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Immune priming in Anopheles gambiae is mediated by the sys-
temic release of a hemocyte differentiation factor (HDF), a com-
plex of lipoxin A; bound to Evokin, a lipid carrier. HDF increases
the proportion of circulating granulocytes and enhances mosquito
cellular immunity. Here, we show that Evokin is present in hemo-
cytes and fat-body cells, and messenger RNA (mRNA) expression
increases significantly after immune priming. The double peroxi-
dase (DBLOX) enzyme, present in insects but not in vertebrates, is
essential for HDF synthesis. DBLOX is highly expressed in oeno-
cytes in the fat-body tissue, and these cells increase in number in
primed mosquitoes. We provide direct evidence that the histone
acetyltransferase AgTip60 (AGAP001539) is also essential for a sus-
tained increase in oenocyte numbers, HDF synthesis, and immune
priming. We propose that oenocytes may function as a population
of cells that are reprogrammed, and orchestrate and maintain a
broad, systemic, and long-lasting state of enhanced immune
surveillance in primed mosquitoes.
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here is growing evidence that a previous infection can

“train” or “prime” the innate immune system, allowing it
to respond more effectively to subsequent infections (1-3).
This is an ancient response that has been documented in
plants (4), insects (5), and humans (6). It is not clear if indi-
vidual immune cells maintain the training response, or if there
are specific cell populations that are persistently reprog-
rammed and orchestrate a constant retraining of effector
immune cells. In Anopheles gambiae, the primary vector of
malaria in Africa, Plasmodium infection induces a long-lasting
priming response that enhances antiplasmodial immunity (5).
Plasmodium midgut invasion allows direct contact between the
gut microbiota and midgut epithelial cells, triggering a burst of
prostaglandin E, (PGE,) production by midgut cells. The tran-
sient systemic release of PGE, establishes a long-lasting
release of hemocyte differentiation factor (HDF) which, in
turn, induces an increase in the proportion of circulating gran-
ulocytes, a hallmark of immune priming (7, 8). HDF is a com-
plex of Evokin, a lipid carrier protein of the lipocalin family,
and lipoxin A, (LXA,) (7). Lipoxins are bioactive lipids
derived from arachidonic acid that dampen and resolve inflam-
mation in vertebrates (9). At a biochemical level, immune
priming can be defined as the enhanced ability of mosquitoes
to convert arachidonic acid into LXA, that results in a perma-
nent functional state of enhanced immune surveillance (7). An
effective antiplasmodial response requires the coordinated
activation of epithelial, cellular, and complement components
of the mosquito immune system (10). PGE, attracts hemocytes
to the basal surface of the midgut (8), and primed hemocytes
release more microvesicles, enhancing complement-mediated
ookinete lysis (10). Prostaglandins are also lipid mediators
derived from arachidonic acid that have multiple biological
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activities in different organs, and play a key role in the activa-
tion of the inflammatory response (9).

In vertebrates, cyclooxygenases (COXs) and lipoxygenases
(LOXs) catalyze the synthesis of prostaglandins and lipoxins,
respectively (11). Although eicosanoids have been detected in
mosquitoes and other insects (8, 12, 13), neither COX nor
LOX enzymes are present in insects. We recently showed that
two heme peroxidases, HPX7 and HPXS, are necessary for
midgut PGE, synthesis and are essential to establish immune
priming in response to Plasmodium infection (8). However, the
enzyme(s) mediating LXA, synthesis in insects remains
unknown. In this manuscript, we identify the double peroxidase
(DBLOX) enzyme as essential for HDF synthesis and show
that DBLOX is highly expressed in oenocytes, a cell population
involved in lipid processing. Furthermore, we discovered that
the number of oenocytes increases significantly in primed mos-
quitoes. In vertebrates, monocyte trained immunity is mediated
by epigenetic modifications (14, 15). Here, we show that a his-
tone acetyltransferase (HAT) is also essential to maintain the
priming response in mosquitoes.

Significance

A previous Plasmodium infection enhances the mosquito
immune response to subsequent infections. Priming is medi-
ated by a hemocyte differentiation factor (HDF) consisting of
lipoxin A (LXA,) bound to Evokin, a lipid carrier. Insects pro-
duce LXA, but lack lipoxygenase enzymes. Here we establish
that the double peroxidase (DBLOX) enzyme is essential for
HDF synthesis and is highly expressed in fat-body oenocytes,
a group of specialized cells that increase in number in
primed females. The histone acetyltransferase (HAT) AgTip60
is also essential for HDF synthesis, for the persistent increase
in oenocyte numbers, and to maintain immune priming. We
identified an enzyme essential for lipoxygenase-independent
LXA, synthesis and show that AgTip60 HAT is also critical to
maintain the priming response.
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Results

