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Abstract

Clip domain serine proteases and clip domain serine prote-
ase homologs (cSPHs) are key components of serine prote-
ase cascades that drive the melanization response. Despite
lacking catalytic activity, cSPHs play essential roles in regu-
lating melanization, but the spectrum of functions they cata-
lyze within and outside these cascades is not fully under-
stood. Aside from their classical role as cofactors for PPO ac-
tivation, we have previously revealed an unprecedented
complexity in the function and molecular organization of
these cSPHs in the immune response of the malaria vector
Anopheles gambiae. Here, we add yet another dimension to
the complex roles underpinning the contributions of cSPHs
to mosquito immunity by showing that CLIPA7, a member of
the expanded cSPH family, defines a novel branch within the
cSPH network that is essential for the melanization of Esch-
erichia coli but not Plasmodium ookinetes or Gram-positive
bacteria. Despite its dispensability for the melanization of
Gram-positive bacteria, we show that CLIPA7 is required for
the clearance of systemic infections with Staphylococcus au-
reus. CLIPA7 is produced by hemocytes and associates with
the surfaces of live E. coli and S. aureus cells in vivo as well as
with those of melanized cells. Based on its RNAi phenotypes

and its unique domain architecture among A. gambiae cSPHs
including the presence of an RGD motif, we propose that
CLIPA7 exhibits pleiotropic roles in mosquito immunity that
extend beyond the regulation of melanization to microbial

clearance. © 2022 The Author(s).
Published by S. Karger AG, Basel

Introduction

Clip domain serine proteases (cSPs) are the main com-
ponents of serine protease cascades that regulate key in-
sect immune responses including antimicrobial peptide
synthesis in the Toll pathway and melanization (reviewed
in [1-4]). cSPs are secreted into the insect hemolymph as
zymogens and are composed of 1-5 clip domains at the
N-terminus and a protease domain at the C-terminus [2,
5, 6]. In response to infection, cSPs are cleaved at a spe-
cific site in the N-terminus of the protease domain; how-
ever, the clip and the protease domains remain associated
by a disulfide bond. Analysis of insect genomes identified
a good number of ¢SPs containing protease-like domains
[5-9], which are predicted to lack catalytic activity due to
replacements in one or more of the amino acid residues
(His, Asp, Ser) that form the catalytic triad [10-13], and
are referred to as cSP homologs (cSPHs). Despite being
noncatalytic, cSPHs require cleavage at a specific site
within the clip domain to become functional [10, 13-16],
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although several are predicted to have cleavage sites in the
N-terminus of the protease-like domain [5]. Phylogenetic
analysis of cSPs in the major African vector of malaria
Anopheles gambiae classified them into five subfamilies;
groups B, C, and D are mainly cSPs, group A includes only
cSPHs, while group E genes are either cSPHs or hybrids
containing both catalytic and noncatalytic domains [5].

Clip cascades have been characterized at the biochem-
ical and genetic levels in the context of melanization and
Toll activation in few insect species. They are activated by
an upstream nonclip, modular serine protease (ModSp)
that interacts with pattern recognition receptors bound to
their cognate ligands and undergoes autocatalytic activa-
tion [17-21]. In general, active ModSp cleaves a CLIPC
which in turn cleaves a prophenoloxidase-activating pro-
tease (PAP) of the CLIPB family. PAPs cleave propheno-
loxidase (PPO) zymogen into active phenoloxidase which
initiates the process of melanin biosynthesis on micro-
bial surfaces (reviewed in [2, 3]).

While the roles of ModSp and ¢SPs in the context of
these cascades are fairly well characterized, how cSPHs
exert their functions is not fully defined. Biochemical
studies in Manduca sexta [13, 16, 22, 23], Tenebrio moli-
tor [15,24], Holotrichia diomphalia [14], and Helicoverpa
armigera [25] revealed that cSPHs act as cofactors for the
efficientactivation cleavage of PPO by a PAP of the CLIPB
family. PPOs cleaved by their specific PAPs did not show
any activity in vitro in the absence of their respective
cSPH cofactors, suggesting that cSPHs are required for
the proper cleavage of PPO [24, 26, 27]. Subsequent ge-
netic and biochemical studies in Anopheles gambiae re-
vealed a more complex role for cSPHs in the regulation of
insect immune responses. Using the melanization of Plas-
modium berghei ookinetes in A. gambiae midguts as a
readout in functional genetic studies by RNA interference
(RNAI), two distinct functional groups of cSPHs have
been identified; cSPHs whose knockdown abolished oo-
kinete melanization in a refractory mosquito genetic
background are considered positive regulators and in-
clude CLIPAS8 [12], SPCLIP1 (or CLIPA30) [28], and
CLIPA28 [29], while those whose knockdown triggered
ookinete melanization in susceptible mosquitoes are
called negative regulators and include CLIPA2 [12] and
CLIPA14 [30]. These positive and negative regulators
also exhibit similar roles with respect to controlling PPO
activation after systemic bacterial infections with E. coli
[28-32], suggesting that they mediate core functions in
the melanization immune response. Biochemical studies
revealed that the infection-induced activation cleavage of
most of these mosquito cSPHs is under the control of the
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complement-like protein TEP1 [28-30], a hallmark of
mosquito immune effector responses against Plasmodi-
um parasites [33, 34], bacteria [35-37], and fungi [38].
Downstream of TEP1, the sequential activation cleavage
of SPCLIP1, CLIPAS, and CLIPA28 regulates the activity
of cSPs in the cascade [29, 39]. SPCLIP1 and CLIPA2 also
act as positive and negative regulators, respectively, of
TEP1-mediated effector responses through unknown
mechanisms, indicating that mosquito cSPHs exhibit
more complex roles within and outside the context of
melanization [28, 32]. Here, we characterize CLIPA7 as
another positive regulatory cSPH that functions parallel
to the TEP1-SPCLIP1-CLIPA8-CLIPA28 axis to drive
the melanization of E. coli but not the Gram-positive bac-
teria S. aureus and Micrococcus luteus. We also show that
CLIPA?7 is recruited to bacterial surfaces and is essential
for mosquito resistance to S. aureus infections in a mela-
nization-independent manner. These results and the
unique domain architecture of CLIPA7 among mosquito
cSPHs suggest that in the context of the serine protease
cascades that regulate melanization, certain cSPHs
evolved pleiotropic roles that equip these cascades with
functional plasticity much like the cascades that drive co-
agulation and complement activation in vertebrates.

