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Abstract

Allatotropins (AT) are neuropeptides with pleotropic functions on a variety of insect tissues.
They affect processes such as juvenile hormone biosynthesis, cardiac rhythm, oviduct and
hindgut contractions, nutrient absorption and circadian cycle. The present work provides
experimental evidence that AT elicits immune responses in two important mosquito disease
vectors, Anopheles albimanus and Aedes aegypti. Hemocytes and an immune-competent
mosquito cell line responded to AT by showing strong morphological changes and increas-
ing bacterial phagocytic activity. Phenoloxidase activity in hemolymph was also increased in
Ae. aegyptimosquitoes treated with AT but not in An. albimanus, suggesting differences in
the AT-dependent immune activation in the two species. In addition, two important insect
immune markers, nitric oxide levels and expression of antimicrobial peptide genes, were
increased in An. albimanus guts after AT treatment. AT conjugated to quantum dot nano-
crystals (QDots) specifically labeled hemocytes in vivo in both mosquito species, implying
molecular interactions between AT and hemocytes. The results of our studies suggest a
new role for AT in the modulation of the immune response in mosquitoes.

Introduction

Insect neuropeptides act as neuromodulators in the central and peripheral nervous system, as
well as regulatory hormones released into the circulation. The functional roles of insect neuro-
peptides include regulation of homeostasis, organization of behaviors, initiation and modula-
tion of neuronal and muscular activity and coordination of developmental processes and
reproduction [1]. In the malaria mosquito Anopheles gambiae, at least 35 genes encoding pep-
tide precursors and 40 putative peptide G-protein-coupled receptors (GPCRs) were identified
[2]. In the Aedes aegypti genome 43 neuropeptides [3], and over 40 GPCRs [4] have been
described.

Allatotropins (AT) are peptides originally identified by their stimulatory effect on juvenile
hormone (JH) biosynthesis [5]; in addition, they affect a variety of processes in different tis-
sues, including modulation of cardiac rhythm, oviduct and hindgut contractions, nutrient
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absorption and circadian cycle [6]. Ae. aegypti allatotropin (Aedes-AT) was isolated from abdo-
mens and thoraces of mosquitoes, and its structure determined to be Ala-Pro-Phe-Arg-Asn-
Ser-Glu-Met-Met-Thr-Ala- Arg-Gly-Phe-amide [7]; this amino acid (AA) sequence is identical
to the allatotropin AA sequences of An. gambiae (AGAP012130-PA) and Anopheles albimanus
(AALB004051-PA). Aedes-AT immunoreactivity was detected in cells in brain and ventral
ganglia, as well as in nerve projections innervating different thoracic and abdominal tissues of
Ae. aegypti and An. albimanus, including release-like sites in the heart and gut [8]. Aedes-AT
stimulates JH biosynthesis by the mosquito CA [9, 10]; the Aedes-AT receptor (AeATr) was
identified and functional characterized; analysis of the tissue distribution of AeATr mRNA in
adult female Ae. aegypti revealed high transcript levels in the nervous system (brain, abdomi-
nal, thoracic and ventral ganglia), corpora allata-corpora cardiaca complex and ovary. The
receptor is also expressed in heart and hindgut, as well as testis and accessory glands of male
mosquitoes [11]. The An. albimanus AT receptor AA sequence (AALB007506-PA) shares
90.2% identity with the AeATr sequence, suggesting an evolutionary conservation of AT sig-
naling in both mosquito species.

The mosquito innate immune system is composed of both cellular and humoral factors,
where the participation of hemolymphatic cells called hemocytes is essential [12]. Humoral
defenses include the production of soluble effector molecules such as antimicrobial peptides,
reactive oxygen species and enzymatic cascades that regulate coagulation and melanization in
the hemolymph [13]. Cellular defenses refer to immune responses, including pathogen recogni-
tion, phagocytosis and encapsulation that are mediated by hemocytes [14]. The regulation of
immune responses is a critical process that is fine-tuned to prevent harmful deficiencies or
excesses in the responses. Immune response regulation (amplification or suppression) is often
based in signal modulation. The recognition of PAMPs (Pathogen Associated Molecular Pat-
terns) by PRRs (Patterns Recognition Receptors), either present in the hemolymph or anchored
on hemocyte membranes, triggers the activation of serine protease cascades that amplify danger
signals and activate effector mechanisms [12]. The participation of neuroendocrine factors reg-
ulating immune responses in insects have been previously reported in cockroaches and locusts
[15, 16, 17], although the biological relevance and mechanisms involved on this neuroendocrine
control of the immune responses remain unclear. The present work provides experimental evi-
dence that AT elicits immune responses in hemocytes and guts of mosquitoes.

Materials and methods
Mosquitoes

White-striped pupal-phenotype An. albimanus and Ae. aegypti (Rockefeller strain) were raised
at 28°C, 80% relative humidity, with a 12-h light/12-h dark photoperiod. Adult females were
fed ad libitum with cotton pads soaked with 3% sucrose solution [18]. In this study only 2- and
3-day-old adult females of An. albimanus and Ae. aegypti were used.

Peptides

Synthetic Aedes-AT (APFRNSEMMTARGEF) [7] was custom-synthesized by Alpha Diagnostic
International (San Antonio, TX), purified by reversed phase liquid chromatography, and
assessed to be 97% pure by analytical reversed phase liquid chromatography and MALDI-TOF
MS. Ae. aegypti NPLP1 (neuropeptide like precursor 1; SYRSLLRDGATF) [19] was synthe-
sized by Peptide 2.0 (Chantilly, VA) with a purity of 81%. Stock aqueous solutions of synthetic
peptides (10™* M) were stored in aliquots at -80°C. For each assay, a new stock was utilized.
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Peptide conjugation to quantum dot nanocrystals (QD)

Streptavidin-conjugated QD (1 pM; emissions at 605 nm) were purchased from Quantum Dot
Co. (Hayward, CA). Each QD contains 5-10 streptavidin molecules, with a total of 20-40
binding sites for biotin. A biotinylated AT peptide was custom-synthesized by Biopeptide Co.
(San Diego, CA). Biotinylated peptide stocks were prepared at 0.92 mM in dimethylsulfoxide
(DMSO, Sigma, St. Louis, MO), and aliquots stored at -80°C. AT conjugation to QD was per-
formed as previously reported [20]. Briefly, an excess of biotinylated peptide (4.3 pl from the
0.92 mM stock) were added to 10 ul of streptavidin-conjugated QD (1 uM), along with 58.7 ul
of incubation buffer (2% bovine serum albumin in 50 mM borate buffer pH 8.3, containing
0.05% sodium azide). The mixture was incubated for 1.5 h at room temperature (RT). The pep-
tide excess was removed by centrifugation in a Microcon-100 concentrator (Amicon Bio sepa-
rations, Bedford, MA) at 16,000 g with 0.5 ml of phosphate-buffered saline (PBS) (140 mM
NaCl, 2.6 mM KCl, 1.5 mM KH,P04, 20.4 mM Na,HPO,, pH 7.2), followed by 5 washes with
PBS (5 min each). The AT-QD (now referred as “AT-QD conjugates”) were recovered from
the top of the Microcon membrane in 100 pl of PBS and stored at 4°C. The AT-QD conjugates
stock concentration was 0.1 pM. The average diameter of QD-AT conjugates was 30-32 nm.

Mosquito inoculations

Mosquito inoculations were carried out as previously described [21]. Briefly, fine needles were
made from 100 pl micro-glass capillary tubes using a pipette puller P-30 (Sutter Instrument,
Novato, CA), and mounted on a pipette pump (Drummond, Broomall, PA). Mosquitoes were
cold-anesthetized on ice and their abdomens washed with 70% ethanol and air dried. Inocula-
tions of 0.25 pl of specific solutions were carried out through the pleural membrane, between
the fourth and fifth abdominal segments. Mosquitoes were allowed to recover before dissecting
or perfusing them.

Hemocyte collection

Hemocytes were obtained by perfusion as previously described [22]. Needles similar to those
used for inoculations were utilized for perfusions. Mosquito abdomens were washed with 70%
ethanol and air dried. A small tear was made laterally on the intersegmentary membrane of the
last abdominal segment. Needles were inserted manually through the neck membrane into the
thoracic cavity, and mosquitoes were perfused with freshly prepared bleeding solution [Grace’s
insect medium with L-glutamine (G-9771, Sigma, St. Louis, MO) plus 0.35 mg/ml sodium
bicarbonate, 10% heat inactivated fetal bovine serum (Byproducts, Guadalajara, México),

50 ug/ml gentamicin (Gibco BRL, Grand Island, NY), 1 mM phenylmethyl-sulfonyl-fluoride
(Sigma, St. Louis, MO), 0.2 mM No.-p-tosyl-L-lysine chloro-methyl ketone (Sigma, St. Louis,
MO), and 1 mM leupeptin (Sigma, St. Louis, MO)]. The first drop of perfused hemolymph
containing the hemocytes, coming from the tear made on the intersegmentary membrane, was
collected on a glass slide to be used on the different assays.

