNSCs are strongly labeled by
anti-ILP3 in (E) and (G) but not (F). Hatched box in each image corresponds to the insert showing the ventricular nerve at higher magnification. (H) Quantification of
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microscopy images of mNSCs at the same time points as A-C but stained with anti-OEH. (L) Quantification of OEH in mNSCs at each sample time in arbitrary pixel
intensity units. No significant difference was detected between treatments (ANOVA; P > 0.05). (M-0) Epifluorescence microscopy images of ventricular nerves on the
anterior midgut at the same time points as E-G but stained with anti-OEH. Hatched boxes and inserts in M-O are also the same as in E-G. Quantification of OEH in
ventricular nerves at each sample time in arbitrary pixel intensity units. OEH labeling was significantly higher in NBF and 48 h PBM females than in 6 h PBM females
(One-way ANOVA followed by a Tukey-Kramer post-hoc test; P < 0.001). Scale bar in O equals 75 mm with all other images being at the same magnification.
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as 2 pairs of nerves (nervi corporis cardiaci (NCC) I and NCC II) that
merge to form corpus cardiacum (CC) over the aorta in A. aegypti
(Clements et al., 1985; Meola and Lea, 1972). The axons then extend
along with the stomatogastric nerves from the hypocerebral ganglion to
form ventricular nerves that terminate along the anterior midgut (Brown
and Cao, 2001; Cao and Brown, 2001). Anti-ILP3 strongly labeled the
ventricular nerves in previtellogenic 4-day old females, but signal in-
tensity was strikingly lower at 6 h PBM before returning to previtello-
genic levels at 48 h PBM (Fig. 2E-H). Anti-OEH also strongly labeled
mNSC cell bodies with no difference in labeling intensity between NBF,
6 h PBM and 48 h PBM females, whereas signal in ventricular nerves was
also much lower at 6 h PBM before returning to NBF levels at 48 h PBM
(Fig. 2I-P). These results strongly suggested blood feeding stimulates a
rapid release of ILP3 and OEH from axons on the anterior midgut after
blood feeding which was followed by peptide restoration by the end of
the vitellogenic phase (48 h PBM) when mature eggs have developed
(Harrison et al., 2021; Valzania et al., 2019).

3.3. Several ILPs and OEH stimulate nutrient storage during the
previtellogenic phase

As earlier noted, sugar feeding by previtellogenic females provides
nutrients that are stored in the fat body as neutral lipids like TAG and
glycogen (Brown et al., 2008). The importance of these nutrient stores to
the vitellogenic phase is supported by results showing that 80% of the
lipids in mature eggs produced in the first gonadotropic cycle derive
from sugar consumed during the previtellogenic phase (Ziegler and
Ibrahim, 2001). However, prior studies also show that head ablation
after sugar feeding inhibits the increase in nutrient stores, while ILP3
dose-dependently increases stores to similar levels as intact (non--
decapitated) females (Brown et al., 2008). To assess whether this ac-
tivity was restricted to ILP3, we conducted the same bioassay by
injecting a 20 pmol dose of the other A. aegypti ILP family members or
OEH in saline. Decapitated females topically treated with methoprene
(800 pmol) or injected with a single dose of 20E (210 pmol) were also
included given evidence the former also promotes nutrient storage while
the latter is required for the vitellogenic phase when nutrient stores are
mobilized (Dou et al., 2023; Wang et al., 2017). TAG in pelts from intact
females or decapitated females treated with ILP3, ILP7, ILP8 and OEH
were higher than in control females that were decapitated and injected
with only saline (Fig. 3A). Likewise, glycogen was also higher in intact
females and decapitated females treated with ILP1, ILP2, ILP3, OEH and
methoprene when compared to control females (Fig. 3B).