Materials and Methods

Anopheles gambiae Rearing and Infections with Plasmodium

berghei

All experiments were performed with adult female mosquitoes
of Anopheles gambiae G3 strain. This strain has been established
in our insectary in 2007 from the colony that existed at Imperial
College London at that time. Mosquitoes were maintained at 27°C
and 75% humidity with a 12-h day-night cycle. Larvae were reared
in plastic pans and given Tetra Pond flakes or sticks for food. Adult
mosquitoes were collected from larval pans, maintained on 10%
sucrose solution, and given BALB/c mice blood for egg laying.
Mice were anesthetized using ketamine/xylazine mixture solution.
Mosquito infections with P. berghei (GFP-expressing strain PbG-
FPCON) [40] were performed by allowing batches (corresponding
to the different gene knockdowns) of 60 mosquitoes each to feed
on 5- to 6-week-old anesthetized BALB/c mice infected with P.
berghei at parasitemia levels of 4-6%, for approximately 15 min at
20°C. Mosquitoes were then maintained on 10% sucrose solution
at 20°C until midguts were dissected at day 7 post-feeding on in-
fected mice blood. Midguts were fixed in 4% formaldehyde for
30-40 min, washed with cold, 1x phosphate-buffered saline (PBS),
and then mounted and imaged with a Leica upright fluorescence
microscope to score the numbers of live GFP-expressing oocysts
and dead melanized ookinetes, as previously described [29, 30].
Data were collected from three independent biological experi-
ments, and statistical significance was calculated using Kruskal-
Wallis test followed by Dunn’s multiple comparison test, with p
values <0.05 considered significant.
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Double-Stranded RNA Synthesis and Gene Silencing by RNAi

Double-stranded RNA (dsRNA) synthesis was performed us-
ing the T7 RiboMax Express Large-Scale RNA Production System
(Promega) according to the manufacturer’s instructions. DsRNAs
were extracted with phenol:chloroform: isoamyl alcohol (25:24:1),
precipitated with isopropanol and resuspended in nuclease-free
water at a final concentration of 3.5 ug/uL. Primers used for dsR-
NA production are listed in online supplementary Table 1 (see
www.karger.com/doi/10.1159/000526486 for all online suppl. ma-
terial). In vivo gene silencing by RNAi was performed as previ-
ously described [41]. Briefly, 1-3-days-old female adult mosqui-
toes were anesthetized under CO, and microinjected intrathorac-
ically with 69 nL of a 3.5 pg/pL gene-specific dsSRNA solution in
water (for single gene knockdown) or with 138 nL of a solution
containing two different dsRNAs (each at a concentration of 3.5
pg/pL) for double gene knockdowns, using a Drummond Nanoject
IT Nanoliter injector. Mosquitoes were allowed 2-3 days to recov-
er before further manipulation.

Efficiency of gene silencing was measured by Western blot
analysis for all genes except Rell which was measured by quantita-
tive real-time PCR (qQRT-PCR) due to the lack of a Rell-specific
antibody. To measure the efficiency of gene silencing at the protein
level, hemolymph was extracted from approximately 35 naive
mosquitoes per genotype including the dsLacZ control, at 3-4 days
after dsRNA injection and proteins were quantified using Brad-
ford Reagent (Fermentas). Equal amounts of proteins were re-
solved by nonreducing SDS-PAGE, transferred to immuno-blot
PVDF membrane (Bio-Rad) using wet transfer (Bio-Rad), and
subjected to Western blot analysis with the appropriate antibody
dilution (see Western Blot Analysis section below). To measure
gene silencing efficiency of Rell by qRT-PCR, total nucleic acids
were extracted from 15 dsLacZ and dsRell mosquitoes using
TRIzol reagent (Invitrogen), followed by chloroform extraction
and precipitation by isopropanol. Contaminant genomic DNA
was removed by treatment with the RN Ase-free DNAse I (Thermo
Scientific) as per the manufacturer’s instructions. First-strand
cDNA was produced from 1 pg of total RNA using the iScript
cDNA synthesis kit (Bio-Rad) as described by the manufacturer.
qRT-PCR was performed in a CFX96 Real-Time Detection System
(Bio-Rad) using SYBR Green JumpStart Taq ReadyMix (Sigma),
according to the manufacturer’s instructions. The A. gambiae ri-
bosomal S7 gene was used as an internal control for normalization,
and relative gene expression values were calculated using the com-
parative Cr method. The following primers were used in qRT-
PCR: AgS7-F: 5'-AGAACCAGCAGACCACCATC-3" and AgS7-
R: 5-GCTGCAA ACTTCGGCTATTC-3" [42]; Rell-F:
5'-CCAACCTCGATCCGGTGTTCA-3 and Rell-R: 5'-TAG-
GTCGGTCGTGGAAAGTGA-3".

Survival and Microbial Proliferation Assays

The survival of dsSRNA-treated adult female mosquitoes was
scored over a period of 15 days after intrathoracic injection of a
microbial suspension of ampicillin-resistant GFP-expressing
Escherichia coli strain (OP-50) at an ODgg of 0.8 [43] or chloram-
phenicol-resistant GFP-expressing S. aureus strain at an ODg of
0.8 [44] in PBS, or after spraying with a suspension of Beauveria
bassiana (strain 80.2; a kind gift from D. Ferrandon) spores con-
taining 108 spores/mL in 0.05% Tween-80, prepared as previously
described [38, 45]. The Kaplan-Meier test was used to calculate the
percent survival. Statistical significance of the observed differences
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between the gene-specific dsSRNAs and the dsLacZ control was cal-
culated using the log-rank test. Experiments were repeated at least
3 times using different batches of mosquitoes and microbial cul-
tures.

For the bacterial proliferation assays, dsSRNA-treated mosqui-
toes were injected intrathoracically with 69 nL of the aforemen-
tioned E. coli and S. aureus strains (ODgy = 0.8 for each). At 24 h
post-bacterial challenge, a minimum of 4 batches of 8 mosquitoes
each per genotype were grinded in 500 pL Luria-Bertani (LB) broth
and serial dilutions of mosquito homogenates were plated onto LB
agar plates containing the appropriate antibiotic to score the colo-
ny-forming units (CFUs). Data shown are from at least 5 indepen-
dent biological experiments. Statistical analysis was performed us-
ing Kruskal-Wallis test followed by Dunn’s multiple comparison
test, with p values <0.05 considered significant.