Messenger RNA (mRNA) expression of Evokin, an essential
component of HDF (7), was significantly induced in the
hemocyte-like immune-responsive A. gambiae Sua 5.1 cell line
in response to bacterial challenge (Fig. 14) (P = 0.0037,
Mann-Whitney U test). Additionally, antibodies to recombinant
Evokin recognized a single band of the expected size (21 kDa)
(81 Appendix, Table S1) in the fraction containing membrane
and insoluble proteins but not in the cytoplasm (Fig. 1B and S/
Appendix, Fig. S1). Evokin mRNA expression also increased sig-
nificantly in hemocytes (P = 0.0006, unpaired ¢ test) and the
body wall (P = 0.0005, unpaired ¢ test) of primed mosquitoes 7 d
postinfection (Fig. 1C). In naiwve blood-fed females, Evokin is
highly expressed in sessile hemocytes associated with the body-
wall surface (Fig. 1D). It is also present in oenocytes, with a dot-
ted vesicle-like pattern (Fig. 1E), while in fat-body trophocytes a
string pattern is observed, suggestive of Evokin clustering in spe-
cific membrane regions that may represent lipid rafts (Fig. 1F).
A similar expression pattern was observed in Plasmodium-
challenged females (ST Appendix, Fig. S2).

Although COXs and LOXs are unrelated in sequence and
three-dimensional structure, they catalyze similar biochemical
reactions. They both react polyunsaturated fatty acids, such as
arachidonic acid, with oxygen to form peroxide products. Both
enzymes employ free radical chemistry reminiscent of hydrocar-
bon autoxidation but they catalyze a highly effective formation
of specific products (16). Given the critical role of HPX7 and
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Fig. 1. Effect of immune challenge of Sua 5.1 cells and mosquitoes on
Evokin expression. (A and B) Effect of bacterial challenge on Sua 5.1 cells
on (A) Evokin mRNA levels measured by gRT-PCR 1 d postchallenge
and (B) Evokin protein expression (arrow) analyzed by Western blot.
A Coomassie blue-stained gel is shown in SI Appendix, Fig. S1. (C) Effect of
P. berghei infection on Evokin mRNA levels measured by qRT-PCR in mos-
quito hemocytes and body wall 7 d postinfection. (D-F) Localization of
Evokin in (D) sessile, body wall-associated hemocytes, (E) oenocytes, and
(F) trophocytes analyzed by immunofluorescence staining of naive mosqui-
toes. (A and C) Means = SEM are plotted and groups were compared
using Student’s t test (**P < 0.01, ***P < 0.001). Each treatment had at
least three biological replicates and the results were confirmed in at least
two independent experiments. Cells from a single well of a six-well plate
(A) or pools of 15 to 20 mosquitoes (C) were used. [Scale bars, 7 um (D),
10 um (E), and 10 um (F).] Ch, challenged; fat body, FB; Hemoc, hemocytes;
Ins, insoluble fraction; Nv, naive; Sol, soluble fraction.
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HPXS8 in PGE, synthesis, we investigated whether other HPX
enzymes could mediate the conversion of arachidonic acid to
LXA,. Changes in mRNA expression of 15 HPX enzymes,
DBLOX, and dual oxidase in mosquitoes primed by
Plasmodium berghei infections (Fig. 24) or by systemic injection
of PGE, (Fig. 2B) were evaluated. Both treatments resulted in
a prolonged and significant increase in DBLOX expression in
the body wall (P = 0.0056 and P = 0.0059, respectively,
Mann-Whitney U test), whereas HPX2 was only induced fol-
lowing PGE, injection (P = 0.0058, Mann-Whitney U test)
(Fig. 2B). HPX2 silencing did not affect priming, as the charac-
teristic increase in granulocytes was observed in response to
Plasmodium infection (P = 0.0001, Mann-Whitney U test)
(Fig. 2C). In contrast, DBLOX silencing completely abolished
the priming response to infection (Fig. 2D) and to PGE, injec-
tion (SI Appendix, Fig. S3). Furthermore, hemolymph of
mosquitoes in which DBLOX was silenced no longer had
HDF activity when transferred to naive mosquitoes (Fig. 2F).
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Fig. 2. Effect of Plasmodium infection and PGE; injection on heme perox-
idase (HPX) expression and role of HPXs on immune priming. (A and B)
HPX mRNA expression (A) 7 d after P. berghei infection and (B) 6 d after
PGE, injection into mosquito abdominal walls. (C and D) Effect of silencing
(C) HPX2 and (D) DBLOX on Plasmodium-induced granulocyte priming 4 to
5 d after blood feeding. (E) Effect of silencing DBLOX on Plasmodium-
induced HDF activity 4 to 5 d posthemolymph transfer. (F) DBLOX protein
expression (arrow) from hemocyte-like Sua 5.1 cells analyzed by Western
blot. A Coomassie blue-stained gel is shown in S/ Appendix, Fig. S6.
Means *= SEM are plotted and groups were compared using Student’s
t test (**P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant).
(A and B) Each treatment had at least four biological replicates, and the
results were confirmed in at least two independent experiments using
pools of 15 to 20 mosquitoes. (C-E) Hemocytes were counted in 8 to 11
mosquitoes for each treatment, and the results were confirmed in two
independent experiments.
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Transfer of hemolymph from dsDBLOX donor mosquitoes did
not silence DBLOX in the recipients (SI Appendix, Fig. S4).
Indeed, a modest increase in DBLOX expression was observed.
We also confirmed that DBLOX silencing in the donors had no
effect on Evokin expression (SI Appendix, Fig. S5), suggesting
that the lack of HDF activity is due to loss of LXA, synthesis.

