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Abstract

Invasion of the malaria vector Anopheles gambiae midgut by Plasmodium parasites triggers
transcriptional changes of immune genes that mediate the antiparasitic defense. This response is
largely regulated by the Toll and Immune deficiency (IMD) pathways. To determine whether An.
gambiae microRNAs (miRNAS) are involved in regulating the anti-Plasmodium defense, we
showed that suppression of miRNA biogenesis results in increased resistance to Plasmodium
falciparum infection. In silico analysis of An. gambiae immune effector genes identified multiple
transcripts with miRNA binding sites. A comparative miRNA microarray abundance analysis of
P. falciparum infected and naive mosquito midgut tissues showed elevated abundance of miRNAs
aga-miR-989 and aga-miR-305 in infected midguts. Antagomir inhibition of aga-miR-305
increased resistance to P. falciparum infection and suppressed the midgut microbiota. Conversely,
treatment of mosquitoes with an artificial aga-miR-305 mimic increased susceptibility to P.
falciparum infection and resulted in expansion of midgut microbiota, suggesting that aga-miR-305
acts as a P. falciparum and gut microbiota agonist by negatively regulating the mosquito immune
response. In silico prediction of aga-miR-305 target genes identified several anti-Plasmodium
effectors. Our study shows that An. gambiae aga-miR-305 regulates the anti-Plasmodium response
and midgut microbiota, likely through post-transcriptional modification of immune effector genes.
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1. Introduction

Female Anopheles gambiae mosquitoes are the principal vector of the malaria parasite
Plasmodium falciparum, and the parasite has to complete a complex infection cycle in the
mosquito vector to accomplish transmission. Invasion of mosquito tissues by P. falciparum
ookinete-stage parasites results in extensive transcriptional changes of immune genes that
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mediate the host defense response, along with genes playing roles in other infection-
responsive physiological systems (Dong et al., 2006). Mosquitoes lack an adaptive immune
response and rely solely upon an innate immune system that is triggered through the
recognition of pathogen associated molecular patterns (PAMPS) by pattern recognition
receptors (PRRs). Plasmodium infection of the mosquito midgut epithelium triggers the
activation of the highly conserved NF-xB TOLL and IMD signaling cascades, with the
TOLL pathway primarily suppressing infection with the rodent parasite P. berghei and the
IMD pathway limiting human P. falciparum infection. Activation of the IMD pathway
induces expression of key anti-Plasmodium effectors such as APL1, TEP1, and LRRD?7,
through the nuclear translocation of the NF-xB transcription factor REL2. The immune
response can be tempered by the negative regulators Caspar and Caudal, which inhibit IMD
pathway signal transduction and prevent REL2-mediated transcription of immune effectors,
respectively (reviewed in (Clayton et al., 2014)).

Over-activation of the immune response could exert a negative effect on the individual
mosquito’s fitness, and therefore mechanisms must be in place to either tolerate or limit the
response. Post-transcriptional gene regulation has been proposed as a mechanism to fine-
tune immune responses and other physiological processes and to prevent any negative
effects of over-activation (reviewed in (Chen et al., 2013)). Because transcriptional changes
are central to the A. gambiae anti-Plasmodium defense, it is plausible to hypothesize that
post-transcriptional regulation also plays a role in the host's defense response. MicroRNAS
(miRNA) are small regulatory non-coding RNAs responsible for sequence-specific post-
transcriptional regulation (Lau et al., 2001). miRNAs are transcribed by RNA polymerase |1
to form long pri-miRNAs, cleaved by the RNase 111 enzyme Drosha within the nucleus to
form pre-miRNAs (~ 70 nt), and then cleaved into their mature forms (21-25 nt) by a second
RNase |1, Dicer-1, following their export to the cytoplasm (Hutvagner et al., 2001; Lee et
al., 2003; Lee et al., 2004). Argonaute-1 (Ago-1), which is part of the RNA-induced
silencing complex (RISC) then guides the mature miRNAs to target mRNA 3’-untranslated
regions, according to the classic pathway (Forstemann et al., 2007; Tomari et al., 2007).
Sequence complementarity of the miRNA seed region, a heptamer spanning nucleotides 2-8
at the 5’ end of the mature miRNA, to its target mRNA is critical for post-transcriptional
regulation (Brennecke et al., 2005). Binding of the RISC complex to target MRNAS results
in either mMRNA transcript degradation or repression of translation (reviewed in (Filipowicz
et al., 2008)).

