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A mosquito lipoxin/lipocalin complex mediates
innate immune priming in Anopheles gambiae

Jose Luis Ramirez1, Giselle de Almeida OIiveira”, Eric Calvo!, Jesmond Dalli2, Romain A. Colas?,
Charles N. Serhan?, Jose M. Ribeiro' & Carolina Barillas-Mury’

Exposure of Anopheles gambiae mosquitoes to Plasmodium infection enhances the ability of
their immune system to respond to subsequent infections. However, the molecular
mechanism that allows the insect innate immune system to ‘remember’ a previous encounter
with a pathogen has not been established. Challenged mosquitoes constitutively release a
soluble haemocyte differentiation factor into their haemolymph that, when transferred into
Naive mosquitoes, also induces priming. Here we show that this factor consists of a Lipoxin/
Lipocalin complex. We demonstrate that innate immune priming in mosquitoes involves a
persistent increase in expression of Evokin (a lipid carrier of the lipocalin family), and in their
ability to convert arachidonic acid to lipoxins, predominantly Lipoxin A4. Plasmodium ookinete
midgut invasion triggers immune priming by inducing the release of a mosquito lipoxin/
lipocalin complex.
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emory-like responses have been described in several

insect species, a phenomenon that has been termed

‘immune priming’!~>. For example, pre-exposure of
Anopheles gambiae mosquitoes to Plasmodium infection, in the
presence of the gut microbiota, enhances the immune response to
subsequent infections®. In both Drosophila’ and mosquitoes?,
haemocytes have been shown to be essential for enhanced
immunity after a challenge. Natural killer cells are key mediators
of vertebrate innate immune responses and have also been
shown to be capable of immunological memory®. Immunological
memory in the adaptive immune system involves genomic
rearrangements and/or clonal expansion of long-lived memory
cells. However, the molecular mechanism of immune priming
in insects has not been established. Plasmodium-challenged
mosquitoes  constitutively release a soluble haemocyte
differentiation factor (HDF) into their haemolymphz’7 that
induces priming when transferred into Naive mosquitoes’. Here
we describe the identification of HDF as a Lipoxin/Lipocalin
complex, and show that innate immune priming involves a
persistent increase in the ability of mosquitoes to convert
arachidonic acid to lipoxins, as well as higher expression of
their lipid carrier, a member of the lipocalin family that we
named Evokin.

Results
Biochemical properties of HDF. The stability and biochemical
nature of HDF was explored using a bioassay in which haemo-
lymph from Challenged mosquitoes was collected 5-7 days post
infection and subjected to different treatments before it was
injected into Naive recipients. The ability of HDF to induce an
increase in granulocytes was evaluated after each treatment.
Mosquito HDF is very stable and remained active when cell-free
haemolymph was heated (70 °C for 30 min) or was treated with
proteinase K, followed by heat inactivation (80 °C for 30 min)
(Fig. 1a; Supplementary Fig. la,b). Heat-treated HDF also
enhanced antiplasmodial immunity (Fig. 1b,c); and HDF
remained in solution and active when the heat treatment was
followed by ethanol precipitation (Fig. 1d; Supplementary
Fig. 1c). It was also soluble and active after exposure to
acetonitrile, but the activity was completely lost if acetonitrile was
acidified with trifluoroacetic acid (Fig. le). When the haemo-
lymph of Challenged mosquitoes was subjected to extraction with
organic solvents (methanol/chloroform), biological activity could
be recovered in the organic phase (Fig. 1f), indicating that HDF
might be a lipid.

HDF in aqueous solution was loaded into a C18 TARGA
Minispin column and its chromatographic properties were
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Figure 1 | Biochemical properties of HDF. (a) Effect of proteinase K and heat treatment on HDF activity, indicated by an increase in the proportion of
granulocytes in recipient mosquitoes. (b) Bioactivity of pellet and supernatant fractions from heat-treated haemolymph evaluated 4 days post injection.
(¢) Susceptibility to P. berghei infection 4 days after systemic injection of pellet and supernatant fractions from heat-treated haemolymph. HDF activity
following (d) ethanol precipitation, (e) TFA treatment and (f) lipid extraction. ACN, Acetonitrile; Ch, Challenged; Nv, Naive; Sup, Supernatant;

Tx, Treatment. Error bars in a,b and d-f represent mean + s.e.m. Granulocyte proportions were determined for each individual mosquito. Haemocytes were
counted in 6-10 mosquitoes for each treatment and the results were confirmed in at least 2 independent experiments. Each circle in ¢ represents the
number of parasites in an individual midgut and the line indicates the medians. Mann-Whitney test, *P<0.05; **P<0.01; ***P<0.007; ****P<0.0001;

NS, P>0.05.
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evaluated using step elutions with increasing concentrations of
acetonitrile. The interaction of HDF with the C18 matrix was
weak and the biological activity eluted with the first elution steps
(Supplementary Fig. 2). When a similar strategy was used to
evaluate the interaction with a hydrophilic chromatography
matrix, using a normal phase Hydrophilic Interaction Liquid
Chromatography (HILIC) tip column at pH 6.5, the interaction
was stronger (Supplementary Fig. 3). We reasoned that HDF
could have more than one component, for example, it might
consist of a protein-lipid complex, with a protein carrier that
would provide a hydrophilic surface and explain the observed
chromatographic behaviour.