Antibodies against recombinant DBLOX detected a single
band under denaturing/nonreducing conditions (Fig. 2F and SI
Appendix, Fig. S2), with an estimated size of 110 kDa under
denaturing/reducing conditions (SI Appendix, Fig. S6). DBLOX
is highly expressed in oenocytes, which form clusters on the fat-
body surface facing the hemocoele (Fig. 3 A and B). Oenocytes
can be readily distinguished from fat-body trophocytes with an
eosin/thiazine stain. Oenocytes have a purple nucleus and a
pink-red cytoplasm, indicative of high-protein content, while
trophocytes present a purple nucleus and a clear cytoplasm
filled with lipid droplets (SI Appendix, Fig. S7).

DBLOX staining is cytoplasmic, with a punctate pattern, and
is also present in lower abundance in the perinuclear region of
fat-body trophocytes (Fig. 3 A and B). The number of oenocytes
in the fat body increased significantly in primed mosquitoes 4 d
postinfection with a significant increase in both the number of
cell clusters (P = 0.0031, Mann—Whitney U test) and number of
cells per body-wall segment (P = 0.0001, Mann-Whitney U test)
(Fig. 3 C-E). Mosquitoes were fed 5-bromo-2’-deoxyuridine
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Fig. 3. Tissue localization of DBLOX expression and effect of Plasmodium
infection on mosquito fat-body oenocytes. (A) DBLOX expression by immu-
nofluorescence staining in the ventral and lateral body wall. Oenocytes
(Oen) are indicated by arrows and trophocytes (Troph) are indicated by
arrowheads. (B) Oenocyte clusters at higher magnification (Upper) and
side view (Lower). The surface of the fat body facing the hemocoele
(hemoc) is indicated. (C-E) Effect of Plasmodium infection on DBLOX-
expressing oenocytes revealed by immunofluorescence staining (C), the
number of oenocyte clusters per body-wall segment (D), and the number
of oenocytes per body-wall segment 4 d after feeding (E). (D and E) Lines
indicate medians that were compared using the Mann-Whitney U test
(**P < 0.01, ***P < 0.001). Cells were counted in 7 to 12 individual mos-
quitoes in each experiment, and the results were confirmed in three inde-
pendent experiments (S/ Appendix, Table S3). [Scale bars, 100 um (A), 10
um (front view) and 20 um (side view) (B), and 15 um (C).]
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(BrdU) to establish whether oenocytes proliferate and undergo
DNA replication in response to priming. Although oenocytes
increased in number, BrdU was not incorporated into their
nuclei, indicating that DNA replication does not take place. In
contrast, BrdU incorporation was often observed in the nuclei
of fat-body trophocytes (SI Appendix, Fig. S8). The increase
in oenocytes is long-lasting, as significantly higher numbers of
clusters and cells per segment were still present 7 d postfeeding
(81 Appendix, Fig. S9 and Table S3).