Effect of AT on hemocyte activation and phagocytic activity

Hemolymph from individual perfused mosquitoes was placed on clean glass slides inside a
humid chamber at room temperature for 15 min. After that 2 pl of Grace’s medium (GM) or
GM containing AT or NPLP1 (final concentration 10~” M) were added. NPLP1 is a neuropep-
tide with unknown physiological roles that was used as a negative control [23]. Samples were
maintained for additional 15 min in the humid chamber at room temperature, and later fixed
in a paraformaldehyde vapor chamber for 30 min. Fixed preparations were air dried, stained
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for 10 min with 5% Giemsa in PBS and examined in a bright field microscopy. In addition,
fresh hemocytes samples (un-fixed) were obtained in similar conditions as described above.
Groups of hemocytes from five mosquitoes per treatment (non-treated, AT or NPLP1; by trip-
licate) were used to evaluate the percentage of hemocytes spreading. A threshold was arbitrary
chosen; hemocytes displaying five or more filopodia were considered as “activated” hemocytes
(spreading). Samples were analyzed by phase contrast microscopy in a Nikon E-600 micro-
scope (Nikon, Japan).

For phagocytic activity assays, hemocytes after GM, AT (10" M) or NPLP1 (10”7 M) treat-
ments were incubated for 15 min at room temperature with 5 ul of pHrodo Red Escherichia
coli (8 X 10° /ml in Grace’s medium) (Molecular Probes, Life Technologies, Carlsbad, CA). At
the end of the assay, slides were gently rinsed with Grace’s medium and analyzed under phase
contrast and epi-fluorescence microscopy (Leica DM 1000, Wetzlar, Germany). Images were
recorded with a digital camera (Leica DFC320) using the software Image Manager IM50 from
Leica. A minimum of 100 hemocytes were counted from each mosquito sample, and the per-
centage (%) of phagocytic hemocytes recorded. For each data point, hemocytes were collected
from 10 individual mosquitoes. Data are expressed as percentage of phagocytic hemocytes
(mean + SEM). Significant differences were determined with one-way ANOVA followed by
Tukey’s test.

Effect of AT on phagocytic activity of the LSB-AAG695BB cell line

The An. albimanus LSB-AA695BB cell line, originally established from embryos [24], was used
to evaluate the ability of Aedes-AT to stimulate phagocytic activity in fibroblast-like mosquito
cells. The cell line was cultured in Schneider s Insect Medium (Caisson Labs, UT) supple-
mented with 10% heat inactivated fetal bovine serum (Byproducts, Guadalajara, México).
Once cultures were confluent, cells were recovered and washed with fresh supplemented
medium, and cell concentration was adjusted at 2.5 X 10 cells/ml of supplemented medium.
Round glass coverslips (BioCoat 12 mm diameter, Corning Life Sciences, Tewksbury, MA)
were placed into each well of 24-well cell culture plates (Corning Costar, NY). One ml of cell
suspension was put into each well, and 1 ul of AT or NPLP1 (10~” M final concentration), or

1 pl of sterile water were added. After 30 min at 28°C, the medium was removed, and samples
were washed by adding 1 ml of fresh Schneider’s medium. Medium was removed and samples
were incubated with 5 X 10° pHrodo Red Escherichia coli in 0.5 ml of supplemented Schnei-
der’s medium (20:1, bacteria/cell). Samples were incubated for 30 min at 28°C in dark condi-
tions. Rates of phagocytosis of fluorescent bacteria were evaluated using an epi-fluorescence
microscope. A minimum of 100 cells/sample (by triplicate) were counted for each treatment in
three independent biological replicates. Data are expressed as percentage of phagocytic hemo-
cytes (Mean + SEM). Significant differences were determined with one-way ANOVA followed
by Tukey’s test.

AT-QD conjugates binding assays

AT-QD conjugates were diluted in RPMI 1640 culture medium (Gibco BRL, Grand Island,
NY). Groups of 10 mosquitoes were inoculated with 0.25 pl of 0.01 uM AT-QD conjugates or
non-conjugated QD in RPMI (controls). After 2 h at 28°C, mosquito abdomens were dissected
in PBS by cutting along the left lateral membrane, and fixed with 4% formaldehyde in PBS for
2 h at4°C in dark conditions. Samples were washed three times for 5 min in PBS. Specimens
were mounted in slides with 80% glycerol in PBS, and analyzed with an epi-fluorescence
microscope.
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To label hemocytes inside live mosquitoes we used CM-Dil, a fluorescent dye well suited for
monitoring cell movement or location [25]. Briefly, 0.25 ml of a solution of 75 mM CM-Dil
(Vybrant CM-Dil Cell-Labeling Solution, Invitrogen) in PBS alone or containing 10~” M of AT
were injected into mosquitoes. The solutions were injected immediately after diluting the
CM-Dil in PBS or AT/PBS. After CM-Dil injection, mosquitoes were immediately returned to
28°C and 80% relative humidity for an incubation period of 20 min. Then, mosquito abdomens
were dissected in PBS by cutting along the left lateral membrane. Preparations were further
washed with PBS (3 times, shaking manually the samples between changes for 10-15 seconds),
and mounted on microscope slides in a drop of DAPI fluoromount-G medium (EMS, Hatfield,
PA). Samples were analyzed in a confocal microscope C2 (Nikon, Japan) attached to an E-600
microscope (Nikon, Japan). Images were processed by using NIS-Elements version 4.2 from
Nikon and by Power Point programs. Three-dimensional (3D) reconstructions were obtained
from Z-stack data sets. Results are presented as 3D views in a single projection.

Hemolymph phenoloxidase activity

To evaluate the effect of AT and NPLP1 on hemolymph phenoloxidase (PO) activity, Ae.
aegypti and An. albimanus adult females were inoculated with 0.25 pl of PBS (controls) or PBS
containing AT or NPLP1 (1077 M). Females were kept for 1 h at 28°C. Hemolymph (plasma
and hemocytes plus PBS) was obtained by perfusion (as described above), with the first drop
(approximately 20 pl) collected in 0.6 ml Eppendorf tubes maintained on ice. The protein con-
centration in the hemolymph was determined by the Bradford method, using a Protein Assay
Kit (Pierce Biotechnology, Rockford, IL). Hemolymph protein concentrations were adjusted
to 100 pg/ml with PBS, and PO activity was evaluated by modifying a previously reported
method [26]. Briefly, 20 pl of hemolymph and 80 pl of PBS were placed in each well of 96-well
plates, immediately, 100 pl of L-dihydroxyphenyl-alanine (L-DOPA, 4 mg/ml in PBS) (Sigma,
St. Louis, MO) were added to each well and incubated 1 h at 28°C under dark conditions. The
final concentration of hemolymph proteins in the reaction mixture was 10 pg/ml. The absor-
bance was recorded at 492 nm using a plate reader (Lab systems, Multiskan, Vienna, VA). The
effect of peptides on PO activity was expressed in PO units, where one unit represents the
amount of enzyme required to produce an increase in absorbance of 0.001/min/mg of protein
[26]. Three Groups of 10 mosquitoes were used per treatment, and 3 independent biological
replicates were performed. Data are expressed as mean units £ SEM. An unpaired t-test

(p < 0.05) was performed in samples were PO activity was stimulated.

Nitric oxide production by cultured guts

In vitro gut cultures (midgut, malpighian tubules and hindgut) were prepared as previously
reported [27]. Briefly, mosquitos were cold-anesthetized and abdomens were washed with
70% ethanol and air-dried. Dissections were carried out in a drop of PBS containing protease
inhibitors (2 mM phenylmethylsulfonyl-fluoride, 0.1 mM Na-p-tosyl-l-lysinechloro-methyl
ketone, 1 mM EDTA and 0.1 mg/ml leupeptin; all from Sigma, St. Louis, MO). Four guts per
well were collected in a 96-well culture plate (Nalgene Nunc Co., Naperville, IL) containing
200 pl of RPMI pH 8.3 without phenol red, supplemented with 10% inactivated fetal bovine
serum (Byproducts, Guadalajara, México). An antibiotic-antimycotic mixture (100 units/ml of
penicillin, 100 pug/ml of streptomycin and 0.25 pg/ml of amphotericin B; Gibco BRL, Grand
Island, NY) was added.