Identification of the protein component of HDF. To identify
the putative protein component, haemolymph was collected from
Plasmodium berghei-challenged mosquitoes and the soluble
fraction after acetonitrile precipitation was subjected to HILIC.
Fractions were collected and assayed for biological activity
(Fig. 2a). The fraction with the highest activity was subjected to
matrix-assisted laser desorption/ionization (MALDI)-time-of-
flight (TOF)-mass spectrometry (MS) analysis. Two peptide
sequences were present in this fraction (VAWILTR and YPFE-
FELGGK), and both had a perfect match to an A. gambiae protein
with homology to vertebrate lipocalins. We named this protein
‘Evokin’ (AGAP009281-PA) (Supplementary Table 1). Evokin
expression in response to Plasmodium infection increased
significantly (4-fold) in the abdominal wall 24 h post feeding (PF)
(P<0.01) and remained elevated (1.75-fold) at 7 days
PF (P<0.001) (Supplementary Fig. 4). In contrast, midgut
expression in response to infection at 24h and 7 days PF was not
significantly different from uninfected controls (Supplementary
Fig. 4). Furthermore, transfer of haemolymph from Evokin-
silenced Challenged mosquitoes no longer induced haemocyte
differentiation, nor did it enhance immunity in the recipients
(Fig. 2b), confirming that Evokin is a critical component of HDF.

The lipocalins are a family of proteins that transport small
hydrophobic molecules such as steroids, retinoids and lipids®~1°.
They are present in many diverse species including bacteria,
insects and vertebrates, and are characterized by a low sequence
similarity but a highly conserved protein structure (reviewed
in the study by Flower!®). Fruit fly lipocalins participate in

JNK-dependent metabolic stress responses and in development of
the nervous system®!%!1, Lipocalins have also been proposed to
protect their ligands from oxidative degradation, to provide target
specificity to their cargo, and to regulate ligand release from the
sites of synthesis®!°

Identification of the lipid component of HDF. To search for the
potential lipid ligand of Evokin, haemolymph from Challenged
mosquitoes was subjected to the same HILIC chromatography
procedure, and equivalent fractions were assayed for biological
activity (Supplementary Fig. 5). Lipids were extracted from the
fraction with the highest activity (B4; Supplementary Fig. 6a) and
the preceding fraction (B3) lacking activity, and both subjected to
lipid mediator (LM) lipidomics (Supplementary Fig. 6). Two
peaks were prominent in the active fraction (Supplementary
Fig. 6b) that were absent in the inactive one (Supplementary
Fig. 6¢c). MS/MS spectrum analysis (Supplementary Fig. 7) of
these peaks identified a lipid that shares some mass spectrum
signatures with vertebrate lipoxins (Supplementary Fig. 7a); and
a second one corresponded to 4-hydroxy-docosahexaenoic acid
(4-HDHA) (Supplementary Fig. 7b). However, the limited
amount of material precluded a definitive identification. Because
lipoxins are derived from arachidonic acid, we decided to perform
a comparative LM metabololipidomic analysis between haemo-
lymph of Naive and Challenged mosquitoes, after systemic
administration of deuterium (D8) labelled arachidonic acid
5 days PF. Systemic injection of D8-labelled arachidonic acid
resulted in very high HDF activity in Challenged mosquitoes,
but not in Naive controls (Fig. 3a; Supplementary Fig. 8). The
biological activity was robust even after diluting the haemolymph
from Challenged mosquitoes 100-fold before the transfer
(Supplementary Fig. 8). Liquid chromatography tandem MS
(LC-MS/MS)-based LM metabololipidomics confirmed the
production of d8-LXA, and d8-LXB, at higher levels in haemo-
lymph of Challenged mosquitoes (Fig. 3b-f). No other LMs were
found. In general, LXA, synthesis was lower than LXB, in the
Naive group (Fig. 3c). However, the relative increase in conver-
sion following an immune challenge was very high for LXA,
(100-fold, P<0.01, Fig. 3d), while the increase in LXB, synthesis
was more modest and variable and did not reach statistical
significance. This indicates that mosquitoes have the capacity to
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Figure 2 | Identification of the protein component of HDF. (a) Haemolymph Hydrophilic Interaction Liquid Chromatography (HILIC), protein absorbance
(black line), HDF activity in HILIC fractions (% granulocytes after injection of recipient mosquitoes) (red line) and acetonitrile to water gradient (blue line).
Peptide sequences in the fraction with the highest biological activity indicated by the arrow. (b) Effect of silencing Evokin on haemolymph HDF activity,
indicated by an increase in the proportion of granulocytes 4 days after systemic injection of haemolymph from Naive (Nv) and Challenged (Ch) mosquitoes
in which Evokin was present or absent. Error bars represent the mean = s.e.m. Granulocyte proportions were determined for each individual mosquito.
Haemocytes were counted in 6-10 mosquitoes for each treatment and the results were confirmed in at least 2 independent experiments.