We explored whether the establishment and persistence of
immune priming are mediated by HATs, enzymes known to
catalyze epigenetic chromatin modifications associated with
long-lasting changes in transcriptional regulation (17, 18). We
evaluated the effect of silencing each of the 10 HATS present in
the A. gambiae genome (AgHATS) on immune priming follow-
ing P berghei infection (Fig. 44). Silencing AGAP000029
resulted in high mortality after blood feeding; thus, it could not
be further evaluated. Of the other nine AgHATS, only silencing
of the homolog of Drosophila Tip60 (AGAP001539; AgTip60)
abolished immune priming (Fig. 44). We confirmed that
dsLacZ injection had no effect on priming, while the propor-
tion of granulocytes no longer increased when AgTip60 was
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Fig. 4. Effect of HAT silencing on priming and proliferation of DBLOX-
expressing oenocytes. (A) Effect of silencing each A. gambiae HAT on
granulocyte priming 4 to 5 d after blood feeding. The numbers below the
x-axis indicate the last five digits (after “AGAP0") of the six-digit reference
accession number of each silenced gene. (B-E) Effect of silencing AgTip60
(AGAP001539) on Plasmodium-induced granulocyte priming 4 to 5 d after
blood feeding (B), HDF activity 4 to 5 d posthemolymph transfer (C), num-
ber of oenocyte clusters (D), and number of oenocytes per segment 4 d
after blood feeding (E). (F) Effect of silencing AgTip60 (TIP60) on immuno-
fluorescence staining of DBLOX in the body wall of naive and challenged
mosquitoes 4 d after blood feeding. Means = SEM are plotted and groups
were compared using Student’s t test (*P < 0.05, **P < 0.01, ****P <
0.0001). (D and E) Cells and clusters were counted in 13 to 15 individual
mosquitoes in each experiment, and the results were confirmed in two
independent experiments (S/ Appendix, Table S4). (Scale bars, 15 um.)
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silenced (Fig. 4B). Furthermore, hemolymph of primed
AgTip60-silenced females no longer had HDF activity when
transferred to nawve mosquitoes (Fig. 4C). The loss of HDF
activity following AgTip60 silencing was also associated with a
lack of increase in the number of fat-body oenocytes, as both
the numbers of clusters and of cells per segment in naive
females were not significantly different from those challenged
with P, berghei (Fig. 4 D-F and SI Appendix, Table S4).

Discussion

DBLOX is a unique enzyme with a duplicated heme peroxidase
domain that is present in insects but not in vertebrates. The
first domain has the predicted substrate binding sites but lacks
the functional residues present in catalytically active enzymes
and has two integrin-binding motifs, typical of peroxinectins
(19). In contrast, the second domain has all the features of a
functional heme peroxidase and one integrin-binding motif
(19). DBLOX is essential for HDF synthesis, but the biochemi-
cal mechanism of LOX-independent lipoxin synthesis in insects
and whether DBLOX directly catalyzes LXA, synthesis remain
to be determined.

Our findings could be explained by a working model in which
the systemic burst of PGE,; released into the hemolymph when
ookinete invasion allows direct contact between the microbiota
and gut epithelial cells (Fig. 5) triggers epigenetic modifications
mediated by AgTip60. Given the essential role of DBLOX and
AgTip60 in HDF synthesis and immune priming, the high
expression of DBLOX in oenocytes, and the sustained increase
in oenocyte numbers mediated by AgTip60, we propose that
the documented enhanced ability of primed mosquitoes to syn-
thesize HDF is achieved, at least in part, through functional
changes in oenocytes. The function of these cells is poorly
understood, but they are known to be involved in biosynthesis
of cuticular hydrocarbon and pheromones (20).

Polyploidy has been documented in several insect tissues
such as the fat body, midgut, muscle, Malpighian tubules, and
nurse cells, and has been reported in several insect species,
including Drosophila melanogaster, Locusta migratoria, A. gam-
biae, and Aedes aegypti (21). This is the result of an endorepli-
cative cycle, also referred to as an “endocycle,” in which cells
undergo successive rounds of DNA replication without an inter-
vening mitosis. Often the endocycle is used to expand the genome
of a group of specialized cells that are highly biosynthetically
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Fig. 5. Working model of innate immune memory in primed A. gambiae mosquitoes. Ookinete invasion allows direct contact between the gut micro-
biota and midgut epithelial cells by disrupting the peritrophic matrix, and triggers the systemic release of PGE, by the midgut. High levels of PGE; result
in higher expression of DBLOX in the abdominal wall. DBLOX is highly expressed in oenocytes, and the numbers of oenocyte clusters and cells per seg-
ment increase constitutively in primed mosquitoes. This increase in oenocytes requires the activity of the HAT AgTip60. Silencing either DBLOX or AgTip60
disrupts the synthesis of the HDF and immune priming. Constitutively high levels of HDF promote hemocyte differentiation to granulocytes and enhance

the immune response to subsequent infections.
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active (22). In lepidoptera, oenocytes undergo terminal differ-
entiation in larval stages. Their nuclear volume increases by
100-fold in early larval stages, as a result of multiple rounds of
genome endoreplication without cell division, and DNA synthe-
sis is no longer observed after the fifth larval instar (23). Mos-
quito larval midgut cells can undergo somatic reduction by cell
division of polyploid cells. It is documented that polyploid
ileum cells in larvae divide and give rise to diploid cells without
going into S phase, the mitotic phase where DNA replication
normally takes place (24-27). Thus, the observed increase in
the number of oenocytes in primed adult mosquitoes appears
to also be the product of somatic reduction due to cell division
without DNA replication. The functional changes of oenocytes
in response to priming, besides the increase in the number of
cells, remain to be defined.