The proliferation of B. bassiana in spore-injected mosquitoes
was scored by qRT-PCR. Briefly, dsRNA-treated mosquitoes were
injected each with approximately 30 B. bassiana spores suspended
in water. Three days post-infection, 15 mosquitoes per genotype
were grinded in liquid nitrogen with a mortar and pestle to create
a fine powder. The powder was collected into Eppendorf Tubes,
and genomic DNA was extracted in 2% cetyltrimethyl ammonium
bromide buffer (Sigma), as previously described [29]. QRT-PCR
was performed in a CFX96 Real-Time Detection System (Bio-Rad)
using SYBR Green JumpStart Taq ReadyMix (Sigma), according
to the manufacturer’s instructions. B. bassiana primers and the
calculation of the relative abundance of B. bassiana genomic DNA
in the different mosquito genotypes have been previously de-
scribed [29]. Data shown are from 5 independent biological ex-
periments. Statistical significance of the observed differences was
calculated using the Friedman test followed by Dunn’s multiple
comparison test.

Western Blot Analysis

To monitor CLIPA7 protein dynamics in the hemolymph in
response to systemic infections, hemolymph was collected by pro-
boscis clipping from adult female mosquitoes at the indicated time
points after injection with 69 nL containing either E. coli (ODggp =
0.8) or S. aureus (ODgg = 0.8) suspensions in PBS, 20 mg/mL sus-
pension of pHrodo Green E. coli BioParticles (Invitrogen) in PBS,
or 2,000 B. bassiana spores. The same infection protocol was used
to monitor the effects of CLIPA7 kd on the cleavage profiles of
CLIPAS8 and CLIPA28. To monitor CLIPA7 protein dynamics in
dsSRPN2 mosquitoes, hemolymph was collected from the indi-
cated naive mosquito genotypes at 7 days post-dsRNA injection.
In all conditions, hemolymph was collected from 35 mosquitoes
per sample directly into ice-chilled PBS containing a protease in-
hibitor cocktail (Roche). Protein quantification in hemolymph
samples was performed using the Bradford protein assay (Fermen-
tas) to ensure equal protein loading on the gel for all samples in a
given experiment. Hemolymph samples were resolved by reducing
SDS-PAGE and transferred to immunoblot PVDF membranes by
wet transfer (Bio-Rad). Primary antibodies used for immunoblot-
ting are affinity-purified rabbit aCLIPA7 (produced by Boster
Bio), affinity-purified rabbit aCLIPAS8 (produced by Boster Bio),
affinity-purified rabbit aCLIPA28 [29], rabbit aPPO6 [46], rabbit
aSRPN3 [47], and mouse aApoll [48] added overnight at the fol-
lowing dilutions 1:4,000, 1:1,000, 1:100, 1:2,000, 1:1,000, and 1:100,
respectively. Affinity-purified aTEP1, aCTL4, aSPCLIP1 antibod-
ies (produced by Boster Bio) and aCLIPC9 (kind gift from M.
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Povelones) were used at 1:2,000, 1:1,000, 1:2,000, and 1:2,000, re-
spectively, to determine the efficiency of knockdown of the respec-
tive genes in hemolymph extracts from naive mosquitoes, as de-
scribed above. All custom-made antibodies produced by Boster
Bio were affinity purified by the manufacturer using long peptides
specific to the indicated proteins. Following washing, blots were
incubated for 1 h with anti-mouse or anti-rabbit IgG horseradish
peroxidase-conjugated secondary antibodies at dilutions of 1:6,000
and 1:12,000, respectively. Blots were then washed, immersed in
Bio-Rad Clarity Max Western ECL substrate, and imaged using
ChemiDoc MP System (Bio-Rad). Where indicated, band quanti-
fication was performed using Image Lab software. All Western blot
experiments were repeated at least 3 times.

The localization of CLIPA?7 to E. coli bioparticles (Invitrogen)
was performed using the bioparticle surface extraction exactly as
previously described [28]. Briefly, commercial E. coli bioparticles
(20 mg/mL) were injected intrathoracically into female adult mos-
quitoes and hemolymph was extracted 20 min after injection.
Bioparticles were separated from the hemolymph by centrifuga-
tion to collect the soluble fraction; then, pellets were incubated
with (1x) denaturing Laemmli buffer to elute their surface-bound
proteins (bound fraction). Proteins in the soluble and bound frac-
tions were resolved by nonreducing SDS-PAGE, and Western blot
was performed as described above. Blots were probed with rabbit
aCLIPA7 (1:4,000).

Melanization-Associated Spot Assay

Melanization-associated spot assay (MelASA) was performed
using 35 dsRNA-treated mosquitoes that were infected by intra-
thoracic injection with E. coli (ODggo = 0.8 or 3), S. aureus (ODgpg
=0.8), or M. luteus (ODggo = 2) and housed for 12 h in paper cups
containing freshly inserted white filter paper (Whatman, 55 mm
diameter). After 12 h, filter papers were imaged in a ChemiDoc MP
System (Bio-Rad) using Image Lab software. Image processing and
spot area quantification were performed using ImageJ software ex-
actly as previously described [39]. Statistical analysis was per-
formed using one-way ANOVA followed by Dunn’s multiple
comparison test, with p values <0.05 considered significant.

Immunofluorescence Assays

Abdomens were dissected from adult female mosquitoes at 20—
30 min after intrathoracic injection of GFP-expressing S. aureus
(ODggo = 2), GFP-expressing E. coli (ODgyy = 2), Bacillus cereus
(ODgpo = 2), or M. luteus (ODgg = 2). Abdomens were fixed for 20
min in 2% formaldehyde (Polysciences Inc.), then washed with
PBS, and blocked for 1 h in PBS containing 2% bovine serum al-
bumin and 0.03% Triton X-100. Tissues were incubated overnight
with the following affinity-purified, primary rabbit antibodies,
aCLIPA7, aCLIPAS8, and aSPCLIP1 at the following dilutions
1:1,300, 1:300, and 1:300, respectively. Abdomens were washed
with PBS containing 0.03% Triton X-100 (PBS-T), incubated with
anti-rabbit Alexa 568 antibody for 1 h (1:800 dilution), then
washed with PBS-T, stained with Hoechst stain (Invitrogen), and
mounted.