The biological function of insect miRNAs has predominantly been studied in Drosophila
melanogaster, and shown to comprise many processes including development and
differentiation (reviewed in (Lucas and Raikhel, 2013)). Recently, a role for miRNAs in
insect immunity has been shown in D. melanogaster; where dme-miR-8 controls basal
immune homeostasis (Choi and Hyun, 2012; Lee and Hyun, 2014). This sequence is
conserved in the diamondback moth Plutella xylostella and up-regulates the expression of
the TOLL pathway negative regulator serpin 27 (Etebari and Asgari, 2013). Dengue virus
infection of the vector mosquito Aedes aegypti modulates the expression of 35 mosquito
miRNAs (Campbell et al., 2014). A specific miRNA regulates the expression of two TOLL
pathway-related immune genes, specifically up-regulating the negative regulator cactus and
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down-regulating the transcription factor Rell (Hussain et al., 2013). The direct interaction of
this miRNA with target genes renders mosquitoes more susceptible to dengue virus infection
(Hussain et al., 2013). The A. gambiae miRNA biogenesis pathway is involved in the host
response to Plasmodium infection. P. falciparum infection causes transcripts of the miRNA
biogenesis components Dicerl and Drosha to exhibit increased polysome loading (Mead et
al., 2012). The rodent malaria parasite P. berghei affects the expression of A. gambiae
miRNAs, and RNA interference (RNAI) targeting of Ago-1 and Dicer-1 renders mosquitoes
more susceptible to P. berghei infection (Winter et al., 2007). In addition, P. vinckei petteri
and P. berghei infection of A. stephensi and A. gambiae respectively causes differential
expression of multiple miRNAs (Biryukova et al., 2014; Jain et al., 2014).

Two lines of evidence suggest that specific miRNAs may modulate A. gambiae
susceptibility to P. falciparum infection. First, IMD pathway-controlled transcriptional
changes are key to regulating permissiveness to this parasite. Second, there is evidence that
the mosquito miRNA pathway modulates susceptibility to infection. Through microarray-
based profiling of P. falciparum-infected and -naive tissues, we show that A. gambiae
miRNAs are regulated by parasitic infection of the midgut tissue. Through functional assays,
we demonstrate that miRNA aga-miR-305 negatively regulates the A. gambiae immune
response to P. falciparum infection, and our in silico analysis predicts several potential aga-
miR-305 target immune genes. In summary, we show that specific A. gambiae miRNAs can
regulate the innate immune response and anti-Plasmodium defense. Identification of
Plasmodium-responsive miRNAs offers the possibility of generating transgenic miRNA
sponge-expressing mosquitoes that are more resistant to P. falciparum infection as part of
the development of a novel malaria control strategy.

2. Materials and Methods

2.1 Ethics statement

This study was carried out in strict accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National Institutes of Health. Mice were
only used for mosquito rearing as a blood source according to approved protocol. The
protocol was approved by the Animal Care and Use Committee of the Johns Hopkins
University (Permit Number: MO06H300). Commercial anonymous human blood from
Interstate Bloodbank was used for Plasmodium infection assays in mosquitoes, and
informed consent was therefore not applicable. The Johns Hopkins School of Public Health
Ethics Committee has approved this protocol.

2.2 Mosquito Rearing

A. gambiae Keele strain mosquitoes (Hurd et al., 2005) were reared in the Insectary Core
Facility of the Johns Hopkins School of Public Health. Mosquito cages were maintained in
controlled chambers with 12-hr light/dark cycles at 27°C and 70% humidity. Adult
mosquitoes were maintained on 10% sucrose solution.
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2.3 RNA isolation and miRNA abundance determination

All samples for RNA extraction were homogenized in TRIzol® (Life Technologies,
Carlsbad, CA.) using RNAse-free plastic pestles and stored at —80°C prior to extraction,
according to the manufacturer's protocol. Isolated RNA was treated with Turbo DNase |
(5U, Life Technologies) to remove contaminating DNA. For quantification of miRNA
abundance, the miScript PCR system (Qiagen, Valencia, CA, USA) was used according to
the manufacturer's guidelines. In brief, the kit contains an enzyme mix containing both
poly(A) polymerase and reverse transcriptase. Mature miRNAs within total RNA samples
were selectively polyadenylated and reverse-transcribed to cDNA using the miScript HiSpec
Buffer and oligo(dT) primers that contain a universal tag sequence. miRNA abundance was
then quantified using the miScript Sybr Green PCR kit (Qiagen) and a universal primer
complementary to the tag sequence and miRNA-specific primers (Table S2). For each target
gene, three biological replicates were performed and normalized to the abundance levels of
miRNAs showing equal levels across all samples, as determined by the NormFinder
software as previously described (Andersen et al., 2004). To determine silencing efficiencies
of selected miRNAs, the HiFlex buffer, which allows reverse transcription of both miRNAs
and mRNAs, was used to prepare cDNA to enable normalization to the ribosomal S7 gene,
as miRNAs with invariant expression in these samples was not known. All reactions were
performed in triplicate. Fold changes between samples were calculated using the AAct
method (Pfaffl, 2001). The following PCR conditions were used for all reactions: 95°C for
15 min, 40 cycles of 94°C for 15 s, 56°C for 30 s and 70°C for 30 s. Melting curve analysis
was performed to confirm the amplification of a unique product.

