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Parasitic nematode secreted
phospholipase A2 suppresses
cellular and humoral immunity
by targeting hemocytes in
Drosophila melanogaster

Sophia C. Parks1†, Ogadinma K. Okakpu1†, Pakeeza Azizpor1,
Susan Nguyen1, Stephanie Martinez-Beltran1, Isaiah Claudio1,
Kyle Anesko1, Anil Bhatia2, Harpal S. Dhillon1

and Adler R. Dillman1*

1Department of Nematology, University of California, Riverside, CA, United States, 2Metabolomics
Core Facility, IIGB, University of California, Riverside, CA, United States
A key aspect of parasitic nematode infection is the nematodes’ ability to evade and/

or suppress host immunity. This immunomodulatory ability is likely driven by the

release of hundreds of excretory/secretory proteins (ESPs) during infection. While

ESPs have been shown to display immunosuppressive effects on various hosts, our

understanding of the molecular interactions between individual proteins released

and host immunity requires further study. We have recently identified a secreted

phospholipase A2 (sPLA2) released from the entomopathogenic nematode (EPN)

Steinernema carpocapsae we have named Sc-sPLA2. We report that Sc-sPLA2
increased mortality of Drosophila melanogaster infected with Streptococcus

pneumoniae and promoted increased bacterial growth. Furthermore, our data

showed that Sc-sPLA2 was able to downregulate both Toll and Imd pathway-

associated antimicrobial peptides (AMPs) including drosomycin and defensin, in

addition to suppressing phagocytosis in the hemolymph. Sc-sPLA2was also found to

be toxic toD.melanogasterwith the severity being both dose- and time-dependent.

Collectively, our data highlighted that Sc-sPLA2 possessed both toxic and

immunosuppressive capabilities.

KEYWORDS

sPLA2, Steinernemacarpocapsae, immunemodulation,Drosophila, host-parasite interactions
Introduction

Nematode parasitism is an important global health and agricultural issue, responsible

for significant morbidity and mortality to humans, illness to livestock, and a reduction of

global crop yields (1–3). Parasitic nematodes have ravaged human populations, with over

1.5 billion people being infected by soil-transmitted helminths alone (4). This issue is
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further compounded by recurrent reinfection and emerging drug

resistance. Parasitic nematodes are thus very effective parasites,

capable of evading and compromising the immune response of

various hosts including insects and vertebrates (5–7). Despite the

vast clinical knowledge on parasitic nematode infections, our

understanding of the mechanisms that underlie helminths’ ability

to modulate host immunity remains incomplete. By elucidating the

molecular mechanisms of parasitic nematode immunomodulation,

more effective anti-helminthic therapeutics can be produced, as well

as potential therapeutics for treating human immune pathologies

such as autoimmune diseases.

Parasitic nematodes are able to evade and alter host immunity via

their release of excretory/secretory proteins (ESPs). ESPs consist of a

variety of proteins that have effects ranging from metabolic

breakdown of host tissue to immunomodulatory capabilities.

Immunomodulatory proteins are able to promote the survival of

parasitic nematodes during infection by strategically altering the

activation of the host immune response (8). Characterization of

individual proteins has remained challenging due to the technical

obstacles of vertebrate model systems for testing hypotheses of

potential effector proteins. Utilization of insect model systems

however, has resulted in molecular characterization of individual

proteins found in EPN ESPs (9). Due to the high homology EPN

ESPs have with nematode parasites of vertebrates such as

Strongyloides stercoralis, the molecular mechanisms of their ESPs

are likely conserved (10–12). Effector proteins of the EPN

Steinernema carpocapsae were assessed using the host Drosophila

melanogaster due to its highly conserved innate immune system, with

key immune signaling pathways and transcription factors resembling

those in mammals (13). The D. melanogaster immune response

includes a humoral and a cellular component (14, 15). The

humoral immune response activates genes needed to synthesize

and secrete antimicrobial peptides (AMPs) from the fat body into

the hemolymph (16–18). Cellular immune responses are regulated by

hemocyte function (19). Hemocytes regulate several cellular response

mechanisms including cell aggregate formation, phagocytosis,

melanization, and encapsulation which aid in fighting infections

(20, 21). Melanization occurs after the production of phenoloxidase

(PO) via up-regulation of prophenoloxidase (22, 23). PO serves as a

catalyst for melanization by mediating the oxidation of mono- and

di-phenols to quinones and is then followed by subsequent

polymerization to form antimicrobial melanin (24, 25). This

process ultimately results in the generation of reactive oxygen

species (ROS) lethal to microbes (24). Activation of the immune

response is generally regulated by two NF-kB signaling pathways:

Toll and Imd which are similar to human toll-like receptors (TLR)

and tumor necrosis factor (TNF) signaling respectively (14).

Activation of these pathways is thought to be pathogen specific and

depend on external cellular properties such as cell wall composition.

Systemic production of specific AMPs via the humoral response is

dependent on whether the Toll or Imd pathway is activated (26–28).

EPNs must evade, suppress, and/or modulate the insect immune
Frontiers in Immunology 02
response by releasing effector proteins during infection to survive and

complete their life cycle.

One family of effector proteins identified in the EPN S.

carpocapsae was the secretory phospholipase A2 proteins (sPLA2)

(29). The sPLA2 proteins are low molecular weight (13-19 kDa),

and are Ca2+-dependent secretory enzymes that consist of 12

groups (30). In insects, PLA2 function has been shown to play a

role in digestive physiology, immunity, reproduction, and fat body

function (31). Insect PLA2 components of venom have been shown

to cause pathologies such as anaphylaxis by eliciting cellular

membrane disruption, inflammation, cellular necrosis, apoptosis

induction, neurotoxicity, and hemolysis (32). PLA2 function is

characterized by the ability to cleave cellular, non-cellular, and

exogenous phospholipids to generate the eicosanoid precursor

arachidonic acid (AA) along with saturated, monounsaturated,

and polyunsaturated fatty acids (PUFAs) (33, 34). PUFAs

generated include w-3 eicosapentaenoic acid (EPA) and

docosahexaenoic acid (DHA), both of which are precursors of

anti-inflammatory lipid mediators (35, 36). Free AA produced by

PLA2s are oxygenated by cyclooxygenase (COX) to yield

prostaglandins (PGs), and by lipoxygenases (LOX) to yield

leukotrienes (LTs). Cytochrome P450 monooxygenase can also

change a double bond in AA to an epoxide, leading to the

production of epoxyeicosatrienoic acids (EETs) (37). Most

terrestrial insects, however, lack AA-derived PUFAs, as their

endogenous PLA2s cleave linoleic acid (LA) which can be

converted to AA by desaturases and long chain fatty acid

elongase (38, 39). The newly formed AA can then undergo

further conversion to a PGH2, which possesses a five membered

ring structure that is characteristic of PGs, before further conversion

to PGs via cell specific enzymes. It has been reported that AA is not

converted to PGH2 by COX in insects. It is instead converted to

PGH2 via an insect peroxidase called peroxinectin (40, 41). PGH2 is

then converted into cell specific PGs via cell specific enzymes, such

as PGE2 synthase converting PGH2 into PGE2 (42). PGs are

involved multiple physiological roles in insects such as eggshell

production, signaling of actin remodeling, regulation of actin

bundle formation during oogenesis in Drosophila, and regulation

of fascin localization to the nucleus (43–45). PGs play crucial roles

in immune responses in insects by mediating the activation of

hemocyte-spreading behavior involved in phagocytosis, nodulation,

and encapsulation (37, 46).