Mann-Whitney test, ****P<0.0001; NS, P>0.05.
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Figure 3 | Synthesis of Lipoxins (LX) in mosquitoes following arachidonic acid administration. (a) Effects of arachidonic acid injection on HDF
activity (% granulocytes) in haemolymph from Naive (Nv) and Challenged (Ch) mosquitoes. Haemocytes were counted in 6-10 mosquitoes for each
treatment and the results were confirmed in at least 2 independent experiments. Bars represent the mean = s.e.m. Mann-Whitney test, ***P<0.001.
(b) Representative chromatographs obtained by Multiple Reaction Monitoring (MRM) of the parent ion (Q1) m/z 359 and a diagnostic daughter ion (Q3)
for deuterium-labelled (dg) LXA, and LXB, (€) dg-LXA, and dg-LXB, levels in Naive and Challenged mosquitoes. (d) dg-LXA,4 and dg-LXB, lipoxin synthesis
in Challenged mosquitoes relative to Naive controls. Bars for ¢,d represent mean £ s.e.m. Student’s t-test, **P<0.07; NS, P> 0.05. MS/MS fragmentation
spectrum employed for the identification of (e) dg-LXA, and (F) dg-LXB,. Results for b-f are representative of two independent haemolymph preparations.

convert precursor arachidonic acid to lipoxins, and that immune
challenge results in a sustained increase in lipoxin synthesis,
predominantly LXA,.

The biological activity of these two candidate LMs was tested
by injecting mosquitoes with chemically synthesized LXA, and
LXB,. We tested the biological activity in a dose-response curve
and obtained a response for LXA, at doses between 5 and 500 nM
and between 50 and 500nM for LXB, (Supplementary Fig. 9).
Administration of either LM recapitulated the activity of HDF,
increasing the number of circulating granulocytes (Fig. 4a,d) and
enhancing antiplasmodial immunity (Fig. 4b,e), with the response
to LXA, being more robust (Fig. 4a,d; Supplementary Fig. 10).
Injection of 4-HDHA had no effect on haemocyte differentiation
nor immunity to Plasmodium (Supplementary Fig. 11).

Functional interaction between evokin and lipoxins. Finally, the
importance of Evokin as a lipoxin carrier was tested by silencing
expression before the administration of synthetic LXA, or LXB,
The biological activity of LXA, and LXB, was completely
eliminated when Evokin was silenced, confirming the likely role

4

of this lipocalin carrier (Fig. 4cf) in protecting lipoxins from
degradation. Interestingly, vertebrate ApoD has been found to
bind arachidonic acid with high afﬁnitygs’lz.

Discussion

Specific eicosanoids modulate insect haemocytes responses such as
migration, phagocytosis, microaggregation, nodulation, spreading
and melanization, at nano and picomolar concentrations, but very
few mediators have been characterized'>17. Most insect studies
describe the effect of administrating eicosanoids or drugs that
inhibit prostaglandin synthesis. However, the biological relevance
of eicosanoids in insect immunity has been difficult to demonstrate
because no orthologues of lipoxygenases or cyclooxygenases are
apparent in their genomes!3. In Drosophila, disruption of a haeme
peroxides gene (ptx) results in defects in ovarian follicle maturation
and female sterility that can be restored by expressing mammalian
Cox1 protein, indicating that Ptx is the insect orthologue of Cox1
(ref. 18). Lipoxins are biosynthesized via ligoxygenases and have
been extensively studied in vertebrates'®?’, but have not been
reported in insects. We envision that immune challenge results in
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Figure 4 | Biological activity of systemic injection of synthetic lipoxins Effect of (a) LXA, or (d) LXB4 on granulocytes and of (b) LXA, or (e) LXB, on
P. berghei infection. Effect of Evokin silencing on the biological activity of (¢) LXA4 and (f) LXB,. Error bars in a,c,d and f represent mean£s.em.
Granulocyte proportions were determined for each individual mosquito. Haemocytes were counted in 6-10 mosquitoes for each treatment and the results
were confirmed in at least 2 independent experiments. Each circle in b and e represents the number of parasites in an individual midgut and the line
indicates the medians. Results represent data from at least two independent experiments. Mann-Whitney test, *P<0.05; **P<0.07; ****P<0.0001; NS,