2.4 RNAI gene silencing and real-time PCR

To silence the miRNA pathway genes Agol (AGAP011717) and Dicerl (AGAP002836),
we used an RNAI approach as previously described (Dong et al., 2006). In brief, specific
dsRNA was synthesized using the HiScribe T7 in vitro Transcription Kit (New England
Biolabs, Ipswich, MA) from purified PCR-amplified products, and 69 nl of each dsRNA (3
pg/ul) in sterile water was injected into the thorax of 3- to 4-day-old cold-anesthetized
female mosquitoes using a nanoinjector (Nanoject, Drummond). A dsRNA corresponding to
GFP was used as a control. To determine efficiency of gene silencing, total midgut RNA
from 10 mosquitoes was isolated three days post injection and cDNA prepared using the M-
MLV Reverse Transcriptase 1st-Strand cDNA Synthesis Kit (Promega, Madison, W1, USA).
Knockdown efficiency was determined by quantitative real-time PCR (qQRT-PCR) as
previously described (Dong et al., 2006) using the SYBR Green PCR Mastermix (Applied
Biosystems, Life Technologies, Grand Island, NY, USA) . cDNA templates were
normalized to the ribosomal S7 gene and fold change in gene expression levels following
silencing was determined using the standard AAct method. Three independent biological
replicates were performed for each candidate gene. The following PCR conditions were used
for all reactions: 95°C for 10 min, 40 cycles of 94°C for 15 s, 56°C for 30 s and 72°C for 30
s. Melting curve analysis was performed to confirm the amplification of a unique product.
Primer sequences used for amplification of dSRNA PCR templates and verification of
silencing efficiency are listed in Table S2.
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2.5 miRNA microarray analysis

A total of 194 mosquito miRNA sequences were accessed from miRBase
(www.mirbase.org) and integrated into a custom Agilent miRNA microarray design (Agilent
Technologies, CA, USA) (Wang et al., 2007). For microarray-based miRNA abundance
analysis, midguts were dissected from mosquitoes following either a P. falciparum-infected
blood meal or a non-infected human blood meal at 18 and 24 hr post-feeding. Three
independent replicates of 15 midguts were dissected for each condition. A separate cohort of
mosquito midguts, from the same experiment, were dissected 7 days after feeding and
stained with 0.1% mercurochrome, and oocyst numbers were enumerated using a light-
contrast microscope to establish infection of the P. falciparum-fed group. Total RNA (100
ng) from dissected midguts from each group was labeled with Cyanine3-pCp using the
Agilent miRNA Complete Labeling and Hyb Kit and added to the miRNA microarray.
Arrays were hybridized for 20 hr at 55°C and scanned with an Agilent scanner. Scanned
images were analyzed using Feature Extraction v11.5 and GeneSpring GX 12.6 (Agilent
Technologies), and the data were normalized to the 75! percentile (Koufaris et al., 2012).
Only miRNAs detected above background level in at least two of the three biological
replicates were considered. miRNASs were selected if they showed a log,-fold change >1,
using a p-value cutoff of <0.05 following a moderated t-test.

2.6 Antagomir-mediated inhibition of miRNAs

To silence selected miRNAs, we used antagomirs, chemically synthesized short RNA
oligonucleotides with complementary miRNA sequences that bind and sequester their
sequence-specific miRNAs. Antagomirs were designed for the target miRNAs and
synthesized by Dharmacon, Thermo Fisher Scientific. miRBase-annotated sequences (http://
www.mirbase.org/) were used to design the complementary antagomirs. Missense controls
containing a scrambled sequence were also designed. Antagomirs contained the following
sequences: ant.305, 5° CAGAGCACCUGAUGAAGUACAAU 3’; mis.305, 5’
CAGAGGGCCGCAUGCCUAGUGCU 3’; ant.989, 5 GUACCACUACGUCACAUCACA
3’; and mis989, 5 GUCAUACCACACCACGCAGUA 3. All antagomirs contained the
following modifications as previously described (Krutzfeldt et al., 2005): 1) a 3’ cholesterol
group at the antagomir 3’ end, 2) a phosphorothioate backbone in place of a phosphodiester
at the first two and the last four nucleotides, and 3) a 2’ O-methyl modification of all
nucleotide ribose molecules. Antagomirs were injected into the thoraces of 3- to 4-day-old
cold-anesthetized female mosquitoes using a nanoinjector (Nanoject, Drummond), in a
volume of 69 nl at the concentrations indicated within the figures.