This study characterizes the immunomodulatory effects of Sc-

sPLA2 (gene L596_023809) on D. melanogaster against bacterial

infection. Survival and bacterial proliferation were assessed after a

one-time coinjection of Sc-sPLA2 and bacteria. Toxicity of the

protein was also measured by administering a one-time dose of

Sc-sPLA2 to D. melanogaster. To understand the mechanisms

contributing to immunosuppression, readouts of downstream

immune responses were assessed, including AMP production, PO

activity, and phagocytosis. Metabolomic analyses were conducted

on hemolymph of flies treated with Sc-sPLA2 to screen for changes
frontiersin.org
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in lipid metabolite and fatty acid composition. A cell lysis assay was

used to determine whether toxicity was linked to lysis of host cell

membranes, and hemocyte perfusion was performed to see if

hemocyte circulation was affected by treatment with Sc-sPLA2.
Results

Sc-sPLA2 has a toxic and
immunomodulatory effect

An enzymatic assay was used to quantify the biological activity

of recombinantly expressed Sc-sPLA2 and a catalytically inactive

mutant Sc-sPLA2 (HH82-83QQ). Each protein was tested with a

Red/Green BODIPY labeled phosphatidylcholine (PC) substrate,

and fluorescence emission intensity was measured and reported as a

ratiometric value. The mutant sPLA2 displayed significantly less

activity than the wild type with a fluorescent 515/575 ratio close to

0, while the wild type displayed a fluorescent 515/575 ratio of over

1.5 (Figure 1A). Prior to assessing potential immunomodulatory

phenotypes, a dose response for potential toxicity of Sc-sPLA2 was

measured. Toxicity increased as the dose increased where 5 ng of

Sc-sPLA2 elicited minimal toxicity with over 90% survival rate by

day 5, while 40 ng showed only a 65% survival rate in the same time

frame (Figure 1B). Denatured protein displayed no toxicity

throughout the 20-day period post injection, while all doses of Sc-

sPLA2 had an increase in toxicity after day 15 post injection

(Figure 1B). To determine if the toxicity was linked to cell lysis, a
Frontiers in Immunology 03
cell lysis assay was performed withD. melanogaster Schneider 2 (S2)

cells. Cells were treated with Sc-sPLA2 or bee venom sPLA2, which

was screened for activity prior to experimentation to confirm

enzymatic function (Supplementary Figure 3). The Sc-sPLA2 did

not cause cell lysis, while the bee venom PLA2 showed an increase in

cell lysis by significantly reducing the amount of live cells (8%

reduction), showing that our findings are consistent with previous

reports (Figure 1C) (47). After evaluation of toxicity, each dose of

Sc-sPLA2 was then coinjected with 2,000 cells S.p. (LD10) where we

observed a significant reduction in survival after a one-time dose

over the course of 20 days (Figure 2A). Sc-sPLA2 significantly

reduced the survival rate at each dose with the highest reduction

observed at a dose of 40 ng which displayed a survival rate of only

20% after day 1 (Figure 2A). Microbial growth was also measured 24

hours post coinjection. We observed a significant increase in

microbial load, approximately a 10-fold increase at 40 ng

(Figure 2B). The mutant Sc-sPLA2 (HH82-83QQ) showed no

change to the survival of the fl ies during coinjection

(Supplementary Figure 1), confirming that the enzymatic activity

of Sc-sPLA2 was responsible for the immunomodulatory

phenotypes observed.
Sc-sPLA2 suppresses specific downstream
immune responses

To better understand how Sc-sPLA2 modulates immunity, we

evaluated several readouts of immunity including PO activity and
A B C

FIGURE 1

Survival rate of sPLA2-only injected flies shows a dose-dependent toxic effect not caused by cell lysis. (A) In vitro activity data of Sc-sPLA2 and
mutant Sc-sPLA2 (HH82-83QQ) at 10 µg each. Fluorescent emission intensity was measured at 515 and 575 nm and recorded as a ratiometric value.
Negative control was subtracted as background from both absorbance values before calculating the ratio. Substrate used was a Red/Green Bodipy
labeled PC. Experiment was done in triplicate. Statistics shown as unpaired t-test, error bars depict mean with SEM, p=0.0002, 4 degrees of
freedom, n=3. (B) To measure the toxicity of the S. carpocapsae sPLA2, 5–7-day old male flies were injected with various concentrations of protein
and their survival was monitored for 20 days. Denatured protein shows no toxicity, and the intact protein shows a dose-dependent toxic effect with
40 ng showing the most significant toxicity. Survival curves n≥180. Log-rank test p-value significance compared to denatured 40 ng indicated by
asterisks on Kaplan Meier graphs. 5, 10, 20, and 40 ng p<0.0001. Median survival is undefined for denatured, mutant, 5, and 10 ng, 19 days for 20 ng,
and 14 days for 40 ng. (C) Quantification of cell lysis was measured by % of live cells after staining with a Bio-Rad TC20 automated cell counter. Sc-
sPLA2 showed no significant changes to the % of live cells, while bee venom sPLA2 had a significant reduction which indicated an increase in cell
lysis. Reactions were done in triplicate. Statistics shown as ordinary one-way ANOVA with Dunnett’s multiple comparisons test p=0.0222, error bars
depict mean with SEM, 8 degrees of freedom, n=3. All raw data available in Supplemental Materials. ns, not significant.
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AMP production. PO activity serves as a catalyst for melanization.

Flies were coinjected with Sc-sPLA2 and Listeria monocytogenes, a

bacterium that elicits a robust disseminated melanization

phenotype, to measure any changes to PO activity (24, 48).

Treatment with Sc-sPLA2 showed no significant changes to PO

activity compared to the Listeria-only group (Figure 3A). To further

evaluate specific downstream immune responses, AMP production

was measured 24-hours postinjection. The protein treatment

significantly reduced expression of defensin (Imd), metchnikowin

(Imd), diptericin (Toll), and drosomycin (Toll), suggesting a

suppressive effect on the Toll and Imd pathways (Figure 3B)

(27, 28).

Phagocytosis is another important downstream immune

process that is regulated by the cellular branch in insect

immunity (20, 21). Phagocytic activity in D. melanogaster was

visualized and quantified via injection of fluorescently labeled

conjugates of E. coli that fluoresce after exposure to the

lysosome’s low pH environment. These conjugates were

coinjected with Sc-sPLA2 to assess any changes in phagocytosis.

We found that a one-time dose of 40 ng of Sc-sPLA2 was able to

significantly decrease phagocytosis activity 1-hour post injection

(Figures 3C, D). Flies with the 40 ng dose had an average CTF of

about 2.5*107, while the negative control had a CTF of about

3.3*107. 5 ng and 10 ng doses showed no significant effect on

fluorescent change (Figure 3E). We evaluated if Sc-sPLA2 targeted

circulating hemocytes by measuring hemocyte concentration 1-

hour post injection with enzyme. Flies injected with 40 ng of Sc-

sPLA2 had an average hemocyte concentration of 20 cells/ml. The
negative control group (PBS) had an average concentration of 28

cells/ml, and the positive control group (20 ng bee venom sPLA2)

had an average concentration of 14 cells/ml (Figure 3F). This result
Frontiers in Immunology 04
ultimately shows that Sc-sPLA2 is having a suppressive effect on the

cellular and humoral responses of D. melanogaster immunity by

targeting circulating hemocytes.
Sc-sPLA2 displays exponentially higher
activity with PLPE and AA

To better understand the effect of Sc-sPLA2 on lipid metabolism

and which phospholipid sources were a preferred target for this

enzyme, we utilized lipidomics by performing a high-throughput

mass spectrometric based assay (49). This assay revealed the in vitro

activity of Sc-sPLA2 towards both natural and synthetic membrane

phospholipids in mixed micelles. First, we explored preference of

Sc-PLA2 for phospholipid head group by using four major

phospholipid head groups for the sn-3 position which included

phosphoethanolamine (PE), phosphoserine (PS), phosphoglycerol

(PG), and phosphocholine (PC). For the sn-1 position we utilized

palmitic acid due to its ability to be produced de novo in Drosophila

(50). Previous studies showed that the sn-1 fatty acid did not affect

the activity of PLA2s and thus we did not conduct optimization for

that position (49). For optimization and head group studies we

utilized linoleic acid (LA) at the sn-2 position since it is the most

abundant PUFA in D. melanogaster (50). Reactions were run for 30

minutes as it was determined in previous studies to be the most

optimal time for multiple PLA2s (49). Surfactant concentration and

enzyme concentration optimization reactions were conducted to

determine the conditions to use for downstream experimentation

(Supplementary Figure 2). For determining Sc-sPLA2 preference for

phospholipid head groups, we used the lipid substrate 1-palmitoyl-

2-linoleoyl-sn-glycero-3-phosphox where “x” represents one of the
A B

FIGURE 2

Sc-sPLA2 elicits a dose-dependent immunomodulatory effect on survival and 24-hour CFUs in Streptococcus pneumoniae and sPLA2 coinjections.
(A, B) 5–7-day old male flies were coinjected with 2,000 cells of S.p. and various nanogram doses of sPLA2. (A) Their survival was monitored for 20
days, showing a significant reduction in the outcome of survival in all doses compared to the S.p. only injected flies. Log-rank test p-value
significance indicated by asterisks on Kaplan Meier graphs, n≥180. All doses were compared to S.p.-only dose, 5 ng p=0.0067, 10, 20, and 40 ng
p<0.0001. Median survival of 20 days for S.p.-only, 17 days for 5 ng, 7 days for 10 ng, 5 days for 20 ng, and 1 day for 40 ng. (B) CFUs were measured
24-hours after injection and the 40 ng dose shows a significant increase in microbe load compared to the S.p.-only control group. Statistics shown
as ordinary one-way ANOVA with Dunnett’s multiple comparisons test p=0.0008 with 118 degrees of freedom. Error bars show mean+SEM, n≥24.
When compared to the 40 ng dose, the 5 and 10 ng doses were not significant while 20 ng was significantly lower (p=0.0370). All raw data available
in Supplemental Materials. ns, not significant.
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four major lipid head groups. Thus, the lipid headgroup substrates