P>0.05.

constitutive expression of the enzymes mediating lipoxin
biosynthesis, similar to what we observed for Evokin, probably
through an epigenetic mechanism. The nature of these enzymes in
mosquitoes or any other insect remains to be defined. We have
previously shown that disruption of the four signalling pathways
known to mediate antiplasmodial immunity (STAT, JNK, Toll and
IMD) pathways did not disrupt HDF production’. However, the
STAT, JNK and Toll pathways are required for haemocytes to
respond to HDF’. The signalling pathway(s) that mediate the
establishment of immune priming are not known, but we
hypothesize that a signal from the midgut epithelium is inducing
a long-lasting increase of Evokin in the mosquito body wall.

Within vertebrates, lipoxins have potent anti-inflammatory
and pro-resolution properties, stimulating non-inflammatory
monocyte recruitment, macrophage phagocytosis of microbes
and cellular debris, and increased chemotaxis and laminin
adhesion'®1%21-2% The role of lipoxins in A. gambiae immune
priming described here raises the question of whether, in addition
to promoting resolution of an infectious process, lipoxins may
also prepare vertebrate hosts for subsequent challenges by
priming cells of the innate immune system.

Methods
Mosquito maintenance and P. berghei infection. A. gambiae (G3 strain)
mosquitoes were reared in standard insectary conditions at 28 °C, 80% humidity,

| 6:7403 | DOI: 10.1038/ncomms8403 | www.nature.com/naturecommunications

with a 12-h light/dark cycle and maintained with 10% Karo syrup solution. Infec-
tions with P. berghei were conducted using the P. berghei green fluorescent protein-
CON transgenic 259cl2 strain. Mouse infections were maintained through serial
passage in 3-4-week-old female BALB/c mice and parasitemias were evaluated by
light microscopy from blood smears that were methanol fixed, stained with 10%
Giemsa and air-dried prior to visualization. Mosquito infections were done by
allowing mosquitoes to feed on green fluorescent protein P. berghei mouse that had
a 3-5% parasitemia and with one to two exflagellations per field. Mosquitoes were
then maintained at 19 °C, 80% humidity and a 12-h light/dark cycle until the day of
haemolymph collection or midgut dissection. To determine the intensity of infec-
tion, mosquitoes were dissected at 7 days PF and oocyst counted in individual
midguts. Results were confirmed in at least two independent experiments.

Ethics statement. Public Health Service Animal Welfare Assurance #A4149-01
guidelines were followed according to the National Institutes of Health Animal
(NIH) Office of Animal Care and Use (OACU). These studies were done according
to the NIH animal study protocol (ASP) approved by the NIH Animal Care and
User Committee (ACUC), with approval ID ASP-LMVR5.

Haemolymph collection and haemocyte counting. Haemolymph was collected
as previously described?. In short, to count haemocytes, a very fine incision (about
half a millimeter) was made in the mosquito between the last two abdominal
segments using sterile fine-tip forceps and then injected with an anticoagulant
solution containing 60% Schneider’s Insect medium, 10% foetal bovine serum and
30% citrate buffer. Enough anticoagulant buffer was injected until 10 ul was
recovered using a sterile pipette tip from the incision at the end of the abdomen.
For further biochemical characterization, haemolymph was stored at — 80 °C until
use. For haemocyte counting, the collected sample was deposited in a sterile
disposable haemocytometer slide (10 pl capacity, Neubauer Improved, iNCYTO

© 2015 Macmillan Publishers Limited. All rights reserved.
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C-Chip DHC-NO01) and the haemocytes counted using a light microscope ( x 40
objective), distinguishing granulocytes from the rest of the haemocyte types
(prohaemocytes and oenocytoids)®. The total number of haemocyte cells and the
proportion of granulocytes were determined for each individual mosquito.
Haemocytes were counted in 6-10 in mosquitoes for each treatment and the results
were confirmed in at least 2 independent experiments.

Haemolymph transfer. Transfers of cell-free haemolymph were conducted as
previously described?®. Briefly, haemolymph was collected by perfusion, as
described above, from about 50 Naive and 50 Challenged mosquitoes at 7 days post
priming using a modified anticoagulant buffer (95% Scheider’s medium and 5%
citrate buffer). Following centrifugation at 4 °C, 9,300¢ for 10 min, the cell-free
supernatant was transferred to a new microcentrifuge tube, aliquoted and stored at
—80°C until use. Transfer into sugar-fed Naive mosquitoes was done by
microinjection of a total of 138 nl per mosquito. We transferred the equivalent of
one-twentieth of the haemolymph from the mosquito donors to the recipients. The
effect of haemolymph transfer on the proportion of granulocytes in the recipient
was evaluated 4 days post injection. To evaluate the effect of transfer on
Plasmodium infection, recipient mosquitoes were fed on a P. berghei-infected
mouse 3 days post injection and the number of oocysts in individual midguts was
determined 7 days post feeding.