2.7 Treatment of mosquitoes with miRNA mimics

We designed and synthesized artificial miRNAs that mimic Dicer-processed mature
miRNAs, as previously described (Boutz et al., 2007). In brief, DNA oligonucleotides were
designed as template sequences for transcription of miRNA sense and antisense strands.
Oligonucleotides contained an eight-nucleotide tag to allow annealing with a universal T7
promoter containing oligonucleotide (5’ TAATACGACTCACTATAGGGAGACAGG 3’)
and were then filled in using DNA polymerase | Klenow fragment (New England BioLabs,
NEB) to create dSDNA sense and antisense templates. SSRNA strands were then synthesized
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using HiScribe T7 RNA polymerase (NEB), and complementary RNA strands were
annealed. The duplex RNA was digested with Turbo DNase 1 (5 U; Life Technologies) to
remove the DNA template and with RNase T1 (200 U; Thermoscientific) to generate the
characteristic miRNA 3’ two-nucleotide overhang (Lee et al., 2003). Synthetic miRNAs
were then extracted with phenol-chloroform and precipitated with ethanol, then resuspended
in sterile H,0 to a concentration of 250 pM. The aga-miR-305 specific primers were: sense,
5" CAGAGCACCTGATGAAGTACAATCCTGTCTC 3’ and antisense, 5’
TTAGTGTACTTCATCAGGTGCTCCCTGTCTC 3’. The control mimic primers used
were: sense, 5> CTTAGTGCAGGTCGATACTAGCTCCTGTCTC 3’ and antisense, 5’
TTATCTAGTATCGACCTGCACTACCTGTCTC 3’. Mimics and control mimics were
injected with a nanoinjector into the thoraces of cold-anesthetized 3- to 4-day-old female
mosquitoes in a volume of 69 nl.

2.8 Plasmodium infection assays

Mosquitoes were fed on NF54W P. falciparum gametocytes (0.01% gametocytemia)
(provided by the Johns Hopkins Malaria Institute Parasitology Core Facility) in human
blood through an artificial membrane feeder at 37°C for 30 min. The adult mosquitoes were
starved for 8-12 hr prior to feeding to ensure engorgement, and unfed mosquitoes were
removed from the cohort within 2 hr. Mosquitoes were incubated for a further 8 days at
27°C, and midguts were dissected in PBS, stained with 0.1% mercurochrome, and examined
using a light-contrast microscope (Olympus) to determine oocyst numbers. At least three
biological replicates were performed for each P. falciparum infection assay.

2.9 Quantification of culturable mosquito midgut bacteria

The culturable bacteria of mosquito midguts were quantified by colony forming unit (CFU)
assay as previously described (Blumberg et al., 2013). In brief, individual female
mosquitoes were surface-sterilized by washing them in 100% ethanol for 2 min and then
rinsing them for 1 min in sterile 1x PBS. This process was repeated twice, and sterilized
mosquitoes were streaked onto LB agar plates to confirm sterilization of the external
surface. Individual mosquitoes with greater than 10 CFU on the external surface were
excluded from the analysis. Midguts were then dissected from each individual mosquito
over a sterile glass slide containing a drop of 1x PBS, transferred to a microcentrifuge tube
containing 200 pl of sterile 1x PBS, and homogenized for 1 min. Ten-fold serial dilutions
were plated onto LB agar plates and incubated at room temperature for 72 hr, and CFUs per
plate (minimum 25) were counted and used to determine CFU/midgut. If the CFU number
fell below the limit of detection, the CFU number was determined to be that of the lowest
possible value from the dilutions plated. Eight to ten midguts were used per replicate, and
three replicates were performed for each experiment. Fold change in number of culturable
bacteria was determined from the geometric mean of CFU number across all three replicates
for each experimental group.