3.4. Brain-specific ILPs and OEH stimulate ovaries to produce
ecdysteroids

Head-ablation within 2 h of blood feeding inhibits initiation of the
vitellogenic phase as indicated by low production of ecdysteroids by the
ovaries (Brown et al., 2008; Dhara et al., 2013). We thus tested whether
other ILP family members also stimulate ecdysteroid production by the
ovaries using an established ex vivo assay where ovary pairs from 4-day
old previtellogenic females are incubated for 6 h in Sf900 II medium plus
2 pmol or 20 pmol of each ILP, OEH, or no added hormone. We then
measured ecdysteroids in the medium by EIA (McKinney et al., 2017).
Only ILP3 stimulated a significant increase in ecdysteroids when 2 pmol
of each hormone was added, whereas all of the brain-specific ILPs (ILP1,
3, 4, 7, 8) and OEH stimulated an increase in 20E when 20 pmol was
added (Fig. 4). In contrast, adding 20 pmol of ILP2, 5 and 6 that are
expressed in other tissues did not stimulate the ovaries to increase
ecdysteroid production (Fig. 4).
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Fig. 3. Hormone effects on nutrient stores. Hormones with functions in
regulating a gonadotrophic cycle in A. aegypti differentially affect nutrient
stores in the fat body of 4-day old previtellogenic females after sugar feeding.
Females were decapitated immediately after sugar feeding and injected with
saline (Control), ILP1-8 (20 pmol), OEH (20 pmol) or 20E (200 pmol), or
topically treated with methoprene (Met) (800 pmol). Intact females were sugar
fed but not decapitated. (A) TAG stores 24 h post-treatment. (B) Glycogen stores
24 h post-treatment. Each bar shows treatment means + standard deviation
(SD) while solid circles indicate values for individual biological replicates. For
each graph, an asterisk above a bar indicates that TAG or glycogen amount
significantly differ from the control while no asterisk indicates the treatment
did not differ (Dunnett’s post-hoc multiple comparison test; P < 0.05). A
minimum of three and a maximum of ten independently collected biological
replicates were analyzed for each treatment.

3.5. Head-produced ILPs and OEH plus 20E stimulate AaVgA1 expression
in the fat body, AaSPVI expression in the midgut and AaCP-15a3
expression in the ovaries

20E, TOR signaling and IIS interact to activate expression of Vg genes
such as AaVgA1 in the fat body and serine protease genes like AaSPVI in
the midgut that digest blood proteins (Dou et al., 2023; Gulia-Nuss et al.,
2011; He et al., 2021; Isoe et al., 2009; Roy et al., 2007). We thus
conducted ex vivo assays with dissected abdominal pelts containing the
fat body in the same medium used for ovaries which provides amino
acids that activate TOR signaling (Gulia-Nuss et al., 2011; Valzania
et al., 2019). Individually adding each ILP (20 pmol), OEH (20 pmol) or
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Fig. 4. ILPs and OEH differentially stimulate ecdysteroid production by ovaries. Ovaries from two 4-day old previtellogenic females were placed in Sf900
medium alone (Control), or Sf900 medium plus 2 pmol or 20 pmol of each ILP or OEH. Ecdysteroids in the medium were measured 6 h post-treatment. Each bar
shows treatment means + standard deviation (SD) while solid circles indicate values for individual biological replicates. An asterisk above a bar indicates ecdys-
teroids significantly differed from the control while no asterisk indicates that treatment did not differ (Dunnett’s post-hoc multiple comparison test; P < 0.05).

20E (10 pmol) alone to cultures resulted in no increase in VgAl copy
number, whereas copy number increased when each of the
brain-specific ILPs, except ILP7, plus 20E were added together (Fig. 5A).
The same assay using whole guts dissected from 4-day old females
within 1 h of blood feeding similarly showed no increase in AaSPVI copy
number when each ILP, OEH or 20E was added alone (Fig. 5B). Treat-
ment with most of the ILPs and OEH in the presence of 20E trended to
increase copy number of AaSPVI when compared to the negative con-
trol, but only ILP4 plus 20E was statistically significant due to variability
among replicates for the other treatments (Fig. 5B). Following yolk
packaging into oocytes, follicle cells secrete a chorion that results in
mature eggs females fertilize and lay (Harrison et al., 2021; Li and Li,
2006; Valzania et al., 2019). No studies had previously assessed whether
ILPs, OEH, and/or 20E affect chorion gene expression but we tested this
by adding ILPs, OEH and 20E alone or together to ovary cultures fol-
lowed by measuring copy number of Aal5a3 that encodes a major
A. aegypti chorion protein (Li and Li, 2006). No ILP (20 pmol), OEH (20
pmol) or 20E (10 pmol) alone stimulated increased Aal5a3 copy num-
ber, whereas four of the brain-specific ILPs and OEH plus 20E did so
(Fig. 5C). To confirm the specificity of ILP action, we added two con-
centrations of the IR inhibitor OSI-906 to ovary cultures containing ILP3
plus 20E that previous studies had shown to dose-dependently inhibit
ecdysteroid synthesis (Dhara et al., 2013; Valzania et al., 2019).
Consistent with expectation from prior results, the higher concentration
of OSI-906 we used in these assays (850 nM) inhibited the increase in
copy number of Aal5a3 that occurred when ovaries were treated with
ILP3 plus 20E (Fig. S6). Thus, all of the brain-specific ILPs except ILP7
activated downstream processes in the ovaries, fat body and midgut
required for egg maturation after blood feeding but only in combination
with 20E which alone did not increase transcript abundance of VgA1,
AaSPVI or Aal5a3 when compared to the saline only control treatment.