Immune training of human monocytes involves transcrip-
tional and metabolic reprogramming mediated by epigenetic
modifications that allow challenged monocytes to maintain a
prolonged state of enhanced immune function (14, 28). In mos-
quitoes, the persistent release of HDF appears to constantly
retrain circulating mosquito hemocytes. Taken together, our
findings suggest that oenocytes may be functioning as a popula-
tion of cells that are reprogrammed, and orchestrate a long-
lasting state of enhanced immune surveillance in primed
mosquitoes, probably as an important site of LXA, synthesis.
The persistent enhancement of the innate immune response of
primed mosquitoes involves changes in histone acetylation
mediated by AgTip60. Careful characterization of the func-
tional changes in fat-body oenocytes of primed mosquitoes is
warranted, as it could provide new insights into the mechanisms
that enhance HDF synthesis and allow mosquitoes to
“remember” a previous Plasmodium infection. This is a work-
ing model to be refined, challenged, and modified as we learn
more about innate immune memory in insects. Recently,
trained immunity in humans induced by vaccination with the
antituberculosis bacillus Calmette—-Guérin vaccine has received
much attention (28), but little is known about the mechanisms
that establish and maintain this type of broad enhancement of
innate immunity . In A. gambiae, prostaglandins are key to
establish the priming response, while lipoxins maintain a broad
general state of enhanced immune surveillance that is not
pathogen-specific. This begs the question of whether eicosa-
noids may also be important mediators of trained immunity in
humans.

Methods

Animals, Priming, and Granulocyte Counting. A. gambiae (G3 strain) mosqui-
toes were reared at 28°C, 80% humidity, 12-h light/dark cycle. Mosquitoes
were fed 10% Karo syrup solution ad libitum. For Plasmodium
infection—induced priming, the P. berghei Anka GFP strain was used. Mouse
infections were performed through serial passage in 4- to 5-wk-old female
BALB/c mice. A drop of blood was taken from mouse tails 48 to 72 h after pas-
sage, and parasitemia was evaluated on Giemsa-stained, methanol-fixed
blood smear slides. For mosquito infections, mice carrying 3 to 5% parasitemia
infections were chosen. After infection, mosquitoes were kept at 19°C, 80%
humidity, 12-h light/dark cycle until the day of sample processing. Animal
studies were done according to the NIH animal study protocol (ASP) approved
by the NIH Animal Care and Use Committee, with approval ID ASP-LMVR5.
Public Health Service Animal Welfare Assurance A4149-01 guidelines were
followed according to the NIH Office of Animal Care and Use.

Alternatively, mosquitoes were primed by injection of cell-free hemolymph
transfer from challenged mosquitoes as previously described. Hemolymph
was collected from pools of 10 females perfused with 10 pL of a modified anti-
coagulant buffer (95% Schneider’s medium, 5% citrate buffer). The pool of
hemolymph was centrifuged at 9,300 x g for 10 min at 4°C and the cell-free
supernatant was transferred and stored at —80 °C. Cell-free hemolymph chal-
lenge was done by injecting 138 nL cell-free hemolymph into a 3-d-old sugar-
fed naive mosquito. For PGE; priming, an aliquot of ethanol-diluted PGE, was
dried in a nitrogen gas stream and resuspended in anticoagulant buffer, and
PGE, was injected into 3-d-old sugar-fed naive mosquitoes.
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For granulocyte counting, hemolymph was collected from females
perfused with 10 pL of hemocyte counting buffer (10% fetal bovine serum,
30% citrate buffer in Schneider’s medium). Collected samples were applied to
sterile hemocytometer slides and granulocytes were counted under a light
microscope as the relative number of cells against total hemocyte numbers.

Sua Cell Culture and Priming. Sua cells were grown on Sua cell media (10%
fetal bovine serum, 1,000 IU/mL penicillin, 1 mg/mL streptomycin on
Schneider’'s media) at 28 °C and passed at 80 to 90% confluence. For bacteria
challenge, 10 mg/mL Escherichia coli acetone powder was added to the cell
media and cells were incubated for 20 h. Then, cells were extensively washed
with cell media and incubated overnight. The next day, media were removed
and cells were processed.