To assess the effect of Evokin (AGAP009281) silencing on HDF bioactivity,
2-3-day-old donor mosquitoes were injected with double stranded RNA (dsRNA)
for LacZ (control) or Evokin and fed on an infected or uninfected mouse at 3 days
post injection. Mosquitoes were maintained at 19 °C for 48 h then transferred to
28 °C with haemolymph collected 7 days post-blood feeding. Haemolymph transfer
to Naive recipients was done by injecting 138 nl of cell-free haemolymph from
LacZ or Evokin-silenced donors.

Gene expression analysis. For gene expression analyses, midguts and abdominal
fat body walls were collected at 24h and 7 days post-blood meal. Midguts were
homogenized and processed for RNA using the RNeasy RNA extraction kit
(Qiagen) according to manufacturer’s instructions. Fat bodies, in turn, were
homogenized in TRIzol and processed for RNA according to the manufacturer/s
instructions. The quality and concentration from each RNA sample was assessed
via NanoDrop (Thermo Scientific) and the same amount of RNA was used for
complementary DNA (cDNA) synthesis in a given experiment. Synthesis of cDNA
was performed using the QuantiTect reverse transcription kit with DNA wipeout
(Qiagen). The resulting cDNA was then used as a template for subsequent relative
quantification via quantitative PCR (qPCR) using the DyNamo SYBR green qPCR
kit (Thermo Scientific) with target specific primers (Supplementary Table 1). For
each experiment, the quantitative reverse transcription-PCR messenger RNA
expression analysis was done in two groups of midguts or body walls dissected
from 15 mosquitoes (biological replicates) that were analysed in duplicate (tech-
nical replicates) and the reproducibility of the result was confirmed in three
independent experiments. The assay was run on a CFX96 Real-Time PCR
Detection System (Bio-Rad) and data analysed post run using the AACt method.
The statistical significance of fold change values was determined using the
Mann-Whitney test (GraphPad, La Jolla, California, USA).

dsRNA synthesis and gene silencing. The RNA interference (RNAi)-directed
silencing of Evokin was performed as previously described?®. Briefly, 2-3-day-old
female A. gambiae were cold-anesthetized and injected with 69 nl of a 3 ug per pl
dsRNA solution. Synthesis of dsRNA was generated using a cDNA template from
A. gambiae and the MEGAscript RNAi kit (Ambion). Primers were designed to
specifically target the Evokin transcript and are listed in Supplementary Table S1.
The dsRNA-injected mosquitoes were then used in subsequent assays at 3 days
post injection. The silencing efficiency attained through this method was 80% for
both midgut and fat body tissues relative to dsLacZ controls.

Heat treatment of HDF. Haemolymph supernatants were heated at 70 °C for
30 min then incubated on ice for an additional 30 min. Samples were then
centrifuged at 4°C, 9,300¢ for 30 min. The supernatant was then removed and
stored at — 20 °C until use.

HDF ethanol precipitation. The collected haemolymph supernatant was brought
to 90% ethanol by adding ethanol at a 1:9 (v:v) proportion, and incubated on ice for
1-2h. The sample was then centrifuged at 4 °C, 9,300g for 10 min, transferred to a
new microcentrifuge tube and the ethanol evaporated using a speed vac. The dried
sample was washed with Milli-Q water and dried once more and then re-suspended
in molecular grade water or transfer buffer by vortexing for 30-60 min at 4 °C. The
pH was measured with a pH meter strip and adjusted to pH 7; the sample was
stored at — 20 °C until use.

HDF heat treatment and ethanol precipitation. The haemolymph supernatant
was heat treated as described above, brought to 90% ethanol by adding ethanol at a
1:9 (v:v) proportion, and incubated on ice for 1-2h. The sample was then
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centrifuged at 4 °C, 9,300¢ for 10 min, the supernatant transferred to a new tube
and the ethanol evaporated using a speed vac. The dried samples were re-sus-
pended in Milli-Q water (original haemolymph supernatant volume) and dried one
more time before re-suspension in molecular grade water or transfer buffer. The
pH was measured with a pH meter strip and adjusted to pH 7; the sample was
stored at — 20 °C until use.

HDF proteinase K treatment. The haemolymph supernatant was mixed with
proteinase K at a final concentration of 100 jig ml ~ ! and incubated at 60 °C for 1 h.
The enzyme was then inactivated by heating at 80 °C for 30 min. The sample was
centrifuged at 4 °C, 9,300g for 10 min and the supernatant stored at — 20 °C until
use.