utilized for the reaction were PLPE, PLPS, PLPG and PLPC. The

experiment showed that activity towards PLPE by Sc-sPLA2 was

exponentially higher than all other headgroups (Figures 4A, B).

Interestingly, PE abundance has been linked to Toll pathway

expression in D. melanogaster (51). We performed subsequent

experiments using lipid substrates with the PE headgroup to

determine Sc-sPLA2 fatty acid preference at the sn-2 position. The

fatty acids used were oleic (OA), LA, and arachidonic acid (AA).

OA was selected as it is an 18-carbon fatty acid with high abundance

in D. melanogaster and can be converted to LA (52, 53). LA and AA

are precursors to immunomodulating eicosanoids with AA being

the most common precursor in mammals (33, 36, 54). We found
Frontiers in Immunology 05
that Sc-sPLA2 displayed high activity to both LA and AA in

comparison to OA (Figure 4C). Overall, these data illustrate that

Sc-sPLA2 displays high activity with lipid species that have

downstream effects on immunity.
Sc-sPLA2 alters fatty acid composition
in vivo

To further elucidate the underlying molecular mechanisms of

Sc-sPLA2’s immunomodulatory effects, we used mass spectrometry

to analyze the hemolymph of protein-injected flies. A targeted

approach allowed for identification of known fatty acids and lipid
A B C

D

E F

FIGURE 3

Specific downstream immune responses are affected by Sc-sPLA2. (A) Phenoloxidase activity was measured 6 hours after injection with either PBS
control, 10,000 cells Listeria monocytogenes, a known melanizer, or L.m. plus protein. An increase in PO activity was observed in the bacteria
injected group but was not altered by the presence of protein. Experiments were completed 5 times with 30 flies in each treatment group. Statistics
shown as ordinary one-way ANOVA with Dunnett’s multiple comparisons test L.m. p<0.0001, 40 ng p=0.0003 with 14 degrees of freedom, error
bars depict mean with SEM. (B) Antimicrobial peptide production was measured by quantitative PCR 24 hours after injection with S.p. or S.p. plus
protein. Four different AMPs were measured, Drosomycin (Toll), Defensin (Imd), Diptericin (Imd), and Metchnikowin (Toll) were all decreased after
protein injection. Statistics shown as 2-way ANOVA with a Tukey multiple comparisons test, p<0.0001 for all sets with 16 degrees of freedom.
Experiments repeated 3 times with 15 flies in each group. (C) Phagocytic activity was measured with the pHrodo assay showing fluorescence once
phagocytosed. pHrodo only injected flies show higher amounts of fluorescence. (D) Fluorescence is decreased in flies injected with 40 ng of sPLA2

protein. Representative images are depicted. (E) We found the 40 ng dose of sPLA2 protein to significantly reduce phagocytosis one hour post
injection. The 5 and 10 ng doses are not significantly different from the 40 ng sPLA2 dose. Statistics shown as ordinary one-way ANOVA with
Dunnett’s multiple comparisons test p=0.0243 with 35 degrees of freedom. Experiments were repeated 3 times with 3 flies per group. (F) We found
that 40 ng dose of sPLA2 protein had a significant reduction of circulating hemocytes one hour post injection. Each experiment was repeated 3
times with 10 flies in each group for every treatment. Statistics shown as ordinary one-way ANOVA with Tukey’s multiple comparisons test. Asterisks
indicating the following p-value cut offs: 0.05-0.033*, 0.033-0.002**, 0.002-0.0001*** and <0.0001****. ns, not significant.
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metabolites that were altered after treatment with the protein.

sPLA2 activity produces lipids that can have roles as immune

mediators and thus we anticipated this experiment would identify

fatty acids and lipid metabolites with a significant role in insect

immunity (30). The lipid panel for the mass spectrometry analysis

consisted of 33 lipids. 24 fatty acids were detected in the fly

hemolymph, including C20, C22, C23, C24, C26 fatty acids

(Figure 5). When comparing the Sc-sPLA2 treatment group to the

PBS control, we observed an increase in LA, OA, and palmitoleic

acid (PA-16:1), with a decrease in myristic acid (MA-14:0). When

compared to the mutant control group, Sc-sPLA2 elicited the same

significant changes except it did not significantly change PA, and no

significant changes in lipid profiles between the PBS and mutant

control groups were observed (Figure 5). Out of the downstream

oxylipin metabolite library used for further analysis we saw

significant abundance of 17 different lipid metabolites, with Sc-
Frontiers in Immunology 06
sPLA2 causing a significant reduction of 9, (10)-, and 12, (13)-

EpOME at 12-hours post-injection (Supplementary Figure 4).
Discussion

It has been well established that sPLA2 activity plays an

important role in immune response by cleaving PUFAs such as

AA from glycerophospholipids resulting in production of

downstream immunomodulatory eicosanoids (33, 34). While this

process is well defined in mammals, the presence of lipid signaling

in insect immunity has not been validated and has even been

disputed due to their lack of C20 and C22 PUFAs necessary for

eicosanoid production (55). It has been recently reported however,

that insects are able to generate eicosanoids and their precursor AA

by converting cleaved LA into AA for downstream eicosanoid
A B C

FIGURE 4

Enzymatic activity assays show sPLA2 prefers PLPE. (A) Enzymatic activity of Sc-sPLA2 towards 100 µM of PLPC, PLPE, PLPG and PLPS. Statistics
shown as ordinary one-way ANOVA with Tukey’s multiple comparisons test. PLPC vs PLPE, PLPE vs. PLPG, and PLPE vs. PLPS p<0.0001 with 11
degrees of freedom. (B) Enzymatic activity of Sc-sPLA2 towards 100 µM mixture (20 µM each) of PLPC, PLPE, PLPG and PLPS. Statistics shown as
ordinary one-way ANOVA with Tukey’s multiple comparisons test. PLPC vs PLPE, PLPE vs. PLPG, and PLPE vs. PLPS p<0.0001 with 11 degrees of
freedom. (C) Enzymatic activity of Sc-sPLA2 towards 100 µM PLPE species with an sn-2 fatty acid position of OA (18:1), LA (18:2), and AA (20:4).
Statistics shown as ordinary one-way ANOVA with Tukey’s multiple comparisons test. 18:1 vs. 20:4 p=0.0142 with 8 degrees of freedom. Negative
control values were subtracted from each reaction. Experiments were done in triplicate. Error bars depict mean with SEM.
A B

FIGURE 5

Injection of 40 ng recombinant Sc-sPLA2 induced significant changes in lipid metabolites. (A) Lipid panel consisted of 33 fatty acids but only 24 were
detected in the fly hemolymph samples. (B) A reduction of myristic acid (MA-14:0) compared to both PBS (p<0.0001) and the mutant control
(p<0.0001). Sc-sPLA2 generated more oleic acid (OA-18:1) compared to both PBS and the mutant control (to PBS p<0.0001, to mutant p=0.0023),
and linoleic acid (LA -18:2) compared to PBS (p=0.0414) and increased palmitoleic acid (PA-16:1) in comparison to the PBS control (p=0.0256).
There were no differences between the mutant and PBS control groups. Experiments were repeated 5 times with 200 flies per treatment group.
Error bars show mean + SEM with statistics shown as multiple unpaired t-tests.
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production (38, 54). With a potential mechanism in place for lipid

signaling mediated immunity in insects, we evaluated the role of an

sPLA2 from a parasit ic nematode, Sc-sPLA2, in host

immunomodulation to bacterial infections in D. melanogaster.