3.6. Most ILPs, OEH and 20E stimulate yolk deposition into oocytes

Yolk deposition into oocytes is completed by 48 h PBM which is
followed by follicle cells secreting a chorion. Yolk deposition does not
occur in ex vivo ovary assays because it depends on both the fat body and
transport molecules in the hemolymph (Sun et al., 2000). However,
previous results showed that decapitating females within 2 h of blood
feeding fully inhibits yolk deposition, while a single 10 pmol dose of
ILP3 or OEH restored it to levels that were only slightly lower than in

control (non-decapitated) females (Brown et al., 2008). Since only the
head specific ILPs stimulated VgA1 expression, we expected that only
these would stimulate yolk deposition when injected into decapitated
females but results showed that all family members except ILP5 stimu-
lated the same level of yolk deposition as OEH and 20E (Fig. 6).

3.7. ILPs differentially stimulate phosphorylation of IR, AKT and ERK

We assessed whether biological activity of ILPs used in the preceding
functional assays correlated with activating IIS as measured by detection
of pIR, pAKT and pERK on immunoblots using antibodies that recognize
each in A. aegypti (Martinson et al., 2022; Valzania et al., 2018, 2019).
We first used ILP3, which stimulated most of the physiological processes
we measured in the preceding assays to conduct a time course assay.
Adding 20 pmol of ILP3 to ex vivo ovary, pelt and gut cultures resulted in
detection of pIR, pAkt and pERK in ovaries and pelts at 20 min which
was sustained to 3 h before declining at 6 h (Figs. S7A and B). In gut
samples, pIR and pAkt were weakly detected at 20 min and 1 h before
increasing at 3 and 6 h, while pERK was detected without addition of
ILP3 (Fig. S7C). Based on these patterns, we compared signaling be-
tween family members by comparing ILP3 to ILP2 and ILP7, which
exhibited more restricted activity in the preceding assays, and ILP5
which showed no activity. Twenty pmol of each hormone was added to
ovary and fat body cultures for 1 h and guts for 3 h. In ovaries, ILP3
stimulated an increase in pIR, pAKT and pERK, ILP7 stimulated an in-
crease in pIR and pERK, ILP2 stimulated an increase in pERK only, and
ILP5 had no effect (Fig. 7A). In pelts, ILP3 and ILP7 stimulated an in-
crease in pIR and pAKT, ILP2 stimulated a small increase in pAKT, while
ILP5 had no effect (Fig. 7B). In guts, ILP3 also stimulated an increase in
pIR and pAKT, but ILP7 only stimulated an increase in pAKT, while ILP2
and ILP5 showed no activity (Fig. 7C). Unlike ovaries, pERK was
detected in both the fat body and gut in control samples where no ILP
was added (Fig. 7B and C). We also analyzed IIS after adding 20 pmol of
OEH to ovary, pelt and gut cultures. In ovaries, OEH increased pAKT and
PERK but did not increase pIR (Fig. 8A), which was consistent with prior
results indicating this hormone binds the OEHR and is insensitive to
inhibition of the IR (Valzania et al., 2019; Vogel et al., 2015). However,
OEH increased detection of pAKT and pERK in the ovaries and pelts
(Fig. 8A and B). In the gut, OEH treatment also resulted in increased
detection of pAKT in one of our biological replicates but not in two
others, which resulted in our statistical analysis not detecting a
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Fig. 5. ILPs and OEH with 20E differentially affect expression of VgAl,
SpVI, and 15a3 in different organs. ILPs or OEH plus 20E differentially in-
crease transcript abundance of: (A) AaVgA1 in the fat body/pelt, (B) AaSpVI in
the gut, and (C) Aal5a3 in the ovaries. Pelts with fat body and ovaries were
separately collected from 4-day old previtellogenic females while guts were
collected from 4-day old females 1 h PBM. Each organ was placed in Sf900 II
medium and treated with saline (Control), 20 pmol of ILP1-8, 20 pmol of OEH
or 10 pmol of 20E alone versus each ILP or OEH plus 20E. Transcript abundance
per ng of total RNA for each gene was determined 6 h post-treatment. Each bar
shows treatment means + standard deviation (SD) while solid circles indicate
values for individual biological replicates. For each graph, an asterisk above a
bar indicates the treatment differed from the control while no asterisk indicates
the treatment did not differ (Dunnett’s post-hoc multiple comparison test; P
< 0.05).