Lipid extraction. Lipid extractions were carried out following the Bligh and Dyer®”
method with slight modifications. Briefly, haemolymph was placed in

a 5ml glass tube (Kimble Chase) and mixed with chloroform and methanol
(0.8:1:2, v-v:v). The mixture was mixed by vortexing every 10 min for 1 h and then
centrifuged at 580¢ for 10 min at room temperature. The supernatant was
transferred to a new glass tube and mixed with an additional 0.5 ml of Milli-Q
water and 0.5ml of chloroform and vigorously mixed in using a vortex. The
mixture was centrifuged again at 580g for 10 min at room temperature to obtain a
uniform phase separation. Both aqueous and organic phase were separately
transferred to a 5ml glass tube and taken to dryness with nitrogen gas. Dried
samples were either re-suspended in water and used immediately or re-suspended
in 100% methanol for storage at — 80 °C.

Reverse-phase (C18) separation. Lipid extracted samples were further separated
according to their polarity using a pipette tip column of C18 resin (TARGA
Reversed Phase, UltraMicroSpin, The Nest Group, Inc., Southborough, MA). The
C18 spin columns were first conditioned according to manufacturer’s instructions,
loaded with either the aqueous or the re-suspended organic phase, spun or forced
with a syringe and then washed once with HPLC water prior to elution. Elution
was done by first eluting with 100 ul of HPLC-grade methanol, followed by 100 pl
of HPLC-grade methyl acetate and finally with 100 pl of HPLC-grade hexane. The
resultant eluate were dried under nitrogen gas, re-suspended in 100% methanol
and stored at — 80 °C until use.

Normal phase HILIC fractionation using a microtip column. The HILIC tip
columns were first conditioned according to manufacturer’s instructions (The
Nest Group, Inc.). Prior to applying the sample into a conditioned column, the
haemolymph sample was brought to a 85% acetonitrile solution (final pH 6-7) with
a total volume of 100 pl and loaded into the tip column. The tip column was
centrifuged at 180g for 2 min, washed once with 100 pl of 85% acetonitrile and both
flow-through were combined (FT fraction). The sample was then eluted with
decreasing concentrations of acetonitrile (80, 40, 20, 10 and 5% acetonitrile in
water). Each elution was done with 100 il of elution buffer and centrifuged at 180g
for 1-3 min. The eluted fractions were then dried under speed vac, and washed
three times with 40 pl of water. Finally the dried fractions were re-suspended in
20 pl of water and vortexed in the cold room for 30-60 min. The pH of each
fraction was measured, adjusted to pH 7.0 and stored at — 20 °C until used.

Deuterium-labelled arachidonic acid injections. Four- to 5-day-old mosquitoes
were allowed to feed on either an infected or uninfected mouse, maintained at
19°C for 3 days, then transferred at 27 °C and provided with oviposition cups. Five
days post feeding 50-80 mosquitoes were injected with 1 g of deuterated ara-
chidonic acid (arachidonic acid-d8) re-suspended in 1% BSA in Hanks Balanced
Salt Solution (without Ca*2 and Mg*?2), Haemolymph was then collected via
perfusion from uninfected mosquitoes (Naive) and infected mosquitoes (Chal-
lenged) at 24 h post injection. Prior to lipid extraction and C18 fractionation, both
Naive and Challenged samples were spiked with 400 pg of Resolvin D2-ds as
internal standard for lipid extraction efficiency. Processed samples were then stored
in amber-glass vials at — 80°C until needed.

Eicosanoid injection. Two- to 3-day-old A. gambiae mosquitoes were cold-
anesthetized and injected with serial dilutions of either Lipoxin A, (0.5-5,000 nM)
or Lipoxin B4 (0.5-500 nM). The maximum response was obtained after an esti-
mated initial concentration in mosquito haemolymph of 500 nM (Supplementary
Fig. 9), and this dose was used in all subsequent experiments. Lipoxins were dried
using a stream of nitrogen gas and suspended in modified Schneider’s medium
(devoid of amino acids and containing 5% citrate buffer). Mosquitoes were either
fed on a P. berghei-infected mouse at 3 days post injection to assess its effect on
Plasmodium infection, or perfused 4 days post injection to assess the proportion of
granulocytes.

HILIC-HPLC. Pooled haemolymph from 400-500 Naive or Challenged mosquitoes
were loaded onto a hydrophilic interaction column (PolyHYDROXYETHYL A,
100 x 2.1 mm ID, 300-A pore, PolyLC Inc., Columbia, MD) equilibrated with 90%
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of acetonitrile (LC/MS quality acetonitrile, acid free, Fisher Scientific) using the
AKTA purifier system (GE Healthcare, Piscataway, NJ). Fractions were eluted with
a linear gradient of 90-0% acetonitrile in water over 30 min at a flow rate of
0.25 ml min ~ 1. Absorption of the eluate was monitored at 225 and 280 nm.
Bioactive fractions were dried under vacuum and sent for LC/MS analysis using an
Agilent 1,100 nanoflow LC system (Agilent Technologies, Palo Alto, CA) coupled
online with a linear ion-trap mass spectrometer (LTQ, ThermoElectron, San José,
CA). Nanoflow reverse-phase LC-MS/MS was performed as described before?®.
Tandem mass spectra were searched using SEQUEST on a 20-node Beowulf cluster
against the NR NCBI proteome database with methionine oxidation included as
dynamic modification.