We hypothesized that Sc-sPLA2 would display immunosuppressive

effects on its host since it is secreted by S. carpocapsae infective juveniles

(IJs) during infection. sPLA2 enzymes are notable for eliciting

immunostimulatory responses via downstream production of

proinflammatory eicosanoids from arachidonic acid (33). However,

they are also able to cleave PUFAs such as EPA and DHA which are

then converted to downstream anti-inflammatorymediators, indicating

that sPLA2 enzymes can also have immunosuppressive capabilities (33).

In addition to immunomodulatory effects, PLA2 enzymes have been

reported to display toxic effects on hosts. This is facilitated by necrotic

cell lysis via enzymatic cleavage of the phospholipid cell membrane by

PLA2s, resulting in loss of cell membrane integrity and release of

cellular components (47, 56). Sc-sPLA2 was able to display a dose

dependent toxic effect in D. melanogaster at a low dose of Sc-sPLA2 (5

ng). These flies had around a 95% survival rate by day five in

comparison to the higher dose (40 ng) that displayed a 65% survival

rate. After day five toxicity had a slow increase for all doses up until day

15 where another notable increase in toxicity occurred resulting in

decreased survival rates. This highlighted that the enzyme’s toxic effects

on the host were both time- and dose-dependent. We found no

significant change in the amount of cell lysis of S2 cells in

comparison to the negative control, indicating that the toxic effects

are not caused by cell lysis, but perhaps because of other cell death

mechanisms such as apoptosis and necroptosis. The fact that Sc-sPLA2

elicits an immunosuppressive phenotype at a 5 ng dose shows

significant importance as this is a physiologically relevant dose.

Twenty IJs of S. carpocapsae secrete approximately 10 ng of crude

ESPs in 24 hours (29). The ES protein composition of S. carpocapsae is

approximately 500 proteins, with Sc-sPLA2 being just one component.

With enough IJs however, and the mixture of multiple

immunomodulatory proteins, it is likely that Sc-sPLA2 aids in

overcoming the host immune response in a natural infection.

We evaluated the effects of Sc-sPLA2 on downstream immunity

in the fly. Fly immunity starts with pathogen specific recognition by

the toll and imd pathways, which then leads to either a cellular

immune response by specialized hemocytes, or a humoral immune

response via production of Toll- or Imd-specific AMPs secreted

from the fat body (19, 26). Melanization is independent of the Toll

and Imd pathways and is dependent on the proPO-PO cascade (22,

23). Our findings showed that Sc-sPLA2 had no effect on PO activity

but caused a reduction in the expression of the AMPs

Metchnikowin, Diptericin, Defensin and Drosomycin and

significantly reduced phagocytosis at a one-time dose of 40 ng.

There was not a significant effect on phagocytosis at 5 and 10 ng

(Figure 3E). We speculate that this was due to the time point for

observing fluorescence of the assay being too early for the lower

doses to generate a significant difference. Methods for the pHrodo

Red E. coli BioParticles conjugate state that fluorescence can be

observed after 30-60 minutes, with many experiments opting to

observe fluorescence generally after 2 hours. To further evaluate
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how Sc-sPLA2 specifically elicited these immunomodulatory

phenotypes, we measured hemocyte circulation 1 hour post

injection with 40 ng of Sc-sPLA2 and found a significant

reduction in hemocyte concentration. This highlighted that the

enzyme did in fact trigger cell death. We opted to observe effects one

hour post injection to see how early introduction of the sPLA2

begins to affect the immune response. The effects at this early time

point also reinforce that at least some immunosuppressive effects

are observed prior to lethal toxicity as flies are still all alive at one

hour post injection. Overall, these findings suggest that the Sc-

sPLA2 suppresses both the Toll and Imd pathways along with

cellular immune responses by targeting circulating hemocytes.

We utilized lipidomics for a mass spectrometry-based high-

throughput assay to determine the preference of Sc-sPLA2 for

specific lipid targets in vitro. These data would provide some insight

regarding the lipids Sc-sPLA2 may target during a natural infection by

S. carpocapsae in insects. Our data showed that Sc-sPLA2 had

exponentially higher activity with PE as a substrate than the other

lipid headgroups. This is significant as PE is the most abundant

phospholipid for cellular membranes in D. melanogaster (51, 57).

Displaying significant catalytic activity against PE lipid substrates is

likely advantageous for Sc-sPLA2 in terms of modulating insect

immunity. It is important to note that the Enzchek Bee venom

sPLA2 also displayed its highest levels of activity with the PE

substrate as opposed to PC (Supplementary Figure 3). The Enzchek

activity kit utilizes PC as the commercial substrate, but our experiments

show that it could be more advantageous to use PE as the substrate for

commercial activity kits. We also used the novel mass spectrometry-

based high-throughput assay to determine preference in vitro for fatty

acid side chains at the sn-2 position. The in vitro assay showed that Sc-

sPLA2 displayed highest activity with LA and AA at the sn-2 position.

Activity against OA was measurable but noticeably lower than activity

against LA and AA. It is strategic for Sc-sPLA2 to display significant

activity with OA as it can be converted to the eicosanoid precursor LA

(52). Linoleic acid is the most abundant PUFA in insects such as D.

melanogaster and like AA, it is a precursor to generating eicosanoids

involved in downstream immune responses (36, 50). Arachidonic acid

can generate pro-inflammatory eicosanoids in its omega-6 form, and

anti-inflammatory eicosanoids in its omega-3 form. The higher activity

levels displayed against these two PUFAs illustrates that Sc-sPLA2

could potentially be suppressing immunity by generating downstream

immunosuppressive lipid metabolites, or by interfering with host

endogenous sPLA2 activity. Little is known about endogenous sPLA2

activity in fly immunity.

We collected fly hemolymph after injection of Sc-sPLA2 to perform

mass spectrometry to determine fatty acid and lipid metabolite

composition 12-hours postinjection. Fatty acid composition

postinjection showed an increase in PA, OA, and LA, and a decrease

in MA. An increase in OA and LA is consistent with the high activity

levels that Sc-sPLA2 displayed against phospholipids with these fatty

acid side chains. Sc-sPLA2 increasing PA in the hemolymphmay play a

role in the downstream immunosuppressive phenotypes observed, as

increased PA was shown to elicit anti-inflammatory effects in animal

models (58). Our data showed there was an increase in PA by Sc-sPLA2
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when compared to the PBS control, but there were no significant

changes in PA compared to the mutant control group. A likely

explanation is that the 12-hour time point was long enough for the

low activity of the mutant to generate enough PA to affect the

comparison. The mutant enzyme had low enough activity not

demonstrate any immunomodulatory phenotypes but was still able

to have low activity levels detected by the Enzchek activity assay. The

data also showed a decrease in free MA that could be linked to the high

activity demonstrated to themajor lipid headgroup PE by Sc-sPLA2. PE

is 50% of cellular membrane phospholipids in D. melanogaster, and

MA is utilized to anchor proteins to the cellular membrane (57, 59). It

is possible that disruption of the cellular membrane via cleavage of PE,

could lead to free MA to be utilized in myristoylation and sidechain

palmitoylation to anchor more proteins to the disrupted membrane for

preserving stability and cellular function. This would then result in a

reduction of freeMA in the hemolymph. Myristic acid is known to play

a direct role in two classes of protein fatty acid acylation: N-terminal

myristoylation and side-chain palmitoylation (60). This promotes

anchoring of proteins to the cell membrane (59). The protein

substrates that are products of acylation carried out by Myristoyl–

CoA: protein N-myristoyltransferase (NMT) include those that are key

components of intracellular signaling (61). Palmitic acid has direct

impact in immunity as it has been shown in animal models to decrease

expression of proinflammatory markers and adipokines(58, 62–64).