To evaluate the effect of AT on nitric oxide (NO) production, An. albimanus guts were
treated in vitro with either: A) 2 pl of AT (1077 final concentration), B) 2 pl of phorbol 12-myr-
istate 13-acetate (10 ng/ml final concentration), an inducer of nitric oxide production in
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invertebrate hemocytes [28], (PMA, Sigma, St. Louis, MO), C) 20 ul of lipopolysaccharide, an
strong elicitor of immune responses, (100 pg/ml final concentration) (LPS from Escherichia
coli 0111: B4, Sigma, St. Louis, MO) [29], or D) 2 pl of sterile water. After a 24 h in vitro incuba-
tion at 22°C with any of the 4 treatments, guts were removed and NO concentrations were
determined in the culture medium by the Griess reaction [30], as previously reported by Her-
rera-Ortiz et al. [27]. Briefly, fifty pl of each culture medium were mixed with 50 ul of 1% sulfa-
nilamide and 50 pl of 0.1% naphthylethylenediamine (Sigma, St. Louis, MO), and incubated
for 10 min at room temperature. The absorbance was recorded at 540 nm using a plate reader
(Lab systems, Multiskan, Vienna, VA). NO was quantified using a NaNO, standard reference
curve (1-100 uM). The results are expressed as mean concentration of nitrites + SEM from
three independent experiments. Significant differences were determined with one-way
ANOVA followed by Tukey’s test.

Expression of antimicrobial peptide genes

Gut in vitro cultures were stimulated with AT or LPS as described for the NO assays. After 24 h
at 22°C, total RNA was isolated using the Quick-RNA Mini Prep kit (Zymo Research, Irvine,
CA). Briefly, guts were transferred to a microtube containing 100 ul of Buffer ZR RNA and
homogenized with a pestle. Homogenates were transferred into a Zymo-Spin Column TM and
centrifuged at 12,000 rpm for 1 min followed by several washing steps. The RNA was eluted
with 30 ul of DEPC-H2O, and its integrity evaluated in 1.5% agarose gel electrophoresis. cDNA
was synthesized by reverse transcription with the GeneAmp® RNA PCR kit (Applied Biosys-
tems, CA), using 1 pg RNA, 100 ng oligonucleotide dT, and 200 U of reverse transcriptase
RNase H SuperScript II (Gibco BRL, Grand Island, NY). The reaction mixture also contained
50 mM Tris-HCl pH 8.3, 75 mM KCl, 3 mM MgCl, and 10 mM DTT. Reverse transcription
was performed in a thermocycler GeneAmp PCR system 2400 (Applied Biosystems), with the
following run conditions: 15 min at 42°C, 5 min at 99°C and finally 5 min at 5°C. The cDNA’s
generated were stored at 4°C for further processing.

Quantitative real time PCR (qPCR) was performed with 2.5 pl of cDNA and the Syber Green
I Kit (Applied Biosystems, CA). We used the previously reported primers [31]: 1) gambicin
(AGAP008645) RT_Gam_F (CGTGCGATGGTCAGACGAT)and RT_Gam_R (CGCCGCGTTCA
CAAGAAR), 2) attacin (AGAP005620) Atta_F (CGC TAC AAA GGC AAG ATG AAC) and Atta_R
(TGT TTC CGC TCG CAC TCT TC), and 3) cecropin (AGAP000694) Cec3_F (GAAATTGGCA
AACGACGTGAA) and Cec3_R (GCGATGCTAAAAGACTAAGGGC). As an internal control, a frag-
ment of actin was amplified using the following primers RT_ActU_R (CGA TCC ACT TGC AGA
GCC AGT) and RT_Act3.2_F (TAC GCC AAC ATT GTC ATG TCC). The amplification and detec-
tion of specific products was performed on an ABI Prism 7900 HT real-time PCR system (Ap-
plied Biosystems, CA), using the following conditions: 1 cycle at 48°C for 10 min, 1 cycle at
95°C for 10 min, 40 cycles at 95°C for 15 s and 1 cycle at 60°C for 1 min. The fold changes in
expression were calculated using the comparative “delta delta Ct” (AACt) method against the
untreated control guts. Two independent experiments using three replicates per sample were
performed, and the data represent the average fold-changes relative to control groups (sterile
water). The amplification efficiency was similar between the test and control genes [31, 32].

Statistical analyses

Statistical analyses of the data were performed using GraphPad Prism version 3.0 for Windows
(Graph-Pad Software, San Diego, CA).
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Results

Cellular responses: AT induced hemocyte phenotypic changes and
stimulated bacterial phagocytic activity

Aedes-AT triggered marked morphological changes in hemocytes from Ae. aegypti and An.
albimanus, as well as on an newly-described immuno-responsive cell line from An. albimanus.
The typical morphology of An. albimanus hemocytes after 30 minutes in vitro culture incuba-
tion is shown in Fig 1A and supplemental S1 Fig and S2 Fig. Morphological changes observed
in hemocytes treated with AT (arrows in Fig 1B, 1D, S1 Fig and S2 Fig), resembled cell spread-
ing previously described in An. gambiae hemocytes [33, 34]. Similar results were observed
with Ae. aegypti hemocytes (Fig 1C, 1D, S1 and S2 Figs). In addition, we evaluated the mor-
phological changes induced by AT on An. albimanus LSB-AA695BB cells. This is a fibroblast-
like cell line established from mosquito embryos [24]. The cell line also displayed strong mor-
phological changes (spreading) in the presence of AT (Fig 1E and 1F). The NPLP1 peptide did

‘ J hk : .

An. albimanus Ae. aegypti LSB-AA695BB

Fig 1. AT induced phenotypic changes on mosquito hemocytes and LSB-AA695BB cells. Hemocytes from An. albimanus (A-B) and Ae. aegypti (C-D)
were obtained by perfusion and incubated in a humid chamber with: Grace 's medium alone (A, C) or AT (1077 M) (B, D). After 30 minutes, samples were
fixed, stained with Giemsa and observed by bright-field microscopy. LSB-AA695BB cells were grown in a glass cover-slide, and then incubated 30 min in:
Schneider’s medium alone (E) or containing AT (1077 M) (F). Samples were observed by phase contrast microcopy. Hemocyte spreading (arrows). Scale
bars: 5um.

https://doi.org/10.1371/journal.pone.0175759.g001

PLOS ONE | https://doi.org/10.1371/journal.pone.0175759  April 20, 2017 7/21


https://doi.org/10.1371/journal.pone.0175759.g001
https://doi.org/10.1371/journal.pone.0175759

o @
@ : PLOS | ONE Allatotropin elicits mosquito immune response

An. albimanus Ae. aegypti
100+ b

80+
60+
40-

204
a
N = —

C AT NPL C AT NPL

Fig 2. Hemocyte spreading percentages in An. albimanus and Ae. aegypti. Mosquito hemocytes were obtained by perfusion, and incubated in a humid
chamber with either Grace s medium alone (C), AT (10~ M) or NPLP1 (NPL, 10~ M). After incubation, samples were analyzed by contrast phase microscopy
and hemocytes showing spreading were recorded. Each hemocyte sample from groups of five mosquito per treatment was individually analyzed. Three
independent experiments were performed. Data are expressed as percentage of spreading (Mean + SEM). Significant differences were determined with one-
way ANOVA followed by Tukey’s test (p <0.001). Different letters on the top each bar are significantly different.

https://doi.org/10.1371/journal.pone.0175759.9002

Hemocyte spreading (%)

not induce morphological changes on hemocytes of both mosquito species, as well as on the
LSB-AA695BB cell line. All the samples treated with this peptide showed similar morphology
than the control samples (data not showed).

The percentage of hemocytes showing spreading was evaluated in perfused hemolymph
samples from groups of five mosquitoes per treatment (in three independent experiments).
The number of hemocytes showing five or more filopodia (activated) was significantly higher
(p < 0.001) in samples treated with AT than in NPL (NPLP1) or control (non-treated) samples
(Fig 2).