Gene Expression Analysis. For gene expression analysis, midgut and abdomi-
nal fat-body specimens from 15 to 20 females per group were dissected. RNA
samples from dissected midguts were obtained using the RNeasy RNA Extrac-
tion Kit (Qiagen) following a standard protocol. Hemolymph samples were
prepared by perfusing mosquitoes with 5 pL of a modified anticoagulant
buffer (95% Schneider’s medium, 5% citrate buffer) into TRIzol (Invitrogen).
Fat body RNA and Sua cell samples were prepared by a standard TRIzol (Invi-
trogen) protocol. The RNA concentration was measured using a NanoDrop
(Thermo Fisher Scientific) and complementary DNA (cDNA) samples were pre-
pared with the QuantiTect Reverse Transcription Kit with DNA wipeout
(Qiagen) following a standard protocol. Relative gene expression was ana-
lyzed by gRT-PCR using the DyNamo SYBR Green qPCR Kit (Thermo Fisher
Scientific) and a CFX96 Real-Time PCR Detection System (Bio-Rad). Data
analysis was done using the AACt method. The list of primers used is available
in S| Appendix, Table S5.

Sua Cell Protein Fractionation. For Sua cell protein fractionation, the cell
media were removed and cold 0.2 mM phenylmethanesulfonylfluoride
(PMSF) in phosphate-buffered saline (PBS) was added. Cells were scraped and
centrifuged (5 min, 5,000 rpm, 4°C). The pellet was resuspended in protease
inhibitor-supplemented cold buffer A (1.5 mM MgCl,, 10 mM KCl, 0.5 mM
dithiothreitol [DTT], 0.2 mM PMSF, 10 mM Hepes, pH 7.9) and incubated on
ice for 10 min. Then, cells were vortexed and centrifuged (5 min, 5,000 rpm,
4°C). The supernatant (soluble; cytoplasmic fraction) was stored. The pellet
was resuspended in protease inhibitor-supplemented cold buffer C (25% glyc-
erol, 420 mM NacCl, 1.5 mM MgCl,, 0.2 mM ethylenediaminetetraacetate
[EDTA], 0.5 mM DTT, 0.2 mM PMSF, 20 mM Hepes, pH 7.9), incubated on ice
for 20 min, and centrifuged (10 min, 20,000 x g, 4°C). The supernatant was
stored and the pellet (insoluble; membrane fraction) was resuspended in solu-
bilization buffer (150 mM NaCl, 5 mM EDTA, 2% sodium dodecyl sulfate
[SDS], 1 mM Tris-HCl, pH 7.5) and stored at —70°C.

Recombinant Evokin Protein Expression and Purification. The mature full-
length AGAP009281-PA coding sequence was codon-optimized for E. coli cell
expression and synthesized by Bio Basic, Amherst, NY, a gift from Eric Calvo
(LMVR, National Institute of Allergy and Infectious Diseases [NIAID], NIH). A
histidine tag was added to the AGAP009281-PA construct by PCR amplifica-
tion (S/ Appendix, Table S1) and subcloned by In-Fusion (Clontech) into a
PET17 vector (EMD Millipore) between Ndel and Xhol sites, with primers
INFEVO17 (S/ Appendix, Table S1). The construct was expressed in BL21 E. coli
(Invitrogen). A Hepes-buffered saline (20 mM Hepes, pH 7.5, 150 mM Nacl)
8 M urea solution containing inclusion bodies of cultures induced for 3 h at
37°C with 1 mM isopropyl B-o-thiogalactopyranoside (IPTG) (Sigma) was puri-
fied by nickel affinity chromatography and stored after being dialyzed in
Hepes-buffered saline.

Recombinant DBLOX Protein Expression and Purification. A region of the sec-
ond domain of the A. gambiae DBLOX (AGAP008350/DBLOX) coding
sequence was amplified (N693 to T1319) and subcloned into a pET17B plasmid
with primers containing a hexahistidine tag at the C terminus (S/ Appendix,
Table S2). The DBLOX domain 2 construct was expressed in One Shot
BL21(DE3)pLysE T7 Competent E. coli (Thermo Fisher Scientific) (S/ Appendix,
Table S2). E. coli transformed with the DBLOX domain 2 construct were grown
at 37 °C with vigorous shaking until reaching an optical density of 0.4 to 0.6,
at which point 1 mM IPTG was added to induce expression for 4 h. Pelleted
E. coli were sonicated in a solution containing 8 M urea in Hepes-buffered
saline (20 mM Hepes, pH 7.5, 150 mM NaCl) to solubilize inclusion bodies, and
then purified in a column using HisPur Ni-NTA resin (Thermo Fisher Scientific)
for affinity chromatography.