significant increase in pAKT signal (Fig. 8C). In contrast, pERK was
detected in pelt and gut cultures in the absence of adding OEH as
observed in the ILP assays (Fig. 8B and C).

4. Discussion

In this study, we first compared tissue expression patterns among ilps
and oeh since differences could play a role in why certain family mem-
bers have functions that differ from others during the previtellogenic
and vitellogenic phases. Our results corroborate earlier findings indi-
cating ilp1, 3, 4, 7, 8 and oeh are specifically expressed in the head, ilp5
and ilp6 are primarily expressed in the abdomen likely either in ganglia
or fat body respectively as are their homologs in Drosophila (Chowanski
et al., 2021; Nassel and Vanden Broeck, 2016; Semaniuk et al., 2021a,
2021b), while ilp2 is primarily expressed in the ovaries (Ling and Rai-
khel, 2021; Riehle et al., 2006). All of the ILP family members are
upregulated after blood feeding as noted for ILP3 in Aedes albopictus (Dai
et al., 2023). However, our results also indicate patterns of expression in
the previtellogenic and vitellogenic phases are largely similar among the

Insect Biochemistry and Molecular Biology 163 (2023) 104028

400+
300 L
200 %

100

Yolk length (um)
oo
i
i

T
O

Fig. 6. Most ILPs, OEH and 20E stimulate yolk deposition into oocytes.
Four-day old females were decapitated 1 h PBM and injected with saline
(Control), ILP1-8 (20 pmol), OEH (20 pmol) or 20E (200 pmol). Intact females
were blood fed but not decapitated. Yolk length was measured 48 h post-
treatment. Each scatter plot shows treatment means + standard deviation
(SD) with solid circles indicating the yolk in oocytes for each female as
measured by length. An asterisk above a given treatment indicates yolk length
significantly differed from the control while no asterisk indicates the treatment
did not differ (Dunnett’s post-hoc multiple comparison test; P < 0.05).

brain-specific ILPs which suggest all similarly respond at the RNA level
to sugar and blood feeding. That all ILPs are expressed during a
gonadotrophic cycle is also consistent with each being detected in cir-
culation (Ling and Raikhel, 2021). While results from this study indicate
oeh and all ilps except ilp5 are upregulated after blood feeding, only a few
differences in timing of upregulation were noted. We thus conclude most
ILPs and OEH have functions during the previtellogenic and vitellogenic
phases, which is consistent with the ir, oehr, and Igr4 also being
expressed in all tissues that have functions in egg formation.