In addition to these morphological changes, we evaluated the effect of AT on phagocytic
activity of fluorescent bacteria by hemocytes isolated from the 2 mosquito species, as well as by
An. albimanus LSB-AA695BB cells (Fig 3). Because pHrodo bacteria produce fluorescence
only when they are inside phagocytic vacuoles, they are ideal to evaluate phagocytic activity.
An. albimanus (Fig 3A) and Ae. aegypti (Fig 3B) hemocytes obtained by perfusion and exposed
to AT were highly phagocytic compared with those incubated with NPLP1 or control samples.
Allatotropin also induced strong phagocytic activity in the An. albimanus cell line; most
LSB-AA695BB cells pre-incubated with AT, were able to engulf pHrodo bacteria after 30 min
of treatment (Fig 3C). No attempts to compare the number of phagocytic vacuoles in individ-
ual cells between different treatments were performed, and the presence of a single fluorescent
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An. albimanus Ae. aegypti LSB-AAG95BB

Fig 3. Allatotropin (AT) stimulates bacteria phagocytosis by mosquito hemocytes and LSB-AA695BB cells. An. albimanus (A) and Ae.
aegypti (B) hemocytes were obtained by perfusion and incubated alone (Co) or with 1077 M of Aedes-AT (AT) or NPLP1 (NPL), before adding
pHrodo E. colibacteria. LSB-AA695BB cells (C) were grown in a glass cover-slide, and then incubated in Schneider’s medium alone (Co) or
with 1077 M of Aedes-AT (AT) or NPLP1 (NPL), before adding pHrodo E. colibacteria. Ph: phase contrast microscopy; Ep: epi-fluorescence
microscopy. Scale bars, 10 ym.

https://doi.org/10.1371/journal.pone.0175759.g003

vacuole was enough to be considered as a positive phagocytic cell. AT induced significant
increases in the number of phagocytic hemocytes of both mosquito species, as well as phago-
cytic LSB-AA695BB cells, when compared with control samples and NPLP1 treated samples
(Fig 4).

To assess if AT-QD conjugates bind to hemocytes in vivo, we inoculated AT-QD conjugates
into An. albimanus and Ae. aegypti hemocoel. Only hemocytes were specifically labeled by the
AT-QD conjugates in both mosquito species (Fig 5, S3 and S4A Figs). The label showed a pat-
tern of micro vesicular distribution, and was more evident on hemocyte surfaces. Hemocytes
were frequently seen aggregated (Fig 5A, S6 and S7 Figs), and some the labeled hemocytes
exhibited long pseudopodia projections, which are typical of activated cells (Fig 5B). Most
labeled hemocytes were attached to tissues, particularly to lateral pleural membranes, inter-
segmentary membranes, dorsal vessel, traqueoles, midgut and fat body (Fig 5 and S3-S7 Figs).
Control samples inoculated with streptavidin-QD alone (non AT-conjugated), showed a dif-
fuse signal at the surface of most tissues, with no specific cell type labeled (S4B Fig). A sche-
matic drawing is provided (S5 Fig), to indicate the specific abdominal areas showing labeled
AT-QD in figures S3 and S4 Figs.

Humoral responses: AT induced phenoloxidase activity, nitric oxide
generation and transcription of antibacterial peptides

To analyze the effect of AT on hemolymph phenoloxidase (PO) activity, mosquitoes were
inoculated with 0.25 ul of AT, NPLP1 (both 10~ M in PBS) or PBS alone. The hemolymph
obtained by perfusion was incubated with L-DOPA for 1 h at 28°C under dark conditions
and the absorbance was recorded at 492 nm. Phenoloxidase activity was not modified by
AT inoculation in An. albimanus (Fig 6). However, samples from Ae. aegypti inoculated
with AT showed a significant increase in PO activity as compared with NPLP1 or PBS-inoc-
ulated samples (Fig 6).
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Fig 4. AT increases phagocytic activity by mosquito hemocytes and LSB-AA695BB cells. Number of cells displaying fluorescent phagocytic vacuoles
in hemocytes and LSB-AA695BB after incubation with medium (C) or with 1077 M of Aedes-AT (AT) or NPLP1 (NPL). A minimum of 100 cells/sample (by
triplicate) were counted for each treatment in three independent biological replicates. Data are expressed as percentage of phagocytic hemocytes

(Mean + SEM). Significant differences were determined with one-way ANOVA followed by Tukey’s test (p < 0.05). Different letter on the top each bar are

significantly different.

https://doi.org/10.1371/journal.pone.0175759.g004

Allatotropin also stimulated nitric oxide (NO) generation by An. albimanus guts. After 24h
in culture, guts treated with AT displayed a significant increase in NO generation compared
with those treated with sterile water or LPS (Fig 7). PMA induced the strongest NO produc-
tion, and it was significant different from the other treatments (Fig 7).

In addition, in vitro AT and LPS treatment induced the expression of gambicin, attacin,
and cecropin genes in An. albimanus guts. The relative production of the three antimicrobial
peptide mRNA was increased almost 2-fold in samples treated with AT (Fig 8). Interestingly,
treatment with LPS also increased the expression of attacin and gambicin, but not the expres-
sion of cecropin mRNA (Fig 8).

Discussion

Insects have several types of hemocytes that are distinguished by morphology, molecular and
antigenic markers, and function. Hemocytes from An. albimanus were originally classified as
granular cells, prohemocytes, and plasmatocytes [22]. Hillyer and Strand recently described
that Ae. aegypti and An. gambiae contain three populations of hemocytes: granulocytes, oeno-
cytoids and prohemocytes [12], with granulocytes been equivalent to those originally described
as plasmatocytes in An. albimanus. In the present study, we did not implement a comparison
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Fig 5. Allatotropin-QD conjugates attached to mosquito hemocytes in vivo. AT-QD conjugates were inoculated into the
hemocoel of An. albimanus (A) and Ae. aegypti (B). After 2 h, abdomens were dissected, fixed and analyzed by epi-fluorescence
microscopy. The label showed a pattern of micro vesicular distribution, and was more evident on hemocyte surfaces (arrows) Cells
with long pseudopodia projections (arrow heads) were observed in hemocytes attached to abdominal pleural membranes. Scale bar,
10 um.

https://doi.org/10.1371/journal.pone.0175759.9005

between hemocyte types in both mosquito species; instead, we will refer to them in general as
“hemocytes”.
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Fig 6. AT injection increased phenoloxidase (PO) activity in Ae. aegypti hemolymph. Mosquitoes were inoculated
with 0.25 ul of PBS alone (C) or with 1077 M of Aedes-AT (AT) or NPLP1 (NPL). After 1 h, hemolymph was obtained by
perfusion and PO activity was evaluated. PO activity units represent the amount of enzyme required to produce an increase
in absorbance of 0.001/min/mg of protein. Bars represent the means + SEM of three independent replicates of groups of 10
mosquitoes. Significant differences were determined with one-way ANOVA followed by Tukey’s test (p < 0.05). Different
letter on the top each bar, are significantly different.

https://doi.org/10.1371/journal.pone.0175759.9006

The first indication of a possible role of allatotropic peptides in the activity of insect hemo-
cytes was reported by Skinner et al. [35]; their studies described that allatostatin-A (AST-A)
was present in granular hemocytes of the cockroach Diploptera punctata, leading them to sug-
gest that AST-A could have new functions, such as participation in cell-mediated immune
responses. In mammals, distinct morphological changes occur during a cell-activating
immune response, and the macrophage spreading assay has been widely used to analyze cell

50- .
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Fig 7. AT induced nitric oxide (NO) generation. An. albimanus guts were incubated for 24h in medium alone (C) or with 1077 M of Aedes-AT (AT), E. coli
lipopolysaccharide (LPS) (100 ug/ml) or phorbol 12-myristate 13-acetate (PMA) (10 ng/ml). NO concentration was evaluated in the culture medium by the
Griess reaction. Results are expressed as mean concentration of nitrites + SEM of three independent experiments. Significant differences were determined
with one-way ANOVA followed by Tukey’s test (p < 0.05).

Nitrite

https://doi.org/10.1371/journal.pone.0175759.9007
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Fig 8. AT induced antibacterial gene expression in An. albimanus cultured guts. An. albimanus guts were incubated for 24h in medium alone (C) or
with 1077 M of Aedes-AT (AT) or E. colilipopolysaccharide (LPS) (100 ug/ml). Relative expression of gambicin, attacin, and cecropin genes were measured
by qPCR. Two independent experiments using three replicates per sample were performed and RNA (relative expression) represents the average fold-
change relative to the control group (X1/Xc). Significant differences were determined with one-way ANOVA followed by Tukey’s test (p <0.05).

https://doi.org/10.1371/journal.pone.0175759.9008

activation [36]. Macrophage activation involves different cytokines, with interferon-y and
tumor necrosis factor playing important roles [37]. Mosquito hemocytes are also able to attach
and spread when cultured in vitro, and the spreading is faster if they are “primed” (activated)
with an immune elicitor [22]. Immune-activated hemocytes might bind to surfaces through
adhesion factors and/or cell surface receptors. The activation leads to spreading of filopodia of
granulocytes and pseudopodia/lamellipodia of plasmatocytes [38]. Recently, some studies have
described important changes in the number, aggregation properties, size, granularity, and
molecular activation markers (TEP1, pERK and PPO6) in hemocytes of An. gambiae after a
blood-meal [33, 34].