Hemocyte perfusions were performed from 50 mosquitoes at
20-30 min after intrathoracic injection of GFP-expressing S. au-
reus (ODggo = 2) or E. coli (ODggy = 2). Hemolymph was extracted
in 5 uL PBS supplemented with a protease inhibitor cocktail, de-
posited on VistaVision HistoBond Microscope Slides (VWR), and
allowed to dry partially for around 20 min. Hemocytes were then
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fixed for 10 min in 2% formaldehyde (Polysciences Inc.), then
washed with PBS, and blocked for 1 h in PBS containing 2% bovine
serum albumin and 0.01% Triton X-100. Hemocytes were incu-
bated overnight with a CLIPA7 at 1/1,300, then washed with PBS-
T, and incubated with anti-rabbit Alexa 568 antibody for 1 h (1/800
dilution). Following washing, nuclei were stained with Hoechst
(Invitrogen) and cells topped with mounting medium. Images
were acquired on Zeiss LSM 710 confocal and Leica upright fluo-
rescence microscopes.

Results

CLIPA7 Contributes to the Melanization Immune

Response in a Microbial Class-Dependent Manner

CLIPA7 is an unusually large cSPH that was previous-
ly shown to function as a weak negative regulator of the
melanization response to P. berghei ookinetes, in the con-
text of a functional genetic screen of A. gambiae cSPHs
and cSPs; CLIPA7 kd in the susceptible G3 A. gambiae
strain triggered the melanization of approximately 16.9%
of ookinetes [12]. To further address the role of CLIPA7
in the melanization response, we assessed the effect of
CLIPA?7 silencing on the melanotic response to septic E.
coliinfections using the MelASA that measures the brown
melanotic material excreted by mosquitoes onto filter pa-
pers lining the bottom of their housing cups, and which
was shown to be reflective of the hemolymph phenoloxi-
dase activity [39]. Mosquitoes treated with gene-specific
dsRNA for CLIPA7 (dsCLIPA7) were injected intratho-
racically with E. coli (ODggy = 0.8 or 3), and total spot area
of excreta on filter papers (online suppl. Fig. 1, 2) was
measured by Image] as previously described [39]. Mos-
quitoes treated with dsRNA for the -galactosidase gene
(dsLacZ) and SPCLIP1, a key positive regulator of mela-
nization [28], were used as negative and positive controls,
respectively. The results showed that CLIPA7 kd signifi-
cantly reduced the melanization response to E. coli at
both, the lower and high ODs, a phenotype similar to that
of SPCLIP1 (Fig. 1a). However, CLIPA7 kd did not alter
the melanization response to S. aureus nor to M. luteus
infections in contrast to SPCLIP1 kd which reduced it sig-
nificantly (Fig. 1b; online suppl. Fig. 3, 4), suggesting that
CLIPA7 may be dispensable for the melanization of
Gram-positive bacteria.

The observed positive regulatory role of CLIPA7 in E.
coli melanization was surprising since it contradicted its
previously reported role as a negative regulator of P. ber-
ghei melanization [12]. Hence, we readdressed the role of
CLIPA7 in P. berghei melanization. Silencing CLIPA7 in
our susceptible wild-type G3 mosquitoes did not trigger
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Fig. 1. CLIPA?7 is a positive regulator of the melanization response.
MelASA of the indicated mosquito genotypes at 12 h post-injec-
tion of E. coli (ODgy = 0.8 and 3) (a) and S. aureus (ODgy = 0.8)
and M. luteus (ODg =2) (b). Red lines indicate mean values. Data
shown are from at least five independent biological experiments.
Scatter plots of live GFP-expressing P. berghei oocysts (green cir-
cles) and dead melanized ookinetes (black circles) scored in the
midguts of the indicated mosquito genotypes at 7 days post-infec-
tion. Red lines indicate mean values. Data shown are from three
independent biological experiments. Statistical analysis for MelA-

the melanization of P. berghei ookinetes; the numbers of
melanized ookinetes and live oocysts were similar to
those in dsLacZ control (Fig. 1c, d; online suppl. Table 2).
Silencing CLIPA7 in the highly melanotic dsCTL4 G3
mosquitoes [49] induced a small but insignificant de-
crease in the numbers of melanized ookinetes as com-
pared to dsCTL4 control (Fig. 1c, d); the numbers of live
oocysts also did not differ significantly between dsCTL4
and dsCLIPA7/dsCTL4 mosquitoes. These results indi-
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SA and parasite distribution were performed using one-way ANO-
VA and Kruskal-Wallis test, respectively, followed by Dunn’s mul-
tiple comparison test, with p values <0.05 considered significant.
d Tabulated data of ¢ showing the percentages of melanized ooki-
netes (% Mel), and the mean numbers of melanized ookinetes
(Mo) and live oocysts (Lo) per midgut. The p values for the distri-
bution of melanized and live parasites in each genotype with re-
spect to dsLacZ are shown. *p < 0.05; **p < 0.01; ***p < 0.001; ****p
< 0.0001; ns, nonsignificant, in?, inch square.

cate that CLIPA7 is not involved in P. berghei melaniza-
tion, neither as a negative nor as a positive regulator,
which contradicts its previously reported role as a weak
negative regulator of ookinete melanization [12]. This
prompted us to re-assess the specificity of the old dsSRNA
template used to silence CLIPA7 in our previous study. A
BLAST analysis of the gene sequence corresponding to
this old template against the latest mosquito annotation
in VectorBase (vectorbase.org) identified a sequence that
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Fig. 2. CLIPA?7 is not cleaved following septic infections. a Sche-
matic representation of CLIPA7 protein with its constituent do-
mains. Numbers refer to amino acid residues at the start/end of
each domain. The predicted cleavage site after an arginine (R) at
the beginning of the protease domain is indicated by scissors. The
red line corresponds to the peptide sequence against which anti-
bodies were raised. Western blots showing CLIPA7 protein in he-
molymph extracts of wild-type mosquitoes at the indicated time
points after injection with E. coli (ODgy = 0.8) (b), S. aureus
(ODgpo = 0.8) (c), and B. bassiana (2,000 spores/mosquito) (d). In
all blots, each lane contained hemolymph extracts from 35 mos-

matches CLIPA14, a key negative regulator of P. berghei
melanization [30], in 34 contiguous nucleotides contain-
ing only 1 nucleotide mismatch (online suppl. Fig. 5).
Hence, the weak P. berghei melanization phenotype as-
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quitoes. Membranes were probed with aSRPN3 as loading control.
The shown blots are representative of at least three independent
experiments. e Hemolymph containing E. coli bioparticles was ex-
tracted from the indicated mosquito genotypes at 20 min after
bioparticle injection into the hemocoel. Bioparticles were pelleted
by centrifugation, and the soluble fractions collected. Bound pro-
teins were extracted from bioparticle pellets with Laemmli protein
loading buffer (1x). Shown is a Western blot analysis of the soluble
and bound fractions. The image is representative of two indepen-
dent experiments. sp, signal peptide.

sociated with CLIPA7 kd in our previous study is most
likely attributed to an off-target effect that weakly si-
lenced CLIPA14. It is worth noting that CLIPA14 was
absent from the initial list of A. gambiae annotated genes
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[50] based on which our earlier genetic screen was per-
formed. Gene silencing efficiencies of TEP1 and SPCLIP1
are shown in online supplementary Figure 6b and d, re-
spectively.