Palmitic acid suppresses the expression of monocyte chemoattractant

protein 1 (MCP-1) and TNF-a in adipose tissue suggesting the lipid

has downstream anti-inflammatory effects (62, 64). The fatty acids

changed by Sc-sPLA2 each demonstrate a role in the immune response

via lipid signaling or potential other downstream mechanisms, thus

implicating several pathways the enzyme could be interfering with to

suppress immunity other than hemocyte reduction. In addition to

assessing fatty acid composition, we also analyzed the hemolymph for

any downstream changes to lipid metabolite composition. Findings

showed that Sc-sPLA2 treated flies had a reduction in 9,(10)-EpOME

and 12,(13)-EpOME. These lipid metabolites are synthesized by

activated neutrophils in mammals and are known low-level

stimulators of respiratory burst, a process that occurs during

phagocytosis (65–67). LA is a potent inducer of respiratory burst but

is increased in the hemolymph after enzyme treatment (67). Soluble

metabolites from epoxide hydrolase (DiHOMEs) are also directly

responsible for respiratory burst inhibition, but there is no change in

DiHOMEs after enzyme treatment (67). This information combined

with previous studies that showed 9,(10)-EpOME and 12,(13)-EpOME

to suppress immune response in Spodoptera exigua, make it likely their

reduction by Sc-sPLA2 is a byproduct from the enzyme triggering cell

death of hemocytes in the hemolymph (68). Overall, these data suggest

that the molecular effects underlying sPLA2 suppression of the cellular

immune response is via targeting of circulating hemocytes. Future

studies on how Sc-sPLA2 directly affects hemocyte proliferation and

morphology can help further elucidate mechanistically how the

enzyme is reducing hemocyte circulation.

In summary this study showed that Sc-sPLA2 experimentally

dampened the immunity of D. melanogaster by suppression of

phagocytosis and both the toll and imd pathways. In addition to
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immunomodulation, Sc-sPLA2 also displayed dose-dependent

toxicity to the host that was not elicited by cell lysis. We

hypothesize that the lipids being cleaved by the PLA2 enzyme are

from hemocytes which disrupts their ability to recognize and

phagocytize cells, while producing a toxic molecular product to

the host. The change in the lipid composition as a result of this

process could also be disrupting the lipid signaling processes,

leading to further suppression in immunity such as reduced toll

and imd activation. Further elucidating the specificity of the

molecular mechanisms affected by Sc-sPLA2 can continue to

validate the presence of lipid signaling in D. melanogaster

immunity, which would improve the tools available for

biomedical research and further enhance the translation of fly

research in addressing inflammatory and infectious diseases.
Methods

Plasmid construction

A 414 -bp DNA fragment of Sc-sPLA2 gene L596_023809 was

amplified by PCR using primers 5’ – ACCATCATCACCACA

GCCAGGGCAAACTTATCAAGAAGAATGTCG – 3’ (forward

primer) and 5’ – TTAAGCATTATGCGGCCGCATTACGCGTGGA

AATCGAGC – 3’ (reverse primer) in which a BamHI site at the 5′ end
and a HindIII site at the 3′ end was introduced for cloning it into a

pETDuet-1 vector. The mutant Sc-sPLA2(HH82-83QQ) had two

histidine amino acid sequences at positions 82 and 83, mutated to

glutamine. The mutant was synthesized, optimized and inserted into a

pETDuet-1 vector utilizing a BamHI site at the 5′ end and a HindIII

site at the 3′ position. The mutant construct was generated by Bio

Basic Inc.
Recombinant protein expression
and purification

Sc-sPLA2 and mutant Sc-sPLA2 (HH82-83QQ) were

recombinantly expressed using E. coli BL21 DE3 cells in LB

media for 24 hours after induction with IPTG. Sc-sPLA2 was

purified from inclusion bodies with Thermo Scientific™

HisPur™ Ni-NTA Resin via gravity filtraticon. The protein was

refolded with a 24-hour dialysis against a 20 mM Tris, 1.0 M Urea,

300 mM NaCl, and 5% glycerol pH 8.0 buffer. After refolding the

protein was dialyzed once more for 24 hours and stored in a 20 mM

Tris, 300 mM NaCl, and 5% glycerol pH 8.0 buffer. Mutant Sc-

sPLA2 (HH82-83QQ) was first purified with Thermo Scientific™

HisPur™ Ni-NTA Resin via gravity filtration. The protein was

dialyzed against a 20 mM Tris pH 8.0 buffer for 24 hours. Further

purification was conducted with FPLC using a Mono Q™ anion

exchange column, after which the protein was isolated using size

exclusion and stored in a 20 mM Tris, 300 mM NaCl, and 5%

glycerol pH 8.0 buffer. Both Sc-sPLA2 and mutant Sc-sPLA2
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(HH82-83QQ) presence were confirmed using SDS-PAGE.

Concentrations were measured using Invitrogen™ Qubit™

Protein and Protein Broad Range (BR) Assay Kits, and the

proteins were flash frozen with liquid nitrogen and stored at −80°C.
Protein activity assay

Enzymatic activity of Sc-sPLA2 and mutant Sc-sPLA2 (HH82-

83QQ) was assessed utilizing the EnzChek™ Phospholipase A2

Assay Kit. Each reaction contained 10 µg of protein and 50 µl 1.67

µM Red/Green BODIPY labeled phosphatidylcholine (PC)

substrate for a total of 100 µl. Reaction time was 30 minutes at

room temperature. Negative control was designated as buffer only

plus the substrate. Emission intensity was measured at 515 and 575

nm with excitation at 460 nm, and the activity was recorded as a

ratiometric value (515/575 nm). Negative control values at 515 and

575 nm were subtracted from the protein reactions before

calculation of the activity ration. Reactions were triplicated.
Lipidomics mass spectrometry assay

To determine activity preference of Sc-sPLA2 1.0 ugs of the

recombinantly expressed sPLA2 proteins was added to reactions that

contained 100 uM of PLPC, PLPA, PLPG, PLPE, or PLPS, 400 uM of

surfactant, 2.5 uM of 17:0 LPC and reaction buffer (20 mM Tris and 5

mM CaCl2 buffer pH 8.0). The reaction buffer was used to store the

lipids and surfactant. For mixed phospholipid head group reactions, we

used the same conditions as previously described for the enzyme, 17:0

LPC, surfactant, and buffer. For the lipid substrate however, all head

groups were combined for a total concentration of 100 uM (20 uM for

each different phospholipid headgroup). Enzymatic reaction was

performed in a 96 well-plate using a Benchmark Scientific H5000-H

MultiTherm heating shaker for 30 min at 28°C. Negative control was

reaction buffer only with no protein, and positive control was 0.125 ugs

of Enzchek Bee Venom sPLA2 to ensure the reaction is working as

intended (these controls were used for all optimization and specificity

reactions). Reactions were quenched withmethanol/acetonitrile (80/20,

v/v), and the samples were analyzed using the HPLC-MS system.

Activity was reported as nmols/ug with subtraction of the negative

control as background. Experiments were done in triplicate with error

bars on the graph representing standard deviation. For determining

activity preference for sn-2 fatty acids, 1.0 ugs of the Sc-sPLA2 was

added to a reaction of 100 uM phospholipid substrate, 400 uM

surfactant, and 2.5 uM of 17.0 LPC. The phospholipid substrate used

the experimentally determined preferred phospholipid head group PE.

Each lipid substrate had a different sn-2 fatty acid of either LA, OA, or

LLA for a concentration of 100 uM in separate reactions. Enzymatic

reaction was performed in a 96 well-plate using a Benchmark Scientific

H5000-H MultiTherm heating shaker for 30 min at 28°C. Negative

control was reaction buffer only with no protein, and positive control

was 0.125 ugs of Enzchek Bee Venom sPLA2. Mass spectrometry

analysis was conducted at the UC Riverside Core Facility. Experiments
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were done in triplicate with error bars on the graph representing

standard deviation.
UCR core facility QQQ lipidomics method

The targeted analysis was performed using a QQQ XEVO TQ-XS

(Waters Corp., Milford, MA, USA) at the UC Riverside Metabolomics

Core. The liquid chromatography-mass spectrometry (LC-MS)

autosampler was maintained at 4°C prior to analysis. For the

analysis, an injection volume of 2 mL of the extract was used. The

separation was performed on the Waters XSelect CSH Phenyl-Hexyl

column (3.5 mm, 3.0 × 100 mm (Waters Corp., Milford, MA, USA).