In An. albimanus and Ae. aegypti hemocytes, as well as in the immune-responsive cell line,
the treatment with AT induced drastic morphological changes that suggest an immune-like
activation process. These changes included generation of numerous pseudopodia and filopo-
dia. The increased adherence of hemocytes to different tissues observed in the present study
could be related to changes on surface carbohydrate moieties as described in An. gambiae [33].
Moreover, it is very interesting that the increased PO activity observed in Ae. aegypti was also
described in An. gambiae as an activation marker after a blood meal 33, 34].
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Molecular interactions between AT and hemocytes were confirmed by the specific label of
hemocytes by AT-QD conjugates. The finding that most labeled-hemocytes were attached to
tissues, such as fat body, tracheoles, pleural membranes and midgut (S3-S7 Figs), emphasizes
the ability of AT-stimulated hemocytes to spread and attach to surfaces. To visualize better the
effect of AT on hemocytes in vivo, we used the lipophilic fluorochrome chloromethyl-dialkyl-
carbocyanine (CM-dil) to achieve hemocyte-specific staining. Injection of AT into the mos-
quito hemocoel increased the amount of hemocytes strongly attached to abdominal tissues,
including the heart (S8 and S9 Figs, S1 Video). Previous studies reported that after an infec-
tion, An. gambiae, hemocytes were preferentially aggregated in specific regions of the heart,
emphasizing the role of the circulatory system in the hemocyte-mediated immune response
[39, 40]. The hemocyte aggregation to the tracheal system was previously reported in adults
and larvae of An. gambiae [41, 42].

Although, there is a widespread distribution of AT-receptor in mosquito tissues, including
CA [11], only hemocytes were recognized by the AT-conjugates. This is not surprising because
of the highly selective basal lamina that separates most tissues from the hemolymph. In An.
gambiae, the hemocyte-specific staining with CM-dil was also attributed to the inability to
cross the basal lamina of other tissues [39]. The insect basal lamina is composed of an amor-
phous association of proteins and glycosaminoglycan that functions as a primary barrier to the
movement of macromolecules between tissues and the hemolymph [43]. The largest size of
macromolecules that cross the basal lamina have been reported to be 5-8 nm in tissues of
Culex tarsalis [44], and 11 nm in Ae. aegypti [45]. In the lepidopteran Calpodes ethlius, basal
lamina from organs involved in the import/export of large hemolymph proteins (e.g. fat body
or pericardial cells) were permeable to 15 nm particles, whereas other organs excluded parti-
cles larger than 6 nm [43]. Our QD-AT conjugates have an average diameter of 30-32 nm,
making it difficult to cross the basal lamina of tissues.

Phagocytosis is an evolutionarily conserved process that in insects is hemocyte-mediated.
Microorganisms are recognized by pattern recognition receptors (PRRs), both soluble in the
hemolymph (working as opsonins) or fixed on the surface of hemocytes. Microorganisms are
internalized into a phagosome that transforms into a phagolysosoma, where they are digested.
In mosquitoes, several factors opsonize microorganisms and promotes phagocytosis, among
them are: TEP1 (thioester containing protein 1), Anopheles-Plasmodium-responsive leucine-
rich repeat 1 (APL1), fibrinogen-related protein 8 (FBN8), and down syndrome cell adhesion
molecule (DSCAM) [46-48]. Interestingly, some of these proteins not only works as opsonins,
but also have roles as stabilizing factors of opsonizing complexes (e.g. LRIM1 and APL1) [49].
AT might be part of a receptor-mediated process that “activate” or “prime” the cell for phago-
cytosis, by inducing hemocyte morphological changes (spreading). Our experimental results
revealed that hemocytes were not only “activated” by AT, but also phagocytic activity was
increased, as evidenced by pHrodo-bacteria engulfment. Mosquito hemocytes are able to initi-
ate phagocytosis of bacteria in vitro without additional stimuli [22, 50]; however, the process is
relatively slow, taking at least 30-60 min to initiate [22]. In the present studies, some of the
control and NPLP1-treated hemocytes were seen with engulfed pHrodo-bacteria only after 40
min incubations (data not showed); however, treatment with AT elicited a faster phagocytic
response (15 min) in 60-80% of the hemocytes. In addition, we observed that normally LSB-
AA695BB cells have a limited phagocytic capacity (generally less than 30% of phagocytic cells
are observed after 2 h of interaction with bacteria), but pre-incubation with AT elicited phago-
cytic activity in more than 90% of the cells.

Most pleiotropic functions of AT, including cardioacceleratory stimulation and induction
of hindgut and oviducts contractions, are associated with intracellular calcium changes. CA
activity is stimulated by Ca®* ionophores, while membrane-permeable chelators antagonize
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the stimulatory effects of AT, suggesting that AT may enhance CA activity by increasing intra-
cellular Ca** concentrations [51]. It is possible that in mosquito hemocytes, AT elicits mor-
phological changes and cell activation (including phagocytosis) through a similar mechanism
of calcium modulation. In mammal macrophages it is recognized the importance of increasing
calcium concentration for the changes in the cytoskeleton, essential for cell spreading, motility
and phagocytosis [52].

AT-like peptides have been identified in different invertebrate groups including Arthro-
poda, Mollusca and Annelida (for review see [53]). The extensive distribution of AT immuno-
reactivity in Ae. aegypti and An. albimanus [8], together with the widespread expression of AT
receptor mRNA in different mosquito tissues [11], suggest that AT may have additional bio-
logical activities in mosquitoes besides its stimulatory role on CA activity. In the present work
we described that AT-QD conjugates labeled hemocytes in vivo in both Ae. aegypti and An.
albimanus, suggesting molecular interactions of AT with hemocyte surface receptors. AT-
induced phenotypic changes included spreading, attachment and increased phagocytic activ-
ity. In addition, phenoloxidase activity in hemolymph was also augmented in Ae. aegypti mos-
quitoes treated with AT but not in An. albimanus, suggesting differences in the AT-dependent
immune activation in the two species. Finally, two important insect immune markers, genera-
tion of nitric oxide and the expression of messengers for antimicrobial peptides were also
induced by AT in An. albimanus guts. In summary, we provided experimental evidence that
treatment in vitro with AT elicits a wide range of cellular and humoral immune responses by
An. albimanus and Ae. aegypti hemocytes and guts, as well as by an immuno-responsive mos-
quito cell line. The physiological relevance of these AT-induced responses in vivo remain to be
tested; the possibility that AT is released into the hemolymph and exerts similar effects on
hemocytes and guts in vivo cannot be ruled out at this moment. AST-A has been shown to be
present in the cell-free fraction of cockroach hemolymph (plasma), where it binds to hemo-
cytes [35]. The mosquito gut is the first interface where host-environment crosstalk takes
place. In addition to digestive and excretory functions, the gut cells mediate interactions of the
mosquito with a diverse community of microbes, such as viruses, bacteria, fungi, and parasites.
The mosquito gut is therefore an important arm of the mosquito immune response [54], and
AT immunoreactive cells are present in every segment of the mosquito ventral ganglia, with
immunostained projections innervating the gut [8]. In summary, the physiological relevance
of these AT-induced responses remains to be tested in vivo, both in normal conditions and
during the infection with pathogens. To elucidate some of those questions should impulse new
directions for this area of research.

Supporting information

S1 Fig. Morphological changes induced in mosquito hemocytes by AT. Hemocytes were
obtained by perfusion and incubated in Grace’s medium alone (control) or containing AT
(final concentration 10~ M). After a 15 min incubation, samples were examined with a 20X
objective by phase contrast microscopy. Morphological changes were evident in hemocytes of
both mosquitoes when treated with AT. Scale bar: 40 pum.