Proteolysis within the SPCLIP1-CLIPA8-CLIPA28

cSPH Module Is Not Regulated by CLIPA7

SPCLIP1 [28], CLIPAS8 [12, 31],and CLIPA28 [29] are
three cSPHs that act downstream of TEP1 and are essen-
tial for the melanization response to Plasmodium and sys-
temic bacterial infections. These cSPHs are rapidly
cleaved following septic infections of the hemolymph, a
feature that was exploited in gene silencing experiments
coupled with Western blot analysis to place them in a
functional module displaying a clear hierarchy of activa-
tion, with SPCLIP1 acting most upstream followed by
CLIPAS8 and then CLIPA28 [29, 39]. Since CLIPA7 is also
required for the E. coli-induced melanization response,
we first assessed whether CLIPA7 exhibits an infection-
induced cleavage profile that can be used as a readout to
facilitate its placement with respect to the above cSPHs.
Western blot analysis of hemolymph extracts collected at
several time points after mosquito injections with E. coli
(Fig. 2b; online suppl. Fig. 7a), S. aureus (Fig. 2¢; online
suppl. Fig. 7b), and B. bassiana spores (Fig. 2d; online
suppl. Fig. 7c) revealed a double band at approximately
100 kDa corresponding to full-length CLIPA7 with no
detection of a cleaved protein product, whereas the theo-
retical (predicted) molecular weight of CLIPA7 is ap-
proximately 77 kDa.

We fortuitously identified a cleaved product of CLI-
PA7 while investigating the recruitment of CLIPA7 to E.
coli bioparticles, using our previously described biopar-
ticle surface extraction assay [28, 32]. Using this assay, we
have previously shown that SPCLIP1, CLIPA2, and CLI-
PA14 are recruited to bacterial surfaces and that, for the
two former cSPHs, it was TEP1-dependent [28, 30, 32].
Western blot analysis of the bound fractions revealed a
band at ~100 kDa corresponding to full-length CLIPA7
and another at ~72 kDa corresponding to the proteolyti-
cally processed form (Fig. 2e; online suppl. Fig. 7d). The
higher molecular weight band was strongly reduced, and
the lower was depleted in the dsCLIPA7 sample confirm-
ing the specificity of the observed bands. CLIPA7 is pre-
dicted to be cleaved after Arginine 513 at the beginning
of the protease-like domain (Fig. 2a; [5]) generating N-
terminal and C-terminal fragments with theoretical mo-
lecular weights of ~45 and ~30 kDa, respectively, under
reducing conditions. Of note, the CLIPA7 antibody was
raised against a long peptide sequence in the N-terminus
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of the protein spanning most of the clip and part of the
proline/glycine-rich domains; hence, it does not recog-
nize the smaller C-terminal fragment containing the pro-
tease-like domain. The observed aberrant migrations of
full-length and cleaved CLIPA?7 relative to their corre-
sponding theoretical weights are most likely due to the
low prevalence of hydrophobic amino acid residues in the
protein resulting in lower SDS binding and consequently
lower mobility, compared to other proteins with more
hydrophobic residues. Indeed, the grand average of hy-
dropathy (GRAVY) index score of CLIPA7 is —0.485 [51],
indicating that it is significantly hydrophilic. This aber-
rant migration has been observed for other proteins with
low GRAVY scores such as collagen peptides that are also
rich in glycine residues [52]. Interestingly, neither TEP1
silencing nor the silencing of CLIPAS, CLIPA28, or SP-
CLIP1 rescued CLIPA7 cleavage (Fig. 2e; online suppl.
Fig. 7d). Silencing CLIPCY, a recently identified cSP with
essential roles in Plasmodium and bacterial melanization
[39] also failed to rescue CLIPA7 cleavage. The fact that
the cleaved form of CLIPA7 was not detected in the sol-
uble fractions suggests that it is generated locally on mi-
crobial surfaces to which it remains tightly associated. It
is worth noting that the cleaved form of CLIPA7 was not
detected systematically in all experiments involving chal-
lenges with bioparticles.

Next, we asked whether CLIPA7 acts upstream of the
SPCLIP1-CLIPA8-CLIPA28 module by gauging the ef-
fect of CLIPA7 kd on the infection-induced activation
cleavage profiles of CLIPA8 and CLIPA28. CLIPA7 kd
failed to rescue the cleavage of CLIPA8 (Fig. 3a, ¢, e; on-
line suppl. Fig. 8a, ¢, e) and CLIPA28 (Fig. 3b, d, f; online
suppl. Fig. 8b, d, f) in response to mosquito injections
with E. coli, S. aureus, and B. bassiana spores, respective-
ly. On the other hand, CLIPA8 kd almost completely res-
cued CLIPA28 cleavage (Fig. 3b, d, f) in all three infec-
tions, confirming our previous observations of the down-
stream position of CLIPA28 in the module [29].
Altogether, our results indicate that CLIPA7 does not act
neither upstream nor downstream of the SPCLIP1-CLI-
PAS8-CLIPA28 module.