Mouse and Rabbit Immunizations. All animal procedures were performed
according to protocols approved by the NIAID and NIH Animal Care and Use
Committee. Female BALB/c mice, 5- to 8-wk-old naive, were purchased from
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Charles River and maintained at a facility at the NIH. Groups (n = 5) of female
BALB/c mice were immunized subcutaneously in their ears with a 20-uL solu-
tion that contained 5 pg of Hepes-buffered saline-dialyzed recombinant
AGAP009281-PA protein emulsified in Magic mouse adjuvant (Creative
Diagnostics; CDN-A001). The immunized mice were boosted twice at 2-wk
intervals with the same quantity of protein. Blood was collected on day 0
(preimmune sera) and 2 wk after each subsequent immunization for analysis
of antibody titer or terminal bleeding. Purified recombinant DBLOX protein
was run by SDS—-polyacrylamide-gel electrophoresis, excised from the gel,
homogenized, and used to generate rabbit antiserum (Noble Sciences).
Briefly, rabbits were immunized four times at 3-wk intervals. The initial injec-
tion was performed with Freund’s complete adjuvant and subsequent injec-
tions were with Freund's incomplete adjuvant. Blood was collected on day 0
(preimmune sera) and 2 wk after each subsequent immunization. The antise-
rum from the final blood collection was used for immunostaining and West-
ern blotting experiments.

Western Blot. Homogenate samples were boiled in NUPAGE LDS sample
buffer (Thermo Fisher Scientific) and separated using a 12% Bis-Tris gel. The
proteins were transferred to a nitrocellulose (Evokin) or polyvinylidene fluo-
ride membrane (DBLOX), and blocked for 4 h in blocking buffer (5% nonfat
dry milk in 0.1% Tween 20, Tris-buffered saline; TBST). Proteins were incu-
bated with primary antibodies diluted in blocking buffer at the following con-
centrations: anti-Evokin: 1:1,000; anti-DBLOX: 1:2,000. The membranes were
subsequently washed three times in TBST and incubated with goat anti-
mouse or anti-rabbit secondary antibodies conjugated to alkaline phospha-
tase at a 1:5,000 dilution. The membranes were developed using Western
Blue Stabilized Substrate for Alkaline Phosphatase (Promega).

To remove unspecific antibodies that could target E. coli proteins, DBLOX
serum was diluted and preabsorbed twice for 30 min with E. coli acetone
powder immediately before it was used. Briefly, One Shot BL21(DE3)pLysE T7
Competent E. coli (Thermo Fisher Scientific) were grown overnight at 37°C,
pelleted, and resuspended on 0.9% NaCl. The E. coli were lysed and dehy-
drated using acetone, pelleted, and crushed into a fine powder and washed
three times with PBS. For preabsorption, 1% (weight/volume) of the powder
pellet was used.

Immunohistochemistry. Mosquitoes were individually injected with 207 nL of
16% paraformaldehyde and left for 20 s. Then, in 1x PBS, the mosquito abdo-
men was separated from the head and thorax, and the midgut, ovaries, and
Malpighian tubes were removed. The abdomens were cut longitudinally
through the dorsal region resulting in a flat, open tissue with an exposed fat
body. Opened abdomens were immediately placed into 4% paraformalde-
hyde and left to fix for 30 min. The tissues were washed twice with 1x PBS and
then delipidated in ice-cold ethanol in a stepwise manner starting with 20%
up to 80% in 20% intervals, and then back down. Tissues were washed twice
with 1x PBS and then placed into 4% paraformaldehyde and left for 1 h with
gentle shaking. Fixed tissues were washed twice with 1x PBS, and washed
three times with PBST (PBS, 0.1% Triton) for 5 min each. Tissues were blocked
in blocking buffer (2% bovine serum albumin [BSA], 0.1% gelatin, in PBST) for
2 h at room temperature and incubated overnight at 4°C with the rabbit
DBLOX primary antibody diluted 1:1,500 in blocking buffer and preabsorbed
with E. coli acetone powder twice, as previously described. Tissues were
washed with blocking buffer and then blocked in blocking buffer with 20%
goat serum for 1 h and incubated for 2 h at room temperature with a goat
anti-rabbit Alexa Fluor 594 secondary antibody (Thermo Fisher Scientific)
diluted 1:1,000 in blocking buffer with 20% goat serum. Tissues were washed
with blocking buffer and then PBST and labeled with phalloidin 488 (1:40)
and Hoechst (1:10,000) for 30 min and then incubated in PBS, 10% glycerol
for 20 min before mounting on slides in ProLong Gold mounting media
(Molecular Probes).