LM metabololipidomics. Fraction from Naive and Challenged mosquitoes were
isolated as outlined above and subjected to LM metabololipidomics as in the study
by Colas et al.2®, with some modifications. An Agilent Poroshell 120 EC-C18 column
(100 x 4.6 mm x 2.7 um) was kept at 50 °C and LM was eluted with a mobile phase
consisting of methanol/water/acetic acid of 50:50:0.01 (v:v:v) that was ramped to
80:20:0.01 (v:v:v) from 2 to 11 min, maintained till 14.5min and then rapidly
ramped to 98:2:0.01 (v:v:v) for the next 0.1 min. This was maintained at 98:2:0.01
(vaviv) for 5.4 min, and the flow rate was maintained at 0.5mlmin ~ . Deuterated
(d)s-RvD2 was employed to facilitate sample recovery and quantification. To
monitor dg-LXA, and dg-LXB, in fractions isolated from dg-AA treated mosquitoes,
an multiple reaction monitoring method was developed using the following
transitions 359.1>116.1 and 359.1>227.1, respectively. Absolute quantities for
lipoxin synthesis were derived from LC-MS/MS lipidomics data obtained from two
independent pools of mosquito haemolymph (50-80 mosquitoes per pool). The
abundance of lipoxins in the Challenged groups (relative to the Naive controls) was
calculated by dividing dg-LXA, or dg-LXB, levels in Naive and Challenged groups by
the average dg-LXA, or dg-LXB, levels in the Naive samples.

Statistical analysis. All statistical analyses were performed using GraphPad Prism
5 (GraphPad). All analyses where pertinent were conducted using either the
student unpaired ¢-test or the Mann-Whitney test. Significance was assessed at
P<0.05. The error bars represent the s.e.m.

References

1. Pham, L. N,, Dionne, M. S., Shirasu-Hiza, M. & Schneider, D. S. A specific
primed immune response in Drosophila is dependent on phagocytes. PLoS
Pathog. 3, €26 (2007).

2. Rodrigues, J., Brayner, F. A,, Alves, L. C,, Dixit, R. & Barillas-Mury, C.
Haemocyte differentiation mediates innate immune memory in Anopheles
gambiae mosquitoes. Science 329, 1353-1355 (2010).

3. Moret, Y. & Siva-Jothy, M. T. Adaptive innate immunity? responsive-mode
prophylaxis in the mealworm Beetle, Tenebrio molitor. Proc. Biol. Sci. 270,
2475-2480 (2003).

4. Sadd, B. M. & Schmid-Hempel, P. Insect immunity shows specificity in
protection upon secondary pathogen exposure. Curr. Biol. 16, 1206-1210 (2006).

5. Hoffmann, J. A. The immune response of Drosophila. Nature 426, 33-38
(2003).

6. Paust, S., Senman, B. & Von Andrian, U. H. Adaptive immune responses
mediated by natural killer cells. Immunol. Rev. 235, 286-296 (2010).

7. Ramirez, J. L. et al. The Role of Haemocytes in Anopheles gambiae
Antiplasmodial Immunity. J. Innate Immun. 6, 119-128 (2014).

8. Ruiz, M., Sanchez, D., Correnti, C., Strong, R. K. & Ganfornina, M. D.
Lipid-binding properties of human ApoD and Lazarillo-related lipocalins:
functional implications for cell differentiation. FEBS J. 280, 3928-3943 (2013).

9. Morais Cabral, J. H. et al. Arachidonic acid binds to apolipoprotein D:
implications for the protein’s function. FEBS Lett. 366, 53-56 (1995).

10. Flower, D. R. The lipocalin protein family: structure and function. Biochem. J.
318, 1-14 (1996).

11. Ruiz, M., Wicker-Thomas, C., Sanchez, D. & Ganfornina, M. D. Grasshopper
Lazarillo, a GPI-anchored Lipocalin, increases Drosophila longevity and stress
resistance, and functionally replaces its secreted homolog NLaz. Insect Biochein.
Mol. Biol. 42, 776-789 (2012).

12. Sanchez, D. et al. Molecular interactions of the neuronal GPI-anchored
lipocalin Lazarillo. J. Mol. Recognit. 21, 313-323 (2008).