CLIPA7 Loss in SRPN2 kd Mosquitoes Is Not Rescued

by Silencing CLIPA8 or CLIPA28

SRPN2 is a key negative regulator of the mosquito mel-
anization response whose knockdown triggers a potent
melanotic response against Plasmodium ookinetes, and
substantial spontaneous tissue melanization in naive
mosquitoes associated with a strong reduction in hemo-
lymph PPO protein levels at later time points [53]. We
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Fig. 3. CLIPA7 is not required for the activation cleavage of CLI-
PA8 and CLIPA28. Western blots showing CLIPAS8 (a) and CLI-
PA28 (b) cleavage in hemolymph extracts from the indicated mos-
quito genotypes at 3 h after E. coli (ODggg = 0.8) injection. Western
blots showing CLIPAS8 (c) and CLIPA28 (d) cleavage in hemo-
lymph extracts from the indicated mosquito genotypes at 3 h after
S. aureus (ODgg = 0.8) injection. Western blots showing CLIPAS
(e) and CLIPA28 (f) cleavage in hemolymph extracts from the in-
dicated mosquito genotypes at 24 h after B. bassiana injection
(2,000 spores/mosquito). In all blots, each lane contained hemo-
lymph extracts from 35 mosquitoes. Membranes were also probed
with aCLIPA7, and with a-Apolipophorin IT (aApolI) as loading
control. The blots shown are representative of at least three inde-
pendent experiments.

recently showed that, in addition to PPO, SRPN2 kd in
naive mosquitoes also reduced significantly the hemo-
lymph levels of CLIPA8 and CLIPA28, suggesting that
the spontaneous melanotic reaction triggered in those
mosquitoes most likely consumes several hemolymph
proteins involved in this response [29]. Similarly, we ob-
served a strong reduction in CLIPA7 protein in the he-
molymph of dsSRPN2 naive mosquitoes at 7 days after
dsRNA injection relative to the dsLacZ controls of the
same age, indicating that CLIPA?7 is also consumed dur-
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ing that reaction (Fig. 4; online suppl. Fig. 9). The loss of
CLIPA7 in dsSRPN2 naive mosquitoes was not rescued
by the silencing of CLIPAS, CLIPA28, SPCLIP1 nor
TEP1, further supporting our previous observations that
these factors do not seem to function upstream of CLI-
PA7.

CLIPA7 Contributes to Antimicrobial Defense

cSPs in insects are major components of cascades that
activate not only the melanization response but also the
Toll immune pathway which provides protection against
systemic infections with different classes of microbes
[54-57]. To determine whether CLIPA7 is essential for
mosquito immune defense, we scored the effect of silenc-
ing CLIPA7 on the ability of mosquitoes to endure and
resist microbial challenges. Endurance was measured by
scoring the survival of dsCLIPA7 mosquitoes in response
to infections with E. coli, S. aureus, and B. bassiana. Si-
lencing CLIPA7 did not compromise mosquito survival
to systemic infections with E. coli and S. aureus, whereas
silencing the respective positive controls CTL4 [31, 58]
and the NF-kB-like transcription factor Rell [6] did
(Fig. 5a, b). However, infections with the entomopatho-
genic fungus B. bassiana compromised the survival of
dsCLIPA7 mosquitoes (Fig. 5¢) to a similar extent as that
of dsTEPI, used herein as positive control [38]. Next, we
asked whether silencing CLIPA7 alters mosquito resis-
tance to infection by scoring microbial proliferation in
whole mosquitoes. DsCLIPA7 mosquitoes injected with
E. coli exhibited similar levels of bacterial proliferation in
their tissues as dsLacZ control (Fig. 5d), whereas signifi-
cant proliferation was observed in dsCTL4 mosquitoes, as
previously reported [31, 58]. In contrast, dsCLIPA7 mos-
quitoes exhibited significantly enhanced proliferation of
S. aureus (Fig. 5e), suggesting that CLIPA7 is implicated
in the immune-mediated clearance of this bacterium.
With respect to B. bassiana infections, dsCLIPA7 mos-
quitoes showed mixed phenotypes characterized by in-
creased fungal proliferation in certain experiments
(though not to the same extent as dsTEPI mosquitoes)
but notin others, in contrast to dsTEPI mosquitoes which
consistently exhibited an increase in B. bassiana prolif-
eration (Fig. 5f), as previously reported [29].

CLIPA?7 Is Recruited to Bacterial Surfaces

The involvement of CLIPA7 in S. aureus clearance and
in the melanization of E. coli prompted us to characterize
whether CLIPA7 function requires its localization to bac-
terial surfaces by performing a series of immunohisto-
chemical staining of female mosquito tissues at 20 min
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Fig. 4. CLIPA7 consumption in SRPN2 kd
naive mosquitoes is not rescued by the
knockdown of positive regulatory cSPHs
nor TEP1. Representative Western blot
showing CLIPA7 protein levels in hemo-
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after intrathoracic bacterial injections. The rationale be-
hind conducting these assays at an early time point is to
maximize the chance of imaging free bacteria (i.e., not
phagocytosed), as the majority of bacteria risk to be
cleared by phagocytes at later time points. CLIPA7
showed clear localization to GFP-expressing S. aureus
cells in perfused hemolymph (Fig. 6a) and in dissected
abdomens (Fig. 6b). The fact that CLIPA7-labeled S. au-
reus cells retained their cytosolic GFP signal suggests that
these cells were viable. We also observed CLIPA7 labeling
of GFP-expressing E. coli cells in dissected abdomens
(Fig. 6¢), indicating that CLIPA7 localizes to both Gram
types. To determine whether this pattern of localization
is CLIPA7-specific or is a general feature of cSPHs with
immune phenotypes, we gauged the interaction of CLI-
PA8 and SPCLIPI, two key c¢SPHs in the melanization
response, with the same S. aureus strain. Neither CLIPAS
(Fig. 6d) nor SPCLIP1 (Fig. 6e) was detected on the GFP-
expressing S. aureus cells. Confocal microcopy imaging
of perfused hemolymph revealed hemocytes as the main
producers of CLIPA7 as well as a pattern of CLIPA7 stain-
ing of S. aureus cells identical to that observed with clas-
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sical fluorescence microscopy (Fig. 6f). Western blot
analysis detected CLIPA7 protein in hemolymph and ab-
domen extracts but not in midgut extracts (online suppl.
Fig. 10), further supporting that hemocytes, most likely
circulating and sessile, are the main producers of CLI-
PA7.