Double-Stranded RNA Synthesis and Gene Silencing. To prepare double-
stranded RNA (dsRNA) for gene silencing, a cDNA template of challenged
mosquitoes was first amplified by PCR using primers with flanking T7 pro-
moter recognition sequences (S/ Appendix, Table S5). Following amplification,
PCR products were purified using the QIAquick PCR Purification Kit (Qiagen)
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and dsRNA was synthesized using the MEGAscript RNAI Kit (Ambion) accord-
ing to the manufacturer’s instructions. For gene silencing, 69 to 128 nL of
3 pg/pL dsRNA was injected into 2- to 3-d-old naive females.

BrdU Proliferation Assay for Body Walls. Three- to 4-d-old females were
treated with 1 mg/mL BrdU (Sigma-Aldrich) in sugar for 3 d before feeding on
a naive or P. berghei-infected mouse. Mouse feeding and infection were per-
formed as described above. Mosquitoes were placed at 21 °C for 48 h to allow
ookinete invasion and priming, and then cages were transferred to 28 °C until
dissection, 4 d postinfection. Body walls were dissected in PBS and immedi-
ately placed in 4% paraformaldehyde for 30 min at room temperature, briefly
transferred to 80% ethanol for 3 min, and fixed again in 4% paraformalde-
hyde for 1 h at room temperature. The tissues were treated with sodium cit-
rate to open the chromatin and allow BrdU detection. Tissues were placed in
tubes with 1 mM sodium citrate (pH 6) and steamed at 99 °C for 15 min. After
this treatment, tissues were rinsed twice and washed three times with PBS,
0.1% Tween for 5 min each, and blocked for 1 h at room temperature with
PBS, 0.1% Tween, 2% BSA. They were then placed in blocking solution con-
taining rabbit anti-DBLOX antibody (1:1,000) and mouse anti-BrdU antibody
(1:100) (Invitrogen; B35128; MoBU-1) overnight at 4°C. The next day, body
walls were washed three times with blocking buffer (10 min each), and then
incubated with goat anti-rabbit immunoglobulin G (IgG)-Alexa Fluor 594
(Invitrogen) (1:1,000) and goat anti-mouse IgG-Alexa Fluor 488 (1:2,000) (Invi-
trogen) diluted in blocking buffer at room temperature for 2 h. Tissues were
washed twice in blocking buffer and then twice more in PBS, 0.1% Tween
before being placed in ProLong Gold mounting media (Invitrogen). Counter-
staining was performed with phalloidin 647 (1:40) and Hoechst 405 (1:10,000).

Whole-Mosquito Sample Preparation, Pretreatment, and Bright-Field Micros-
copy. Whole mosquitoes were fixed in 4% paraformaldehyde, processed on
the Leica ASP 6025, and then embedded in histology-grade paraffin. Samples
were sectioned at 5 um. Tissue section pretreatment was performed on the
Leica Bond RX. Sections were baked for 30 min at 60 °C and then dewaxed for
305 in Bond Dewax solution (Leica) heated to 72 °C and rehydrated with abso-
lute ethanol washes and 1x ImmunoWash (StatLab). Sections subsequently
underwent a 20-min treatment in Epitope Retrieval solution 1 (Leica) heated
to 100°C. Slides were placed in 1x PBS (Roche) following the pretreatment
steps. Then, sections were stained with Hemacolor Rapid staining solutions I
and Il (Sigma-Aldrich). Briefly, after sample dewaxing and rehydration, sec-
tions were removed from the wash buffer and incubated with Hemacolor
solution Il (eosin Y) for 2 min, followed by incubation with Hemacolor solution
Il (thiazine) for 3 min. Slides were rinsed in distilled water and dipped twice in
differentiation solution (0.25% acetic acid in water), rinsed in water, dipped
twice in 70% ethanol, then twice in 100% ethanol, and finally twice in a xyle-
ne:ethanol (1:1) solution. Slides were air-dried and mounted with a coverslip
using Entellan (Sigma-Aldrich). Mosquito sections were observed and imaged
using bright-field microscopy on a Leica DMI6000 (Leica Microsystems).

Identification of Oenocytes in the Fat-Body Tissue. Mosquito oenocytes were
identified based on their distinctive morphology, as they form characteristic
cell clusters, predominantly ventral, clumps on the hemolymph surface of the
fat body (29). Eosin and thiazine staining of the fat body from adult mosquito
females revealed trophocytes with a clear cytoplasm, characteristic of cells
with large lipid droplets, and a dark purple nucleus. Oenocytes are located fac-
ing the surface of the fat body facing the hemocoele, and form cell clusters
that have a cytoplasm denser than that of trophocytes and which stains with a
red hue, indicative of high-protein content (S/ Appendix, Fig. S7).

Data Availability. All study data are included in the article and/or S/ Appendix.
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