The flow rate was maintained at 0.8 mL/min at 30 C. Mobile phase A

consisted of ACN/water (95/5, v/v, pH=8.0) containing 25 mM

AcNH4 and Mobile Phase B consisted of ACN/water (50/50, v/v,

pH=7.5) containing 25 mM AcNH4. The gradient separation method

was used as follows: 8 min (0–0.2 min 99% B; 0.2-3.0 min 99% B to 1%

B, 3.0-3.8 min 1% B; 3.8-3.9 min 1% B to 99% B; 3.9-8.0 min 99% B.

The MS data were acquired in multiple reaction monitoring (MRM)

mode. The electrospray ionization was performed in positive ionmode.

The source and desolvation temperatures were maintained at 150°C

and 600°C, respectively. The desolvation gas was set to 1100 L/h and

cone gas to 150 L/hr and the collision gas was set to 0.15 mL/min. All

gases used were nitrogen, other than the collision gas which was argon.

The capillary voltage was 1.5 kV. The data was normalized for relative

abundance against the internal standard (LPC 17:0). Targeted data

processing was performed with the open-source Skyline software (69).
Fly stock/maintenance

Oregon R flies were grown on D2 glucose medium from Archon

Scientific (Durham, North Carolina) and kept at 25°C with 50%

humidity on a 12h light 12h dark cycle.
Bacterial stock maintenance

Methods were adapted from (53). Streptococcus pneumoniae

was grown by shaking in glass vials with 5 mL tryptic soy (TS) broth

(Difco TS broth, catalase, streptomycin) at 37°C with 5% CO2

overnight. The overgrown culture was diluted in catalase (100 µL)

and TS to yield a final volume of 20 mL in a flask and incubated

shaking until the OD600 ~ 0.4 (about 1 hour). The culture was then

diluted again to a final volume of 50 mL, with 150 µL catalase, and

incubated until the OD600 ~ 0.2 - 0.4 (above 0.5 is no longer in log

phase). 5% glycerol was added to the final culture and stored then in

1mL aliquots at -80°C. To use the aliquots, one tube was thawed,

spun down at 18,000 g for 5 minutes, the supernatant was removed,

and the pellet was resuspended in the desired amount of PBS (50 -

60 µL yields ~ 100,000 CFUs) and serially diluted to yield the

appropriate CFU doses. For quantification of CFUs, S.p. was plated
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on TSA agar plates supplemented with 50 mL/L sheep’s blood.

Listeria monocytogenes (serotype 4b, 19115, (ATCC, VA)) was also

grown in batches in brain heart infusion (BHI) medium at 37°C in

aerobic condition. Cultures were grown overnight in a flask

inoculated with a fresh colony and re-diluted under log phase

(below OD600 ~ 0.2) and grown up to the desired OD600 (~0.4).

The entire volume was transferred to a 50mL centrifuge tube for

vortexing. Before freezing, a 5% glycerol solution was added to the

culture and 1mL aliquots were stored at -80°C. To use the aliquots,

one tube was thawed, spun down at 18,000 g for 5 minutes, the

supernatant was removed, and the pellet was resuspended in the

desired amount of PBS (90 - 100 µL yields ~ 100,000 CFUs) and

serially diluted to yield the appropriate CFU doses. For

quantification of CFUs, L.m. was plated on BHI plates.
Fly injections, survival and CFUs

Methods were adapted from (53). For injections and immune

assays, 5-7-day-old male Oregon R flies were anesthetized with CO2

and injected with various CFU doses yielding a total volume of 50

nL precisely using a MINJ-FLY high-speed pneumatic injector

(Tritech Research, CA) and individually pulled calibrated glass

needles. Flies were injected into the abdomen close to where the

thorax meets and slightly ventral from the dorsal-ventral cuticle

axis, easily visible below the haltere. Survival studies were carried

out for all of the pathogens we tested. After injection of the CFU

dose or phosphate buffered saline (PBS) control, flies were placed in

vials in groups of 30 with a total of 60 flies per experimental or

control group. Flies injected with the human pathogens (S.p. and

L.m.) were kept at 28°C with 50% humidity. The number of dead

flies was counted daily, and Kaplan-Meier survival curves were

generated with GraphPad Prism software with statistics shown as

log-rank analysis (Mantel-Cox). Survival experiments were at least

triplicated. CFUs were determined by homogenizing a single

infected, or buffer-injected fly in 200 µL of PBS, serially diluted

and plated on the appropriate agar plates and incubated overnight.

Colonies were counted the next day. At least five flies per condition

were homogenized for CFU quantification each time an injection

experiment was done to measure time 0 CFUs which are

representative of all fly strains. All treatment groups were injected

at the same time for each experimental replicate. Using GraphPad

Prism software, results are shown as scatter plots with statistical

significance analyzed using an unpaired t-test.
Phenoloxidase activity

Methods adapted from (53). Flies were injected with 10,000

CFUs of L. monocytogenes to elicit an immune induced

melanization cascade. Phenoloxidase activity was measured as

previously described [51,52]. To collect hemolymph, 20-30 flies 6

hours post injection (p.i.) were pricked through the thorax and

placed in a pierced 0.5 µL Eppendorf tube and covered with glass

beads, then placed inside a 1.5 µL Eppendorf tube containing 30 µL
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of PBS. Samples were centrifuged at 10,000 g for 20 minutes at 4°C.

Using a clear 96-well plate, each well contained 160 µL L-Dopa (3

mg/mL) dissolved in phosphate buffer (37.5% 1 M potassium

phosphate, 62.5% 1 M sodium phosphate, pH 6.5), 35 µL of

hemolymph sample and 5 µL CaCl2 (20 mM). PO activity was

measured by kinetic reads at 29°C at 492 nm every minute for

120 min with 5 seconds of shaking between reads. The OD of a

blank control was subtracted from all biological values. Experiments

were replicated five times with three technical replicates per

experiment. Data were plotted as mean+SEM by taking the peak

OD value (timepoint ~ 60 min). Statistics shown as an unpaired t-

tests done in GraphPad Prism.
Antimicrobial peptide gene
expression - qPCR

Methods adapted from (53). Total RNA was extracted from 15

S. pneumonia or S.p. plus recombinant protein injected flies 24

hours post-injection using Trizol reagent (Molecular Research

Center, Inc; Cincinnati, Ohio) according to the manufacturer

instructions. Integrity of RNA was confirmed by observing bands

on an agarose gel and concentration was determined by nanodrop.

Reverse transcription of RNA was done using ProtoScript II First

Strand cDNA synthesis kit (New England BioLabs, NE, E6560L)

following the manufacturer protocol, in a MultiGene OptiMax

Thermal Cycler (Labnet international, NJ). The qRT-PCR was

done with a CFX Connect Bio-Rad system with Perfecta SYBR

green supermix (QuantaBio, MA) and gene specific primers for

Defensin, Drosomycin, Diptericin, Metchnikowin and the

housekeeping gene Tubulin (Integrated DNA Technologies, IA).

Cycling conditions for PCR included a denature step at 94 ˚C for 15

seconds, annealing step at 55 ˚C for 30 seconds, and an extension

step at 68 ˚C for 1 minute. All steps were conducted for a total of 40

cycles. Fold change was measured according to the DDCT Method.