To exclude the possibility that the observed CLIPA7
staining could be somehow influenced by the GFP-ex-
pressing nature of the transgenic E. coli and S. aureus
strains used in these assays, we probed the interaction of
CLIPA7 with 3 other non-GFP-expressing strains of S.
aureus (Fig. 7a), B. cereus (Fig. 7b), and M. luteus (Fig. 7c)
in dissected abdomens of female mosquitoes injected
with these bacteria. CLIPA7 was detected on melanized
and nonmelanized cells of these bacteria, indicating that
it exhibits a broad pattern of interaction with bacterial
surfaces.
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Fig. 5. CLIPA7 contributes to antimicrobial defense. Survival as-
says of the indicated mosquito genotypes following injection with
E. coli (ODggonm = 0.8) (@), S. aureus (ODgyonm = 0.8) (b), and after
spraying with a B. bassiana suspension of 1 x 10% spores/mL (c).
One representative experiment is shown from at least three inde-
pendent biological experiments. The Kaplan-Meier survival test
was used to calculate the percent survival. Statistical significance
of the observed differences was calculated using the log-rank test,
with p values <0.05 considered significant. Bacterial proliferation
assays conducted on mosquitoes injected with E. coli (ODgponm =
0.8) (d) and S. aureus (ODgypnm = 0.8) (e). Batches of 8 whole mos-
quitoes each were grinded in LB medium at 24 h after infection,
and colony-forming units (CFUs) were scored on LB plates sup-
plemented with the appropriate antibiotic. Each point on the scat-

Discussion

The melanization response in insects is regulated by
complex serine protease cascades composed of cSPHs,
cSPs, and their regulatory serpins. In A. gambiae, TEP1
acts as the most upstream trigger of the melanization re-
sponse elicited against Plasmodium parasites, bacteria,
and fungi [28, 29, 33, 38]. Downstream of TEP1, the SP-
CLIP1-CLIPAS-CLIPA28 core module of cSPHs plays an
essential role in the infection-induced melanization re-
sponse [29, 39]. This module acts upstream of and con-
trols the proteolytic activation of CLIPC9 which was also
shown to be required for microbial melanization [39].
Our biochemical analysis suggests that CLIPA7 does not
belong to the TEP1-cSPH core module-CLIPC9 axis but
rather acts parallel to it in regulating the melanization of

326 J Innate Immun 2023;15:317-332

DOI: 10.1159/000526486

ter plot represents the mean CFU per mosquito per batch. Means
are shown as red lines. Statistical analysis was performed using
Kruskal-Wallis test followed by Dunn’s multiple comparison test,
with p values <0.05 considered significant. ****p < 0.0001. Data
shown for E. coli and S. aureus are from 5 to 7 independent bio-
logical experiments, respectively. f Relative abundance of B. bassi-
ana genomic DNA was measured by qRT-PCR in the indicated
mosquito genotypes at day 3 after spore injection. Each point on
the graph represents the mean relative abundance of B. bassiana
genomic DNA in total DNA extracted from a batch of 15 mosqui-
toes. Five different biological experiments are shown, each in a
different color. Statistical significance of the observed differences
was calculated using the Friedman test followed by Dunn’s mul-
tiple comparison test. **p < 0.01.

E. coli. It was surprising to note that CLIPA7 cleavage is
TEP1-independent, as this is the first example of an cSPH
required for melanization but eludes TEP1 control. These
results further support the existence of parallel axes that
converge on E. coli melanization: an axis controlled by
TEP1 and another involving CLIPA7. What factor(s)
control proteolytic activation within the CLIPA7 axis re-
mains to be determined.

The fact that CLIPA7 is required for E. coli but not P.
berghei and S. aureus melanization is an interesting ob-
servation that points to microbial class-specific functions
associated with certain components of these protease cas-
cades. So far, all the key regulators of the infection-in-
duced melanization response including TEP1, SPCLIP1,
CLIPAS, CLIPA28, and CLIPC9 exhibit a broader role
involving E. coli and P. berghei [12, 28, 29, 31-33, 39],
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Fig. 6. CLIPA7 localizes to the surfaces of
E. coli and S. aureus. Immunofluorescence
assays showing CLIPA7 labeling of GFP-
expressing S. aureus (ODgy = 2) in a per-
fused hemolymph and b dissected abdo-
mens, and ¢ of GFP-expressing E. coli
(ODgpp = 2) in dissected abdomens. Label-
ing of GFP-expressing S. aureus (ODggo =
2) in dissected abdomens with CLIPAS (d)
and SPCLIP1 (e), respectively. Nuclei
(blue) were stained with Hoechst. f Confo-
cal microscope section (1 pm thick) of per-
fused hemolymph showing CLIPA7 stain-
ing of S. aureus cells (arrows) and CLIPA7
production by hemocytes (arrowheads).
Scale bars correspond to 10 pm. All images
were taken on a Leica upright fluorescence
microscope (except f) and are representa-
tive of at least 2 independent biological ex-
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with TEP1 and CLIPAS8 also involved in fungal melaniza-
tion [38]. However, the role of all of these regulators in
the melanization of Gram-positive bacteria has not been
addressed yet, with the exception of SPCLIP1 whose in-
volvement in S. aureus melanization has been established
in this study. The CLIPA7 phenotype informs future
studies to assess E. coliand S. aureus melanization in par-
allel as readouts to better characterize immunity genes
implicated in that response and to understand at what
level functional specialization emerges in these cascades.
This functional specialization has been addressed in mos-
quitoes mainly in the context of Plasmodium and tissue
melanization [59, 60]. The recent observation that TEP1
is required for P. berghei but not P. falciparum melaniza-
tion in CTL4 knockout mosquitoes stresses the impor-
tance of using a broader panel of microbes to better char-
acterize this response [61].

We were not able to detect the cleaved form of CLIPA7
in hemolymph extracts of mosquitoes injected with live

Role in Mosquito Immunity

bacteria even at high OD values of 3 (data not shown).
Only by injecting commercial E. coli bioparticles, the
cleaved form was detected, though not systematically.
These observations suggest that a fraction of the cleaved,
active form of CLIPA7 may be either circulating in the
hemolymph from where it is rapidly cleared or that the
active form is stably associated with the surfaces of mi-
crobes that become trapped in a melanin coat or cleared
by phagocytes. The fact that in the bioparticle surface ex-
traction assay the processed form of CLIPA7 was only
observed in the bound but not the soluble fraction sup-
ports a tight association with microbial surfaces. In in-
stances where we have succeeded in detecting cleaved
forms of ¢SPHs including CLIPA8 [31], CLIPA28 [29],
and CLIPA14 [30], it is likely because these forms leach
from microbial surfaces and are not rapidly cleared from
the hemolymph. The reason why E. coli bioparticles
proved more valuable than live bacteria for the detection
of cleaved CLIPA7 could be due to differences in their
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S. aureus