(JPG)

S2 Fig. Morphological changes induced in mosquito hemocytes by AT. Hemocytes were
obtained by perfusion and incubated in Grace’s medium alone (control) or containing AT
(final concentration 10~ M). After a 15 min incubation, samples were examined with a 100X
objective by phase contrast microscopy. A threshold was arbitrary chosen; hemocytes display-
ing five or more filopodia were considered as “activated” (spreading). Samples were analyzed
by phase contrast microscopy in a Nikon E-600 microscope (Nikon, Japan). Each panel in the
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figure is a composition of different fields in the samples. The presence of variable number of
filopodia were evident in both mosquito hemocytes treated with AT. Scale bars: 20 pm.
(JPG)

S3 Fig. AT-QD-conjugates recognized An. albimanus hemocytes in vivo. AT-QD conjugates
were injected into the hemocoel and incubated for 2 h. Abdomens were dissected and analyzed
by epi-fluorescence microscopy. Conjugates recognized An. albimanus hemocytes (red) dis-
tributed along the mosquito abdomen. Labeled hemocytes (arrows) were mainly accumulated
on the borders of each abdominal segment (dashed boxes indicates the 2% (a) and 3™ (b)
abdominal segments). Hemocytes were attached to fat body, tracheoles (arrowheads) and lat-
eral (asterisks) and inter-segmentary (arrows) pleural membranes. Dot-arrows point the abdo-
men anterior side. DV, dorsal vessel. Scale bar: 100 pm.

(JPG)

$4 Fig. AT-QD-conjugates recognized Ae. aegypti hemocytes in vivo. AT-QD conjugates
(A) or QD-streptavidin alone (B) were injected into the hemocoel and incubated for 2 h.
Abdomens were dissected and analyzed by epi-fluorescence microscopy. AT-QD conjugates
recognized Ae. aegypti hemocytes (red) in the mosquito abdomen. Labeled hemocytes (arrow
heads) were mainly accumulated in the borders of each abdominal segment. Hemocytes were
also attached to fat body, tracheoles and lateral pleural membranes (asterisks). QD-streptavi-
din alone produced a diffuse background with some accumulations in non-specific regions.
Dashed lines indicate section of the 5™ dorsal and ventral abdominal segment. Dot-arrows
point the abdomen anterior side. d, dorsal area; v, ventral area. *Lateral pleural membrane of
the abdomen. Scale bars: 100 pum.

(JPG)

S5 Fig. Representation of a mosquito abdomen, showing the areas analyzed for AT-QD
conjugates interactions. (A) Dashed box green lines correspond to the area showed in figure
S3. (B) Dashed green lines correspond to the area showed in figure S4. The anterior part of the
drawing represents the first abdominal segment. Arrowheads mark the area where the last
(8'™") abdominal segment was detached.

(JPG)

S6 Fig. AT-QD conjugates recognized hemocytes aggregated on the midgut surface.
AT-QD conjugates were injected into the hemocoel and incubated for 2 h. Abdomens were
dissected and analyzed by epi-fluorescence microscopy. An. albimanus (A) and Ae. aegypti (B)
hemocytes attached to the midgut (mg) surface were recognized by the conjugates (red fluores-
cence). A and B: left, light microscopy; middle, epi-fluorescence microcopy; right, merged
image. Scale bar: 20 pm.

(TTF)

S7 Fig. AT-QD conjugates recognized mosquito hemocytes aggregated on abdominal fat
body surfaces. AT-QD conjugates were injected into the hemocoel and incubated for 2 h.
Abdomens were dissected and analyzed by epi-fluorescence microscopy. An. albimanus (A)
and Ae. aegypti (B) hemocytes are displayed attached to fat body cells (fb) (red fluorescence).
Cell nuclei are stained with DAPI (blue). Scale bar: 20 um.

(TIF)

S8 Fig. Hemocyte distribution in abdomens of mosquitoes treated with AT in vivo. Mos-
quitoes were injected with CM-Dil alone (A, C) or mixed with 1077 M of AT (B, D). After incu-
bation, abdomens were dissected and analyzed by confocal microscopy and the images are
presented as 3D views in a single projection. AT treatment increased the amount of hemocytes
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attached to abdominal tissues (red dots). In each panel, abdomens are orientated with the ante-
rior side to the right. Cell nuclei are stained with DAPI (blue). Arrows: heart position. *Ventral
area; **Dorsal area. Scale bar: 1 mm.

(JPG)

S9 Fig. Hemocyte distribution in abdomens of mosquitoes treated with AT in vivo. Mos-
quitoes were injected with CM-Dil alone or mixed with 1077 M of AT (CM-Dil/AT). After
incubation, abdomens were dissected and analyzed by confocal microscopy and the images are
presented as 3D views in a single projection. AT treatment increased the amount of hemocytes
(red) attached to abdominal tissues, including the heart (arrow in A). Abdomens are orien-
tated with the anterior side to the right in panel A. (B) Detail of in vivo morphological changes
in hemocytes after AT treatment. Cell nuclei are stained with DAPI (blue). Arrows: heart posi-
tion. *Ventral area; **Dorsal area. Scale bar: 1 mm.

(JPG)

S1 Video. Hemocyte distribution in mosquito heart (5™ abdominal section) treated with

AT in vivo. Mosquitoes were injected with CM-Dil alone or mixed with 1077 M of AT
(CM-Dil/AT). After incubation, abdomen was dissected and analyzed by confocal microscopy
with 40X objective, and the video is the three-dimensional (3D) reconstruction obtained from
Z-stack data set. Large cell nuclei stained with DAPI (blue) corresponds to pericardial cells
aligned laterally to the heart. Hemocytes (red) are preferably aggregated to periostial regions of
the heart.

(MP4)

Acknowledgments

This work was supported by Consejo Nacional de Ciencia y Tecnologia México, grant 258239
to SH-M, the National Institutes of Health USA, grant 2R01A1045545-16 to FGN, and CONA-
CyT for the fellowship 12471 to MS-Z. The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

Author Contributions
Conceptualization: SH-M MS-Z FGN.
Formal analysis: SH-M MS-Z FGN.
Funding acquisition: SH-M FGN.
Investigation: SH-M MS-Z AH-O KB SO.
Methodology: SH-M FGN.

Project administration: SH-M.
Resources: SH-M FGN.

Supervision: SH-M.

Validation: SH-M MS-Z.

Visualization: SH-M.

Writing - original draft: SH-M.
Writing - review & editing: SH-M FGN.

PLOS ONE | https://doi.org/10.1371/journal.pone.0175759  April 20, 2017 18/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175759.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175759.s010
https://doi.org/10.1371/journal.pone.0175759

@° PLOS | ONE

Allatotropin elicits mosquito immune response

References

1.

10.

1.

12

13.

14.
15.

16.

17.

18.

19.

20.

21,

Nassel DR. Neuropeptides in the nervous system of Drosophila and other insects: multiple roles as neu-
romodulators and neurohormones. Prog Neurobiol. 2002; 68: 1-84. PMID: 12427481

Riehle MA, Garczynski SF, Crim JW, Hill CA, Brown MR. Neuropeptides and peptide hormones in
Anopheles gambiae. Science 2002; 298: 172—-175. https://doi.org/10.1126/science.1076827 PMID:
12364794

Predel R, Neupert S, Garczynski SF, Crim JW, Brown MR, Russell WK, et al. Neuropeptidomics of the
Mosquito Aedes aegypti. J. Proteome Res. 2010; 9: 206—2015.

Nene V, Wortman JR, Lawson D, Haas B, Kodira C, Tu ZJ, et al. Genome sequence of Aedes aegypti,
a major arbovirus vector. Science 2007; 316: 1718—1723. https://doi.org/10.1126/science.1138878
PMID: 17510324

Kataoka H, Toschi A, Li JP, Carney RL, Schooley DA, Kramer SJ. Identification of an allatotropin from
adult Manduca sexta. Science 1989; 243: 1481-1483. https://doi.org/10.1126/science.243.4897.1481
PMID: 17839751

Elekonich MM, Horodyski FM. Insect allatotropins belong to a family of structurally-related myoactive
peptides present in several invertebrate phyla. Peptides 2003; 24: 1623-1632. PMID: 14706542

Veenstra JA, Costes L. Isolation and identification of a peptide and its cDNA from the mosquito Aedes
aegyptirelated to Manduca sexta allatotropin. Peptides 1999; 20: 1145-1151. PMID: 10573285

Hernandez-Martinez S, Li Y, Lanz-Mendoza H, Rodriguez MH, Noriega FG. Immunostaining for allato-
tropin and allatostatin-A and—C in the mosquitoes Aedes aegyptiand Anopheles albimanus. Cell Tiss
Res. 2005; 321: 105-113.