Experiments were carried out with three biological replicates with

plots shown as bar graphs with individual points representing each

replicate. Statistics shown as One-way ANOVA done in

GraphPad Prism.
Cell culture maintenance

12 ml room temperature of fresh medium [500 mL Schneider’s

Drosophila medium (Thermo Fisher Scientific, #21720-024-

500ML) (Store 4˚C) + 56 mL Fetal bovine serum (FBS; Thermo

Fisher Scientific, #10082147, Store at -20˚C or 4˚C) +5.6 mL

Penicillin-streptomycin solution (PSS: Thermo Fisher Scientific ®,

Store at -20˚C or 4˚C)] was added to a new 10 cm plate. A plate of

confluent D. melanogaster S2 cells were washed by gently adding

5-7mL of room temperature media and gently swirling before

aspirating the media. Afterwards another 5-10mL of fresh room

temperature media was added and gently pipetted up and down to

peel the cells off the bottom of the plate. 3mL of this cell

suspension was added to the new plate and gently swirled to
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help cells attach to the bottom of the plate. The plate was

incubated at 25˚C, with humidity of the incubator maintained

by autoclaved Milli-Q water. Confluency of 100% is reached

within 7 days but repeats of a 1:5 split maintenance is

conducted at around ~80% confluency.
Cell lysis assay

For the cell lysis assay, S2 cells were cultured in a 24-well plate

with 0.5 ml medium until cells reached ~75% confluency. After

reaching desired confluency, Sc-sPLA2 and bee venom sPLA2 (from

EnzChek™ Phospholipase A2 Assay Kit) were filtered with a 0.45

µm filter before being added to the cell medium. 10 µgs of Sc-sPLA2

and 1 µg of bee venom sPLA2 were added, and the cell medium was

diluted with filtered 20 mM Tris, 300 mM NaCl, and pH 8.0 buffer

to a final volume of 0.6 ml (600 µl). Cells were incubated at 25°C for

24 hours. After incubation, the supernatant was aspirated and cells

were resuspended with a new volume of 600 µl filtered 20 mM Tris,

300 mM NaCl, and pH 8.0 buffer. 5 µl of cells were then added to 5

µl of trypan blue for a total of 10 µl, and then placed on a dual-

chamber slide where percent of live cells were quantified by a Bio-

Rad TC20 cell counter. Statistics were shown as one-way ANOVA,

with error bars depicting mean with SEM.
Phrodo phagocytosis

Injections were carried out as previously described for S.

pneumoniae except with a 4 mg/ml suspension of pHrodo Red E.

coli BioParticles Conjugate for phagocytosis as a substitute for the

bacterial solution. This solution was diluted 1:4 in PBS containing

either 5, 10, or 40 ng of Sc-sPLA2 immediately prior to injection. A

negative control of no protein was injected for analysis along with

the 3 different protein doses. 3 flies were injected for each treatment

group with a total of 3 biological replicates each. Injected flies were

incubated at 28°C with 50% CO2 for 1 hour. After incubation, the

dorsal side of the abdomen of the flies was imaged with an X-Cite®

120Q fluorescence lamp, and a ZEISS Axiocom 506 Color

microscope camera attached to a ZEISS SteREO Discovery V12

microscope at 10x magnification. ImageJ software was used to

measure area-normalized corrected total fluorescence of isolated

red channels. Statistics were shown as one-way ANOVA, with error

bars depicting mean with SEM.

Hemocyte perfusionMethods were adapted from (70). For

hemocyte extraction 5–7-day old male Oregon R flies were

anesthetized with CO2, washed in 70% ethanol and air dried

before cutting the last abdominal segment with a clean scalpel. A

fine glass capillary needle was inserted in the anterior part of the

thorax and PBS was perfused under air pressure using a MINJ-FLY

high-speed pneumatic injector (Tritech Research, CA). Flushed

hemocytes were collected onto paraffin film. Flushed hemocytes

from 10 flies were pooled together onto paraffin film and taken up

with a pipette and placed into a 1.5 mL microcentrifuge tube.

Pooled hemocytes were gently mixed by pipetting. 5 µl of hemocytes
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were added to 5 µl of trypan blue for a total of 10 µl, and then placed

on a dual-chamber slide where percent of live cells were quantified

by a Bio-Rad TC20 cell counter. Statistics were shown as one-way

ANOVA, with error bars depicting mean with SEM.
In vitro metabolomics

The targeted analysis was performed using a QQQ XEVO TQ-XS

(Waters Corp., Milford, MA, USA) at the UC Riverside Metabolomics

Core. The liquid chromatography-mass spectrometry (LC-MS)

autosampler was maintained at 4°C prior to analysis. For the

analysis, an injection volume of 2 mL of the extract was used. The

separation was performed on the Waters XSelect CSH Phenyl-Hexyl

column (3.5 mm, 3.0 × 100 mm (Waters Corp., Milford, MA, USA).

The flow rate was maintained at 0.8 mL/min at 30 C. Mobile phase A

consisted of ACN/water (95/5, v/v, pH=8.0) containing 25 mM

AcNH4 and Mobile Phase B consisted of ACN/water (50/50, v/v,

pH=7.5) containing 25 mM AcNH4. The gradient separation method

was used as follows: 8 min (0–0.2 min 99% B; 0.2-3.0 min 99% B to 1%

B, 3.0-3.8 min 1% B; 3.8-3.9 min 1% B to 99% B; 3.9-8.0 min 99% B.

The MS data were acquired in multiple reaction monitoring (MRM)

mode. The electrospray ionization was performed in positive ionmode.

The source and desolvation temperatures were maintained at 150°C

and 600°C, respectively. The desolvation gas was set to 1100 L/h and

cone gas to 150 L/hr and the collision gas was set to 0.15 mL/min. All

gases used were nitrogen, other than the collision gas which was argon.

The capillary voltage was 1.5 kV. The data was normalized for relative

abundance against the internal standard (LPC 17:0). Targeted data

processing was performed with the open-source Skyline software (69).
Hemolymph only metabolomics – UCSD

A mix of 26 deuterated internal standards was added to 10uL of

hemolymph. Eicosanoids were extracted by solid phase extraction

(SPE) using Phenomenex Strata-X polymeric reversed phase

columns. Samples were brought to dryness and taken up in buffer

A (water/acetonitrile/acetic acid 60/40/0.02, v/v/v). Samples were

analyzed using a Waters Acquity UPLC interfaced with an AB Sciex

6500 QTrap instrument. Chromatographic separation was achieved

by a step gradient starting with100% buffer A to 100% buffer B

(acetonitrile/isopropanol 50/50, v/v) over 5 min. Standard curves

were obtained in parallel using identical conditions. Data analysis

was performed with Analyst and Mulitquant software packages

(71). We monitored 159 MRMs.
Statistics

All statistics were done with GraphPad Prism 9.1.0 for Mac.

Statistical significance indicated with asterisks indicating the

following p-value cut offs: 0.05-0.033*, 0.033-0.002**, 0.002-

0.0001*** and <0.0001****. Data with an n-value more than 10
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was checked for normality and lognormality and the appropriate

tests were performed based on these results. For data with and n-

value less than 10, normal Gaussian distribution was assumed.

Survival curves were analyzed by plotting one treatment group and

its control to measure the curve comparison.
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50. Ziegler AB, Ménagé C, Grégoire S, Garcia T, Ferveur JF, Bretillon L, et al. Lack of
dietary polyunsaturated fatty acids causes synapse dysfunction in the drosophila visual
system. PloS One (2015) 10:e0135353. doi: 10.1371/journal.pone.0135353

51. Martıńez BA, Hoyle RG, Yeudall S, Granade ME, Harris TE, Castle JD, et al.
Innate immune signaling in drosophila shifts anabolic lipid metabolism from
triglyceride storage to phospholipid synthesis to support immune function. PloS
Genet (2020) 16:e1009192. doi: 10.1371/journal.pgen.1009192

52. Yuan C, Bloch K. Conversion of oleic acid to linoleic acid. J Biol Chem (1961)
236:1277–9. doi: 10.1016/S0021-9258(18)64164-X

53. Parks SC, Nguyen S, Nasrolahi S, Bhat C, Juncaj D, Lu D, et al. Parasitic
nematode fatty acid- and retinol-binding proteins compromise host immunity by
interfering with host lipid signaling pathways. PloS Pathog (2021) 17:e1010027. doi:
10.1371/journal.ppat.1010027

54. Hasan MA, Ahmed S, Kim Y. Biosynthetic pathway of arachidonic acid in
spodoptera exigua in response to bacterial challenge. Insect Biochem Mol Biol (2019)
111:103179. doi: 10.1016/j.ibmb.2019.103179

55. Shen LR, Lai CQ, Feng X, Parnell LD, Wan JB, Wang JD, et al. Drosophila lacks
C20 and C22 PUFAs. J Lipid Res (2010) 51:2985–92. doi: 10.1194/jlr.M008524

56. Hurley BP, Mccormick BA. Multiple roles of phospholipase A2 during lung infection
and inflammation. Infect Immun (2008) 76:2259–72. doi: 10.1128/IAI.00059-08