BF CLIPA7

B. cereus
B LI7

Fig. 7. CLIPA7 localizes to the surfaces of
melanized and nonmelanized Gram-posi-
tive bacteria. Immunofluorescence assays
showing CLIPA7 localization to nonfluo-
rescent strains of S. aureus (ODgy = 2) (a),
B. cereus (ODgyy = 2) (b), and M. luteus
(ODgpo = 2) (c) in dissected mosquito ab-
domens. Left panels correspond to bright
field (BF) images and right panels to
merged BF and red (CLIPA7) channel.
Note CLIPA7 localization to surfaces of
melanized (arrowheads) and nonmela-
nized (arrows) bacterial cells. Scale bars
correspond to 10 pm. All images were tak-
en on a Leica upright fluorescence micro-
scope and are representative of at least 2
independent biological experiments.

infection dynamics such as slower clearance of bioparti-
cles, or in their surface biochemical characteristics that
may trigger a more potent activation of immune respons-
es or enhanced recruitment of immunity proteins to their
surfaces.
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DsCLIPA7 mosquitoes exhibited consistently reduced
endurance to B. bassiana infections, yet their resistance
to the fungus was variable, in contrast to dsTEP1 mosqui-
toes which showed a consistent reduction in resistance to
B. bassiana. These results suggest that CLIPA7 plays a
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secondary role in resistance to fungal infections which
may be further nuanced by the hypomorphic phenotypes
obtained with RNAi due to the incomplete depletion of
proteins from the hemolymph. In support of this argu-
ment, CTL4 kd by RNAi has been always associated with
a strong but incomplete melanization of P. berghei ooki-
netes [29, 49], whereas the depletion of CTL4 by CRISPR/
Cas9 triggered the complete melanization of P. berghei
ookinetes with no single live oocyst emerging in these
mosquito midguts [61]. On the other hand, CLIPA7 is
clearly involved in the clearance of S. aureus bacteria as
its knockdown significantly enhanced their proliferation
in mosquito tissues compared to control and even to
dsRell mosquitoes. To our knowledge, this is the first im-
munity gene in A. gambiae that exhibits a clear RNAi phe-
notype with respect to controlling S. aureus proliferation.
In A. gambiae, anti-bacterial functions have been ascribed
to several immunity genes including TEP1 [36, 58], CTL4
[58, 62], Dscam [63], and several FBNs [64], however, in
the context of controlling the proliferation of Gram-neg-
ative bacteria. Even mosquito Rell that occupies a key
position in the Toll pathway, its knockdown does not al-
ways enhance S. aureus proliferation in our hands, as in
this study, possibly because of its poor silencing efficiency
[35, 65] or because the still poorly characterized Toll
pathway in mosquitoes is not as efficient and essential as
that in Drosophila [66, 67] in defense against Gram-pos-
itive bacteria. However, the fact that the survival of dsRel1l
mosquitoes to S. aureus infections was compromised sug-
gests a role for the mosquito Toll pathway in enhancing
host fitness in that context, possibly by promoting a
wound healing response. Indeed, studies in Drosophila
have provided increased evidence for the injury-induced
activation of the Toll pathway [68, 69]. The increased S.
aureus proliferation in dsCLIPA7 mosquitoes did not
compromise their survival, suggesting that S. aureus may
be mildly pathogenic to mosquitoes which can well en-
dure its presence in their tissues even at high levels. Mos-
quito lethality to S. aureus infections has been observed
for several gene knockdowns in different studies [63, 70—
72]; however, to our knowledge, in none of these knock-
downs it was correlated with an increase in S. aureus pro-
liferation.

CLIPA7 has a unique domain architecture among
mosquito cSPHs, as it contains a long unstructured pro-
line/glycine-rich region and an RGD motif in addition to
the signature clip and protease-like domains; however, it
is worth noting that an RGD motif is also present in CLI-
PA1, CLIPA5, CLIPA13, CLIPA14, and CLIPA26; hence,
it is not unique to CLIPA7. These features together with
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its association with bacterial surfaces suggest that it might
tether bacteria to phagocytic receptors on hemocytes
such as integrins. The fact that CLIPA7 labeled cells re-
tained their cytosolic GFP suggests a role for this cSPH in
bacterial clearance rather than lysis. The association of
CLIPA7 with melanized Gram-positive bacteria may in-
dicate a secondary role in the melanization of these bac-
teria since its knockdown did not reduce the melanotic
excreta scored in MelASA in response to S. aureus and M.
luteus infections. It may also indicate a role in the clear-
ance of melanized cells from the hemolymph. Altogether,
our results inform an essential role for CLIPA7 in the
melanization of E. coli and in the clearance of S. aureus in
a melanization-independent manner. The fact that CLI-
PA7 kd did not alter mosquito resistance nor endurance
of E. coli infections indicates that melanization is not a
primary defense response against E. coli, in agreement
with previous studies from our laboratory [29, 31], which
is not surprising owing to the primary roles of TEP1 and
CTL4 in this regard [36, 37, 58, 62]. The production of
recombinant versions of CLIPA7 with deletions in the
unstructured and RGD domains would be essential tools
to study the relevance of these domains to CLIPA7 anti-
bacterial function.

In conclusion, the structural features of CLIPA7 and
its RNAi phenotypes clearly point to pleiotropic func-
tions in mosquito immunity. Pleiotropy is a hallmark of
immunity proteins observed at several levels and systems.
Even antimicrobial peptides such as defensins that have
simple structures have been assigned diverse roles in ver-
tebrate immunity ranging from microbial membrane dis-
ruption [73, 74] to triggering chemotaxis [75, 76] and
modulating inflammation [77]. It is difficult to perceive
that the complex networks of CLIP genes, both cSPs and
cSPHs, that regulate melanization have functions restrict-
ed within this narrow context. This is especially true for
CLIPAs (cSPHs) and CLIPBs (cSPs), major components
of these networks, which exhibit dynamic evolutionary
profiles according to a recent study [78]. There has been
an increased appreciation of the diverse functions attrib-
uted to certain components of the serine protease cas-
cades regulating coagulation and complement in mam-
mals [79-81]. Hence, it would not be surprising to ob-
serve that certain members of these CLIPs acquired
additional functions along their evolutionary trajectory,
equipping cSP cascades with diverse roles in insect im-
munity.
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