13. Stanley, D., Haas, E. & Miller, J. Eicosanoids: exploiting insect immunity to
improve biological control programs. Insects 3, 492-510 (2012).

14. Mandato, C. A. L., Diehl-Jones, W., Moore, S. J. & Downer, R. G. H. The effects
of eicosanoid biosynthesis inhibitors on prophenoloxidase activation,
phagocytosis and cell spreading in Galleria mellonella. ]. Insect Physiol. 43, 1-8
(1997).

15. Dean, P. et al. Modulation by eicosanoid biosynthesis inhibitors of immune
responses by the insect Manduca sexta to the pathogenic fungus Metarhizium
anisopliae. J. Invertebr. Pathol. 79, 93-101 (2002).

16. Stanley, D. Prostaglandins and other eicosanoids in insects: biological
significance. Annu. Rev. Entomol. 51, 25-44 (2006).

17. Lord, J. C., Anderson, S. & Stanley, D. W. Eicosanoids mediate Manduca
sexta cellular response to the fungal pathogen Beauveria bassiana: A role
for the lipoxygenase pathway. Arch. Insect Biochem. Physiol. 51, 46-54
(2002).

18. Tootle, T. L. & Spradling, A. C. Drosophila Pxt: a cyclooxygenase-like facilitator
of follicle maturation. Development 135, 839-847 (2008).

19. Serhan, C. Lipoxins: Eicosanoids carrying intra-and intercellular messages.

J. Bioenerg. Biomembr. 23, 105-122 (1991).
20. Schwab, J. M. & Serhan, C. N. Lipoxins and new lipid mediators in the
resolution of inflammation. Curr. Opin. Pharmacol. 6, 414-420 (2006).
. Romano, M., Recchia, I. & Recchiuti, A. Lipoxin receptors. Sci. World J. 7,
1393-1412 (2007).

22. Prescott, D. & McKay, D. M. Aspirin-triggered lipoxin enhances macrophage
phagocytosis of bacteria while inhibiting inflammatory cytokine production.
Am. ]. Physiol. 301, G487-G497 (2011).

23. Serhan, C. N. & Savill, J. Resolution of inflammation: the beginning programs
the end. Nat. Immunol. 6, 1191-1197 (2005).

24. Maddox, J. F. & Serhan, C. N. Lipoxin A4 and B4 are potent stimuli for human
monocyte migration and adhesion: selective inactivation by dehydrogenation
and reduction. J. Exp. Med. 183, 137-146 (1996).

25. Samuelsson, B., Dahlen, S., Lindgren, J., Rouzer, C. & Serhan, C. Leukotrienes
and lipoxins: structures, biosynthesis, and biological effects. Science 237,
1171-1176 (1987).

26. Molina-Cruz, A. et al. Some strains of Plasmodium falciparum, a human
malaria parasite, evade the complement-like system of Anopheles gambiae
mosquitoes. Proc. Natl Acad. Sci. USA 109, E1957-E1962 (2012).

27. Bligh, E. G. & Dyer, W. ]. A rapid method of total lipid extraction and
purification. Can. J. Biochem. Physiol. 37, 911-917 (1959).

28. Chagas, A., Calvo, E., Pimenta, P. & Ribeiro, J. An insight into the sialome of
Simulium guianense (DIPTERA:SIMulIIDAE), the main vector of River
Blindness Disease in Brazil. BMC Genomics 12, 612 (2011).

29. Colas, R. A,, Shinohara, M., Dalli, J., Chiang, N. & Serhan, C. N. Identification
and signature profiles for pro-resolving and inflammatory lipid mediators in
human tissue. Am. J. Physiol. 307, C39-C54 (2014).

2

—

Acknowledgements

This work was supported by the Intramural Research Program of the Division of
Intramural Research Z01A1000947, NIAID, the National Institutes of Health and by NIH
Grant P01GM095467. We thank André Laughinghouse and Kevin Lee for insectary
support; Ana Beatriz Barletta Ferreira and Janneth Rodrigues for experimental support.
J.L.R. received funding from the INRO program, NIH.

Author contributions

Experiments were designed by J.L.R,, G.dA.O., EC, CN.S,, JM.R, and C.B.-M,; carried
out by JLR., G.dA.O,, E.C, ].D,, RA.C; and analysed by J.L.R., G.dA.O,, EC, ].D,,
RA.C, CB.-M. JLR; and C.B.-M. wrote the paper.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Ramirez, J. L. et al. A mosquito lipoxin/lipocalin complex
mediates innate immune priming in Anopheles gambiae. Nat. Commun. 6:7403

doi: 10.1038/ncomms8403 (2015).

This work is licensed under a Creative Commons Attribution 4.0
BY International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise

in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 6:7403 | DOI: 10.1038/ncomms8403 | www.nature.com/naturecommunications 7

© 2015 Macmillan Publishers Limited. All rights reserved.