Li Y, Unnithan GC, Veenstra JA, Feyereisen R, Noriega FG. Stimulation of JH biosynthesis by the cor-
pora allata of adult female Aedes aegypti in vitro: effect of farnesoic acid and Aedes allatotropin. J Exp
Biol. 2003; 206: 1825—-1832. PMID: 12728004

Hernandez-Martinez S, Mayoral JG, Li Y, Noriega FG. Role of juvenile hormone and allatotropin on
nutrient allocation, ovarian development and survivorship in mosquitoes. J Insect Physiol. 2007; 53:
230-234. https://doi.org/10.1016/}.jinsphys.2006.08.009 PMID: 17070832

Nouzova M, Brockhoff A, Mayoral JG, Goodwin M, Meyerhof W, Noriega FG. Functional characteriza-
tion of an allatotropin receptor expressed in the corpora allata of mosquitoes. Peptides 2012; 34:201—
208. https://doi.org/10.1016/j.peptides.2011.07.025 PMID: 21839791

Hillyer FJ, Strand MR. Mosquito hemocyte-mediated immune responses. Curr Opinion Insect Sci.
2014; 3:14-21.

Clayton AM, Dong Y, Dimopoulos G. The Anopheles innate immune system in the defense against
malaria infection. J Innate Immun. 2014; 6: 169—181. https://doi.org/10.1159/000353602 PMID:
23988482

Strand MR. The insect cellularimmune response. Insect Sci. 2008; 15: 1-14.

Stefano GB, Leung MK, Zhao X, Scharrer B. Evidence for the involvement of opioid neuropeptides in
the adherence and migration of immunocompetent invertebrate hemocytes. PNAS, USA. 1989; 86:
626—-630.

Goldsworthy G, Opoku-Ware K, Mullen L. Adipokinetic hormone enhances laminarin and bacterial lipo-
polysaccharide-induced activation of the prophenoloxidase cascade in the african migratory locust,
Locusta migratoria. J Insect Physiol. 2002; 48: 601-608. PMID: 12770071

Goldsworthy G, Chandrakant S, Opoku-Ware K. Adipokinetic hormone enhances nodule formation and
phenoloxidase activation in adult locusts injected with bacterial lipopolysaccharide. J Insect Physiol.
2003; 49: 795-803. PMID: 12880660

Hernandez-Martinez S, Lanz-Mendoza H, Martinez-Barnetche J, Rodriguez M.H. Antimicrobial proper-
ties of Anopheles albimanus pericardial cells. Cell Tiss Res. 2013; 351: 127-137.

Ons S, Sterkel M, Diambra L, Urlaub H, Rivera-Pomar R. Neuropeptide precursor gene discovery in the
Chagas disease vector Rhodnius prolixus. Insect Mol Biol. 2011; 20: 29—44. https://doi.org/10.1111/}.
1365-2583.2010.01050.x PMID: 20958806

Alzugaray ME, Adami ML, Diambra LA, Hernandez-Martinez S, Damborenea C, Noriega FG, et al. Alla-
totropin: An ancestral myotropic neuropeptide involved in feeding. PLoS One 2013; 8(10): e77520.
https://doi.org/10.1371/journal.pone.0077520 PMID: 24143240

Hernandez-Martinez S, Barradas-Bautista D, Rodriguez MH. Differential DNA synthesis in Anopheles
albimanus tissues induced by immune challenge with different microorganisms. Arch Insect Biochem
Physiol. 2013; 84: 1-14. https://doi.org/10.1002/arch.21108 PMID: 23797988

PLOS ONE | https://doi.org/10.1371/journal.pone.0175759  April 20, 2017 19/21


http://www.ncbi.nlm.nih.gov/pubmed/12427481
https://doi.org/10.1126/science.1076827
http://www.ncbi.nlm.nih.gov/pubmed/12364794
https://doi.org/10.1126/science.1138878
http://www.ncbi.nlm.nih.gov/pubmed/17510324
https://doi.org/10.1126/science.243.4897.1481
http://www.ncbi.nlm.nih.gov/pubmed/17839751
http://www.ncbi.nlm.nih.gov/pubmed/14706542
http://www.ncbi.nlm.nih.gov/pubmed/10573285
http://www.ncbi.nlm.nih.gov/pubmed/12728004
https://doi.org/10.1016/j.jinsphys.2006.08.009
http://www.ncbi.nlm.nih.gov/pubmed/17070832
https://doi.org/10.1016/j.peptides.2011.07.025
http://www.ncbi.nlm.nih.gov/pubmed/21839791
https://doi.org/10.1159/000353602
http://www.ncbi.nlm.nih.gov/pubmed/23988482
http://www.ncbi.nlm.nih.gov/pubmed/12770071
http://www.ncbi.nlm.nih.gov/pubmed/12880660
https://doi.org/10.1111/j.1365-2583.2010.01050.x
https://doi.org/10.1111/j.1365-2583.2010.01050.x
http://www.ncbi.nlm.nih.gov/pubmed/20958806
https://doi.org/10.1371/journal.pone.0077520
http://www.ncbi.nlm.nih.gov/pubmed/24143240
https://doi.org/10.1002/arch.21108
http://www.ncbi.nlm.nih.gov/pubmed/23797988
https://doi.org/10.1371/journal.pone.0175759

@° PLOS | ONE

Allatotropin elicits mosquito immune response

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Hernandez S, Lanz H, Rodriguez MH, Torres JA, Martinez-Palomo A, Tsutsumi V. Morphological and
cytochemical characterization of female Anopheles albimanus (Diptera: Culicidae) hemocytes. J Med
Entomol. 1999; 36: 426—-434. PMID: 10467768

Baggerman G, Cerstiaens A, De Loof A, Schoofs L. Peptidomics of the larval Drosophila melanogaster
central nervous system. J Biol Chem. 2002; 277: 40368—40374. https://doi.org/10.1074/jbc.
M206257200 PMID: 12171930

Bello FJ, Brochero H, Boshell J, Olano V, Rey G. Establishment and characterization of a cell line from
the mosquito Anopheles albimanus (Diptera: Culicidae). Mem Inst Oswaldo Cruz 1997; 92: 123-128.
PMID: 9302423

King JG, Hillyer JF. Infection-Induced Interaction between the mosquito circulatory and immune sys-
tems. PLoS Pathog. 2012; 8: e1003058 https://doi.org/10.1371/journal.ppat.1003058 PMID: 23209421

Lanz H, Hernandez S, Garrido E, Tsutsumi V, Aréchiga H. Prophenoloxidase system activation in the
crayfish Procambarus clarki. Develop Comp Immunol. 1993; 17: 399-406.

Herrera-Ortiz A, Martinez-Barnetche J, Hernandez-Martinez S, Villarreal-Trevifio C, Aguilar-Marcelino
L, Rodriguez MH, et al. Plasmodium berghei ookinetes induce Nitric Oxide production in Anopheles
pseudopunctipennis midguts cultured in vitro. Insect Biochem Mol Biol. 2004; 34: 893—-901. hitps://doi.
org/10.1016/j.ibmb.2004.05.007 PMID: 15350609

Tafalla C, Novoa B, Figueras A. Production of nitric oxide by mussel (Mytilus galloprovincialis) hemo-
cytes and effect of exogenous nitric oxide on phagocytic functions. Comp Biochem Physiol B. 2002;
132: 423-431. PMID: 12031469

Horton AA, Wang B, Camp L, Price MS, Arshi A, Nagy M, et al. The mitogen-activated protein kinome
from Anopheles gambiae: identification, phylogeny and functional characterization of the ERK, JNK and
p38 MAP kinases. BMC Genomics 2011; 12: 574. https://doi.org/10.1186/1471-2164-12-574 PMID:
22111877

Eckmann L, Laurent F, Langford TD, Hetsko ML, Smith JR, Kagnoff MF, et al. Nitric oxide production by
human intestinal epithelial cells and competition for arginine as potential determinants of host defense
against the lumen-dwelling pathogen Giardia lamblia. J Immunol. 2000; 164: 1478-1487. PMID:
10640765

Herrera-Ortiz A, Martinez-Barnetche J, Smit N, Rodriguez MH, Lanz-Mendoza H. The effect of nitric
oxide and hydrogen peroxide in the activation of the systemic immune response of Anopheles albima-
nus infected with Plasmodium berghei. Develop Comp Immunol. 2011; 35: 44-50.

Contreras-Gardufio J, Rodriguez MC, Hernandez-Martinez S, Martinez-Barnetche J, Alvarado-Delgado
A, Izquierdo J, et al. Plasmodium bergheiinduced priming in Anopheles albimanus independently of
bacterial co-infection Develop Comp Immunol. 2015; 52: 172—-181.

Bryant WB, Michel K. Blood feeding induces hemocyte proliferation and activation in the African malaria
mosquito, Anopheles gambiae Giles. J Exp Biol. 2014; 217: 1238-1245. https://doi.org/10.1242/jeb.
094573 PMID: 24363411

Bryant WB, Michel K. Anopheles gambiae hemocytes exhibit transient states of activation. Develop
Comp Immunol. 2016; 55: 119-129.