High level of expression of the ir and oehr in the ovaries is consistent
with the essential role ILPs and OEH have in activating primary follicles,
ecdysteroid production by follicle cells, synthesis of yolk proteins by the
fat body that are packaged into oocytes, and chorion formation (Brown
et al., 2008; Dhara et al., 2013; Valzania et al., 2019). Increased copy
number of the oehr in ovaries by 2 h PBM suggests upregulated
expression of this receptor may be important for OEH-induced synthesis
of ecdysteroids, whereas the increase in transcript abundance for the ir
at 24 h PBM could have roles in yolk packaging, chorion formation, and
secondary follicle maturation, which enables females to mature eggs
after consuming another blood meal (Harrison et al., 2022; Riehle and
Brown, 2002). In contrast, the modest alterations in transcript abun-
dance for the ir and oehr in other tissues suggest receptor abundance is
sufficient for other physiological processes involving IIS that occur
during the vitellogenic phase. The very low abundance of Igr4 in all
tissues with almost no changes during the previtellogenic and vitello-
genic phases circumstantially suggest this receptor is less important than
the ir or oehr in regulating the physiological processes we examined in
this study.

A second factor that could be important in defining the functions of
different ILP family members and OEH is their release but our results do
not reveal whether any are differentially released during a gonadotro-
phic cycle. We earlier determined that OEH is specifically produced in
mNSCs (Brown and Cao, 2001), while the ILP3-specific antibody used in
this study shows this ILP also localizes to mNSCs and is likely released
with OEH in greater quantities from axon terminals along the anterior
midgut after blood feeding. We hypothesize the other ILPs that are
specifically expressed in the head are also produced in mNSCs but
confirming this and determining whether each is also concurrently
released with ILP3 after blood feeding will require further study using
antibodies that distinguish between family members. Several factors
including 20E, JH, and serotonin have been implicated in regulating ilp
expression in A. aegypti (Ling et al., 2017; Ling and Raikhel, 2018, 2021),
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Fig. 7. ILPs differentially induce IIS in different organs. ILPs differentially induce IIS in: (A) ovaries, (B) pelts and (C) guts. Each organ was placed in ex vivo
culture. Ovary and pelt extracts were prepared 1 h after adding 20 pmol of ILP3, 7, 2, 5 or saline only (Cont) while guts extracts were prepared 3 h after adding each
ILP or saline. Immunoblots sequentially probed with antibodies to pIR, pAKT pERK, or actin (loading control) are shown to the left with molecular mass of each target
protein indicated in kDa. Quantification of band intensity from three independent biological replicates are shown in graphs to the right with bars indicating mean
intensity while solid circles show values for each replicate. Different letters above a bar indicate band intensity significantly differs (Tukey-Kramer post-hoc multiple

comparison test; P < 0.05).

while studies in Drosophila and other insects identify both neuronal
pathways and nutrient status through signals relayed by the fat body in
stimulating ILP release from neurosecretory cells (Agrawal et al., 2016;
Géminard et al., 2009; Liessem et al., 2023; Masumura et al., 2000; Park
et al., 2014; Rajan and Perrimon, 2012; Sano et al., 2015). Whether
these or other factors regulate the release of ILP3 and other family
members in A. aegypti after sugar or blood feeding is an important but
unanswered question.

The third factor that could play role in differential functions among
ILP family members and OEH is how they interact with the IR and OEHR
respectively and downstream processes affecting biological activity. In
this regard, the largest weakness in the study of mosquitoes and other
insects is the limited information on the biological activity and receptor
binding activities of different ILP family members. As earlier noted,
indirectly assessing biological activity through loss of function assays is
difficult due to the large number of ILPs many insects produce and the
potential for functional redundancy. However, producing each ILP has
also previously not been done for any insect because structural
complexity makes synthesis or expression more difficult than most other
peptide hormones (Gronke et al., 2010; Nassel et al., 2015; Teleman,
2010). The novel contribution of this study is that we produced all of the
A. aegypti ILPs and OEH. We produced ILP6 as a single chain recombi-
nant peptide because of its predicted processing into an IGF-like family
member (Riehle et al., 2006), whereas the other seven ILPs were
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synthesized as separate A and B chains followed by disulfide bridge
formation because each is predicted to be insulin/relaxin-like (Brown
et al., 2008; Riehle et al., 2006). We then used previously established in
vivo and ex vivo assays to compare biological activities of each ILP and
OEH in processes that are known to be required for egg formation
(Dhara et al., 2013; Vogel et al., 2015). We also included JH and 20E in
some of these assays because the former also has functions in nutrient
storage while the latter is required for vitellogenesis (Dou et al., 2023;
Gulia-Nuss et al., 2011; He et al., 2021; Hou et al., 2015; Roy et al., 2007;
Wang et al., 2017; Zhu and Noriega, 2016).