57. Van Der Veen JN, Kennelly JP, Wan S, Vance JE, Vance DE, Jacobs RL. The
critical role of phosphatidylcholine and phosphatidylethanolamine metabolism in
health and disease. Biochim Biophys Acta Biomembr. (2017) 1859:1558–72. doi:
10.1016/j.bbamem.2017.04.006

58. Guo X, Li H, Xu H, Halim V, Zhang W, Wang H, et al. Palmitoleate induces
hepatic steatosis but suppresses liver inflammatory response in mice. PloS One (2012) 7:
e39286. doi: 10.1371/journal.pone.0039286

59. Wang LX, Kaduce TL, Spector AA. Myristic acid utilization and processing in
BC3H1muscle cells. J Biol Chem (1991) 266:13883–90. doi: 10.1016/S0021-9258(18)92784-5

60. Towler DA, Gordon JI, Adams SP, Glaser L. The biology and enzymology of
eukaryotic protein acylation. Annu Rev Biochem (1988) 57:69–99. doi: 10.1146/
annurev.bi.57.070188.000441

61. Legrand P, Rioux V. The complex and important cellular and metabolic
functions of saturated fatty acids. Lipids (2010) 45:941–6. doi: 10.1007/s11745-010-
3444-x

62. Cao H, Gerhold K, Mayers JR, Wiest MM, Watkins SM, Hotamisligil GS.
Identification of a lipokine, a lipid hormone linking adipose tissue to systemic
metabolism. Cell (2008) 134:933–44. doi: 10.1016/j.cell.2008.07.048

63. Ouchi N, Parker JL, Lugus JJ, Walsh K. Adipokines in inflammation and
metabolic disease. Nat Rev Immunol (2011) 11:85–97. doi: 10.1038/nri2921

64. Frigolet ME, Gutiérrez-Aguilar R. The role of the novel lipokine palmitoleic acid
in health and disease. Adv Nutr (2017) 8:173S–81S. doi: 10.3945/an.115.011130

65. Dahlgren C, Karlsson A. Respiratory burst in human neutrophils. J Immunol
Methods (1999) 232:3–14. doi: 10.1016/S0022-1759(99)00146-5

66. Ishizaki T, Ozawa T, Voelkel NF. Leukotoxins and the lung. Pulm Pharmacol
Ther (1999) 12:145–55. doi: 10.1006/pupt.1999.0179

67. Thompson DA, Hammock BD. Dihydroxyoctadecamonoenoate esters inhibit
the neutrophil respiratory burst. J Biosci (2007) 32:279–91. doi: 10.1007/s12038-007-
0028-x

68. Vatanparast M, Ahmed S, Lee DH, Hwang SH, Hammock B, Kim Y. EpOMEs
act as immune suppressors in a lepidopteran insect, spodoptera exigua. Sci Rep (2020)
10:20183. doi: 10.1038/s41598-020-77325-2

69. Maclean B, Tomazela DM, Shulman N, Chambers M, Finney GL, Frewen B,
et al. Skyline: An open source document editor for creating and analyzing targeted
proteomics experiments. Bioinformatics (2010) 26:966–8. doi: 10.1093/bioinformatics/
btq054

70. Boulet M, Renaud Y, Lapraz F, Benmimoun B, Vandel L, Waltzer L.
Characterization of the drosophila adult hematopoietic system reveals a rare cell
population with differentiation and proliferation potential. Front Cell Dev Biol (2021)
9:739357. doi: 10.3389/fcell.2021.739357

71. Wang Y, Armando AM, Quehenberger O, Yan C, Dennis EA. Comprehensive
ultra-performance liquid chromatographic separation and mass spectrometric analysis
of eicosanoid metabolites in human samples. J Chromatogr A. (2014) 1359:60–9. doi:
10.1016/j.chroma.2014.07.006
frontiersin.org

https://doi.org/10.1016/j.jinsphys.2006.01.005
https://doi.org/10.1016/j.cellsig.2008.08.014
https://doi.org/10.1016/j.dci.2013.06.005
https://doi.org/10.1016/j.dci.2013.06.005
https://doi.org/10.1159/000321931
https://doi.org/10.3389/fphys.2014.00252
https://doi.org/10.1016/j.molimm.2019.03.008
https://doi.org/10.1038/s42003-022-04340-6
https://doi.org/10.1093/emboj/21.11.2568
https://doi.org/10.4049/jimmunol.1002302
https://doi.org/10.4049/jimmunol.1303309
https://doi.org/10.1371/journal.ppat.1006302
https://doi.org/10.1093/jb/mvr088
https://doi.org/10.1016/j.bbalip.2006.05.011
https://doi.org/10.1016/j.ibmb.2018.12.011
https://doi.org/10.1093/oxfordjournals.jbchem.a003101
https://doi.org/10.1194/jlr.R800033-JLR200
https://doi.org/10.1084/jem.20020760
https://doi.org/10.1371/journal.pone.0211897
https://doi.org/10.1371/journal.pone.0211897
https://doi.org/10.1016/j.dci.2017.12.005
https://doi.org/10.3390/insects11010033
https://doi.org/10.1016/j.jip.2019.107221
https://doi.org/10.1242/dev.017590
https://doi.org/10.1371/journal.pone.0105717
https://doi.org/10.3389/fphys.2018.01231
https://doi.org/10.1371/journal.pone.0019943
https://doi.org/10.1091/mbc.e12-05-0417
https://doi.org/10.1091/mbc.e13-07-0366
https://doi.org/10.1146/annurev.ento.51.110104.151021
https://doi.org/10.1016/S0041-0101(96)00078-5
https://doi.org/10.1371/journal.pbio.0060305
https://doi.org/10.1021/jacs.7b12045
https://doi.org/10.1371/journal.pone.0135353
https://doi.org/10.1371/journal.pgen.1009192
https://doi.org/10.1016/S0021-9258(18)64164-X
https://doi.org/10.1371/journal.ppat.1010027
https://doi.org/10.1016/j.ibmb.2019.103179
https://doi.org/10.1194/jlr.M008524
https://doi.org/10.1128/IAI.00059-08
https://doi.org/10.1016/j.bbamem.2017.04.006
https://doi.org/10.1371/journal.pone.0039286
https://doi.org/10.1016/S0021-9258(18)92784-5
https://doi.org/10.1146/annurev.bi.57.070188.000441
https://doi.org/10.1146/annurev.bi.57.070188.000441
https://doi.org/10.1007/s11745-010-3444-x
https://doi.org/10.1007/s11745-010-3444-x
https://doi.org/10.1016/j.cell.2008.07.048
https://doi.org/10.1038/nri2921
https://doi.org/10.3945/an.115.011130
https://doi.org/10.1016/S0022-1759(99)00146-5
https://doi.org/10.1006/pupt.1999.0179
https://doi.org/10.1007/s12038-007-0028-x
https://doi.org/10.1007/s12038-007-0028-x
https://doi.org/10.1038/s41598-020-77325-2
https://doi.org/10.1093/bioinformatics/btq054
https://doi.org/10.1093/bioinformatics/btq054
https://doi.org/10.3389/fcell.2021.739357
https://doi.org/10.1016/j.chroma.2014.07.006
https://doi.org/10.3389/fimmu.2023.1122451
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Parasitic nematode secreted phospholipase A2 suppresses cellular and humoral immunity by targeting hemocytes in Drosophila melanogaster
	Introduction
	Results
	Sc-sPLA2 has a toxic and immunomodulatory effect
	Sc-sPLA2 suppresses specific downstream immune responses
	Sc-sPLA2 displays exponentially higher activity with PLPE and AA
	Sc-sPLA2 alters fatty acid composition in vivo

	Discussion
	Methods
	Plasmid construction
	Recombinant protein expression and purification
	Protein activity assay
	Lipidomics mass spectrometry assay
	UCR core facility QQQ lipidomics method
	Fly stock/maintenance
	Bacterial stock maintenance
	Fly injections, survival and CFUs
	Phenoloxidase activity
	Antimicrobial peptide gene expression - qPCR
	Cell culture maintenance
	Cell lysis assay
	Phrodo phagocytosis
	In vitro metabolomics
	Hemolymph only metabolomics – UCSD
	Statistics

	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