Skinner JR, Fairbairn SE, Woodhead AP, Bendena WG, Stay B. Allatostatin in hemocytes of the cock-
roach Diploptera punctata. Cell Tissue Res. 1997; 290: 119-128. PMID: 9377632

Wenzel J, Held C, Palmisano R, Teufel S, David J-P, Wittenberg T, et al. Measurement of TLR-induced
macrophage spreading by automated image analysis: differential role of Myd88 and MAPK in early and
late responses. Front Physiol. 2011; 2: 71. https://doi.org/10.3389/fphys.2011.00071 PMID: 22028692

Mosser DM, Edwards JP. Exploring the full spectrum of macrophage activation. Nat Rev Immunol.
2008; 8:958-969. https://doi.org/10.1038/nri2448 PMID: 19029990

Gillespie JP, Kanost MR. Biological mediators of insectimmunity. Annu Rev Entomol. 1997; 42: 611—
643. https://doi.org/10.1146/annurev.ento.42.1.611 PMID: 9017902

Sigle LT, Hyller JF. Mosquito hemocytes preferentially aggregate and phagocytose pathogens in the
periostial regions of the heart that experience the most hemolymph flow. Develop Comp Immunol.
2016; 55:90-101.

King JG, Hillyer JF. Spatial and temporal in vivo analysis of circulating and sessile immune cells in mos-
quitoes: hemocyte mitosis following infection. BMC Biology 2013; 11: 55. https://doi.org/10.1186/1741-
7007-11-55 PMID: 23631603

Levashina EA, Moita LF, Blandin S, Vriend G, Lagueux M, Kafatos FC. Conserved role of a comple-
ment-like protein in phagocytosis revealed by dsRNA knockout in cultured cells of the mosquito, Anoph-
eles gambiae. Cell 2001; 104: 709-718. PMID: 11257225

PLOS ONE | https://doi.org/10.1371/journal.pone.0175759  April 20, 2017 20/21


http://www.ncbi.nlm.nih.gov/pubmed/10467768
https://doi.org/10.1074/jbc.M206257200
https://doi.org/10.1074/jbc.M206257200
http://www.ncbi.nlm.nih.gov/pubmed/12171930
http://www.ncbi.nlm.nih.gov/pubmed/9302423
https://doi.org/10.1371/journal.ppat.1003058
http://www.ncbi.nlm.nih.gov/pubmed/23209421
https://doi.org/10.1016/j.ibmb.2004.05.007
https://doi.org/10.1016/j.ibmb.2004.05.007
http://www.ncbi.nlm.nih.gov/pubmed/15350609
http://www.ncbi.nlm.nih.gov/pubmed/12031469
https://doi.org/10.1186/1471-2164-12-574
http://www.ncbi.nlm.nih.gov/pubmed/22111877
http://www.ncbi.nlm.nih.gov/pubmed/10640765
https://doi.org/10.1242/jeb.094573
https://doi.org/10.1242/jeb.094573
http://www.ncbi.nlm.nih.gov/pubmed/24363411
http://www.ncbi.nlm.nih.gov/pubmed/9377632
https://doi.org/10.3389/fphys.2011.00071
http://www.ncbi.nlm.nih.gov/pubmed/22028692
https://doi.org/10.1038/nri2448
http://www.ncbi.nlm.nih.gov/pubmed/19029990
https://doi.org/10.1146/annurev.ento.42.1.611
http://www.ncbi.nlm.nih.gov/pubmed/9017902
https://doi.org/10.1186/1741-7007-11-55
https://doi.org/10.1186/1741-7007-11-55
http://www.ncbi.nlm.nih.gov/pubmed/23631603
http://www.ncbi.nlm.nih.gov/pubmed/11257225
https://doi.org/10.1371/journal.pone.0175759

@° PLOS | ONE

Allatotropin elicits mosquito immune response

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

League GP, Hillyer JF. Functional integration of the circulatory, immune, and respiratory systems in
mosquito larvae: pathogen killing in the hemocyte-rich tracheal tufts. BMC Biology 2016; 14: 78. https://
doi.org/10.1186/s12915-016-0305-y PMID: 27643786

Reddy JT, Locke M. The size limited penetration of gold particles through insect basal laminae. J Insect
Physiol. 1990; 36: 397—-407.

Houk EJ, Hardy JL, Chiles RE. Permeability of the midgut basal lamina in the mosquito, Culex tarsalis
Coquillett (Insecta, Diptera). Acta Tropica 1981; 38: 163—171. PMID: 6115555

Anderson WA, Spielman A. Permeability of the ovarian follicle of Aedes aegyptimosquitoes. J Cell Biol.
1971; 50: 201-221. PMID: 4104968

Levashina EA, Moita LF, Blandin S, Vriend G, Lagueux M, Kafatos FC. Conserved role of a comple-
ment-like protein in phagocytosis revealed by dsRNA knockout in cultured cells of the mosquito, Anoph-
eles gambiae. Cell 2001; 104: 709-718. PMID: 11257225

Moita LF, Wang-Sattler R, Michel K, Zimmermann T, Blandin S, Levashina EA, et al. In vivo identifica-
tion of novel regulators and conserved pathways of phagocytosis in A. gambiae. Immunity 2005; 23:
65-73. https://doi.org/10.1016/j.immuni.2005.05.006 PMID: 16039580

Lombardo F, Ghani Y, Kafatos FC, Christophides GK. Comprehensive genetic dissection of the hemo-
cyte immune response in the malaria mosquito Anopheles gambiae. PLoS Pathog. 2013; 9: e1003145.
https://doi.org/10.1371/journal.ppat.1003145 PMID: 23382679

Fraiture M, Baxter RHG, Steinert S, Chelliah Y, Frolet C, Quispe-Tintaya W, et al. Two mosquito LRR
proteins function as complement control factors in the TEP1-mediated killing of Plasmodium. Cell Host
Microbe 2009; 5: 273-284. https://doi.org/10.1016/j.chom.2009.01.005 PMID: 19286136

Hernandez-Martinez S, Lanz H, Rodriguez MH, Tsutsumi V. Cellular-mediated reactions to foreign
organisms inoculated into the hemocoel of Anopheles albimanus (Diptera: Culicidae). J Med Entomol.
2002; 39: 61-69. PMID: 11931273

Rachinsky A, Srinivasan A, Ramaswamy SB. Regulation of juvenile hormone biosynthesis in Heliothis
virescens by Manduca sexta allatotropin. Arch Insect Biochem Physiol. 2003; 54: 121-33. https://doi.
org/10.1002/arch.10107 PMID: 14571506

Petricevich VL, Reynaud E, Cruz AH, Possani LD. Macrophage activation, phagocytosis and intracellu-
lar calcium oscillations induced by scorpion toxins from Tityus serrulatus. Clinical Exp Immunol. 2008;
154: 415-423.

Horodyski FM. Allatotropin. In: Kastin AJ, editor. Handbook of biologically active peptides. 2nd ed. San
Diego CA: Academic Press; 2013. pp. 197-202.

Saraiva RG, Kang S, Simoes ML, Anglero-Rodriguez Y1, Dimopoulos G. Mosquito gut antiparasitic and
antiviral immunity. Develop Comp Immunol. 2016; 64: 53-64.

PLOS ONE | https://doi.org/10.1371/journal.pone.0175759  April 20, 2017 21/21


https://doi.org/10.1186/s12915-016-0305-y
https://doi.org/10.1186/s12915-016-0305-y
http://www.ncbi.nlm.nih.gov/pubmed/27643786
http://www.ncbi.nlm.nih.gov/pubmed/6115555
http://www.ncbi.nlm.nih.gov/pubmed/4104968
http://www.ncbi.nlm.nih.gov/pubmed/11257225
https://doi.org/10.1016/j.immuni.2005.05.006
http://www.ncbi.nlm.nih.gov/pubmed/16039580
https://doi.org/10.1371/journal.ppat.1003145
http://www.ncbi.nlm.nih.gov/pubmed/23382679
https://doi.org/10.1016/j.chom.2009.01.005
http://www.ncbi.nlm.nih.gov/pubmed/19286136
http://www.ncbi.nlm.nih.gov/pubmed/11931273
https://doi.org/10.1002/arch.10107
https://doi.org/10.1002/arch.10107
http://www.ncbi.nlm.nih.gov/pubmed/14571506
https://doi.org/10.1371/journal.pone.0175759