During the previtellogenic phase, our results suggest only ILP8 and
OEH stimulate equivalent levels of TAG storage as ILP3, while several
family members expressed in the head plus ILP2 and ILP6 stimulate
glycogen storage to similar or greater levels as our positive control.
Broadly consistent with these results, knockout of ilp8 in A. aegypti
reduced TAG but not glycogen stores, while knockout of ilp7 reduced
glycogen but not TAG stores (Ling et al., 2017). However, all ILP family
members are also detected in hemolymph of previtellogenic females at
similar concentrations (~1-60 pg/ml) (Ling and Raikhel, 2021) to what
we injected into head-ablated females in the in vivo assay we used (~50
pg per female). Exogenous insulin has also been shown to activate JH
release in A. aegypti females suggesting an additional role for one or
more ILPs in regulating JH titers (Hernandez-Martinez et al., 2007;
Hernandez-Martinez et al., 2015; Perez-Hedo et al., 2013, 2014) while
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Fig. 8. OEH differentially induces IIS in different organs. OEH differentially induces IIS in: (A) ovaries, (B) pelts and (C) guts. Each organ was placed in ex vivo
culture and extracts prepared followed by immunoblotting as described in Fig. 7. Quantification of band intensity from three independent biological replicates is
shown in the graph to the right. Bars indicate mean intensity while solid circles show values for each replicate. For each treatment and target protein, an asterisk
indicates band intensity significantly differed between OEH and the control sample while no asterisk indicates no difference (t- or Kruskal Wallis test; P < 0.05).

results reported here and previously indicate JH promotes nutrient
storage in response to sugar and blood feeding (Dou et al., 2023). Thus,
why knockout of ILP8 or ILP7 reduced TAG and glycogen stores
respectively in earlier studies (Ling et al., 2017) is unclear when: 1) all
ILP family members plus JH are in circulation in previtellogenic females,
and 2) several ILPs and JH stimulate TAG and glycogen storage in the
gain of function assays we conducted. One possibility is family members
like ILP8 or ILP7 affect the expression and/or release of other family
members which has precedent in studies from Drosophila where some
ILP family members affect the release of other ILP family members
(Nassel and Vanden Broeck, 2016). However, we conclude from our
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assays that two ILPs plus OEH can stimulate TAG storage while most ILP
family members can stimulate glycogen storage by the fat body.
Activation of primary follicles and associated ecdysteroid biosyn-
thesis is the first step after blood feeding that activates the vitellogenic
phase, which is followed by Vg biosynthesis by the fat body, blood meal
digestion by the midgut, and chorion deposition around oocytes after
yolk packaging (Dou et al., 2023; Harrison et al., 2022; Ling et al., 2017;
Roy et al., 2007). Our approach of using ex vivo assays allowed us to
assess the biological activity of each ILP and OEH in the absence of other
family members or potential interactions between the ovaries, fat body
and gut. Two key findings come from these experiments. First, only
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brain-specific ILPs and OEH activate ecdysteroid production by the
ovaries. Second, only a subset of head-expressed ILPs (ILP1, ILP3, ILP4,
and ILP8) increase transcript abundance of AaVgA1 in the fat body, only
ILP4 upregulates transcript abundance of AaSPVI in the gut, and all
brain-specific ILPs and OEH increase transcript abundance of Aal5-a3 in
the ovaries but only if the tissues are co-cultured with 20E. These
findings are fully consistent with earlier assays indicating a synergistic
interaction between 20E, ILP, and TOR signaling in stimulating Vg
expression and blood meal digestion (Gulia-Nuss et al., 2011; Harrison
et al., 2022; He et al., 2021; Roy et al., 2007) but additionally indicate
several brain-specific family members exhibit overlapping biological
activities. Given only the brain-specific ILPs plus 20E stimulates AaVgA1
expression ex vivo, we expected only the brain-specific family members
to stimulate yolk packaging into oocytes but instead all ILPs except ILP5
did so along with OEH and 20E alone. Thus, it is again possible that ILPs
and/or OEH from the head potentially affect expression and/or release
of family members like ILP2 from the ovaries and ILP6 from the fat body.
ILP7 is the most structurally conserved of the ILPs in A. aegypti,
Drosophila, and other insects, and recent studies suggest Drosophila ILP7
activates LGR3 or LGR4 signaling and plays an important role in female
fertility (Castellanos et al., 2013; Imambocus et al., 2022; Prince et al.,
2021). However, results from this study indicate A. aegypti ILP7 stimu-
lates ecdysteroid biosynthesis by the ovaries along with all of the other
head-produced family members and OEH. In contrast, the absence of
biological activity by ILP5 in any of the physiological processes we
studied suggests either this family member is an LGR ligand or lacks
biological activity because of an error in synthesis that renders it
non-functional.

We conducted signaling assays with four ILPs and OEH that exhibited
different biological activities because studies from vertebrates indicate
insulin, IGFs and insulin analogs differentially phosphorylate the IR,
which can also result in differential phosphorylation of downstream
proteins and functional phenotypes (Glendorf et al., 2012; Humphrey
et al., 2013; Sciacca et al., 2010; Shymko et al., 1997; Siddle, 2012;
Vinayagam et al., 2016). We selected ILP3 for study because this family
member activated most of the physiological processes we studied. We
then compared ILP3 to ILP7 because it is another brain-specific family
member that stimulated ecdysteroid biosynthesis but did not upregulate
expression of AaVgA1, AaSPVI or Aal5A3. We also examined ILP2 and
ILP5 because of their overall lack of activity in the biological assays we
conducted. The main finding from these assays is that ILP3 exhibited the
strongest activation of signaling in each tissue as measured by phos-
phorylation of the IR, AKT and ERK while ILP5 exhibited the least,
which also correlated with the former activating several physiological
processes while the latter did not. That ILP7 increased pIR, pAKT and/or
PERK in the ovaries and fat body suggests this family member is an IR
ligand although it could also potentially activate signaling through LGRs
that we did not assess (Imambocus et al., 2022; Shymko et al., 1997).
Our finding that OEH had no effect on phosphorylating the IR but
increased pAKT and pERK in the ovaries is also consistent with its bio-
logical activity and prior evidence that it stimulates IIS through binding
to the OEHR (Dhara et al., 2013; Vogel et al., 2015). However, we also
recognize limitations in the signaling data we generated. First, we only
conducted time course assays with ILP3 which we used to select time
points for study when comparing phosphorylation of the IR, AKT and
ERK to ILP7, ILP2 and ILP5. Thus, the incubation times we selected were
potentially not optimal for OEH and the other ILPs we tested. Second, ex
vivo culture conditions with the fat body appear to stimulate phos-
phorylation of ERK given we detected no pERK at 0 h in our time course
study with ILP3 but strongly detected pERK after 20 min in the no ILP or
OEH negative controls in our assays. Culture conditions also potentially
contributed to detection of pERK in the no ILP or OEH gut cultures.
Third, many other proteins in addition to the IR, AKT and ERK are
phosphorylated in response to ILPs (Glendorf et al., 2012; Nassel et al.,
2015; Post et al., 2018). Thus, other signaling factors than we examined
could affect biological activity. While we earlier measured binding
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kinetics of ILP3 to the IR in the ovaries (Wen et al., 2010), an important
goal going forward is to determine receptor-binding kinetics for the
other ILP family members.

In summary -, our study significantly advances prior knowledge by
producing all of the ILPs produced by the same species of insect
(A. aegypti), and generating a data set that compares biological activity
across several physiological processes. While some family members
exhibit redundant biological activities, others do not which suggests
overall activity spectra likely differ among family members due to dif-
ferential interactions with the IR and potentially LGR4. Our results also
indicate OEH and some ILP family members exhibit overlapping bio-
logical activities but other ILP family members do not. Lastly, our results
provide evidence for different ILP family members and OEH differen-
tially activating IIS downstream of receptor binding that potentially
underlies differential biological activities in specific tissues with func-
tions in egg formation.
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