2.10 In silico prediction of miRNA targets

Potential immune target genes of A. gambiae miRNAs were identified using three different
miRNA prediction algorithms, RNAHybrid, miRanda and PITA. A. gambiae miRNAs (a
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total of 66, accessed from miRBase http://www.mirbase.org/) were used to search for
potential targets within A. gambiae 3° UTR sequences (Vectorbase AgamP3.7). RNAHybrid
was used with the following parameters: energy value <23 kcal/mol and >6-nucleotide
match within the seed region (Rehmsmeier et al., 2004). Miranda was utilized, and
candidates with a minimum free energy value <23 kcal/mol and a score >80 were selected
(Enright et al., 2003). PITA was implemented, using the following parameters: a AAG
energy value <-10 and a minimum six-nucleotide similarity within the seed region (Kertesz
et al., 2007). The identities of predicted miRNA targets were determined using Kobas
default parameters, with A. gambiae as the reference species (Xie et al., 2011). Potential
targets of differentially regulated miRNAs were predicted using the same software and
parameters.

3. Results and Discussion

3.1 RNAI depletion of miRNA biogenesis factors renders mosquitoes more resistant to P.
falciparum infection

To study the influence of mMiRNA biogenesis on P. falciapium infection, we coupled gene
silencing with P. falciparum infection experiments. We inhibited the biogenesis of miRNAs
by targeting two key genes within the pathway, agol and dicer1, prior to infecting
mosquitoes with the parasite. Agol is required for recruitment of the RISC complex to target
MRNAs, and Dicerl is an RNase I11 enzyme that processes miRNAs into their mature forms
(Hutvagner et al., 2001; Tomari et al., 2007). It has previously been shown that genes of the
A. gambiae miRNA biogenesis pathway exhibit increased polysome loading following P.
falciparum infection (Mead et al., 2012). In addition, RNAi-mediated silencing of dicerl
and ago1 results in an increase in P. berghei infection (Winter et al., 2007). Silencing of
both genes independently resulted in a decreased median humber of oocysts (infection
intensity) when compared to infected GFP dsRNA-injected control mosquitoes (Fig.1A).
This effect was not significant (Kruskal-Wallis p = 0.0812), despite a three-fold reduction in
the median number of oocysts following knockdown of agol transcripts. However, the
reduction in infection intensity was significant for Agol-silenced mosquitoes when the data
concerning the silencing-mediated infection phenotype were separately compared to those
for the GFP dsRNA control cohort using the Mann-Whitney test (agol: p = 0.0363, dicer1:
p = 0.1026). A significant reduction in prevalence, from 71.8% to 52.4% (p = 0.0278), was
observed for dsAgol but not for dsDicerl (reduced to 59.7% [p = 0.1578]) (Fig.1B) when
compared to the GFP dsRNA-treated control cohort. Transcripts of both agol and dicerl
were efficiently silenced, reducing transcript abundance by 49.6 + 10.7 % and 58.9 + 5.5 %
respectively.

The differential effects of gene silencing on P. falciparum infection intensity and prevalence
have been previously documented (Mitri et al., 2009). For example, targeted gene silencing
of APL1 anti-Plasmodium family members results in a significant decrease in P. falciparum
prevalence but not intensity (Mitri et al., 2009). Hence, a significant impact upon infection
prevalence following RNA. silencing of agol demonstrates that the miRNA biogenesis
pathway affects Plasmodium development. A reduction in infection prevalence is relevant,
since even a single oocyst can produce over a thousand sporozoites that can result in disease
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transmission (Stone et al., 2013). We speculate that the non-significant effect of dicerl
knockdown may be as a result of some miRNAs undergoing maturation in a Dicer-
independent pathway, which would limit the impact of dsDicerl treatment, as previously
described (Cheloufi et al., 2010). Our data indicate that interrupting the miRNA biogenesis
pathway interferes with P. falciparum development, but in the opposite direction from its
influence on P. berghei infection (Winter et al., 2007). The previously shown opposite effect
of Ago-1 silencing on P. berghei infection likely relates to differences in regulation of the
immune responses to the rodent and human malaria parasites (Dong et al., 2006). As noted
previously, P. berghei infection is known to be controlled by the TOLL pathway whereas P.
falciparum infection is inhibited by the IMD pathway (Clayton et al., 2014).

3.2 In silico prediction of A. gambiae miRNA immune targets

miRNAs post-transcriptionally regulate mRNAs in a sequence-specific manner, with the 5’
seed region (positions 2 to 8) being highly important for regulation (Brennecke et al., 2005).
This sequence similarity has been used to design algorithms to aid in the prediction of
miRNA target genes (Enright et al., 2003). To identify putative miRNAs involved in
immune regulation and response to Plasmodium infection, we took an in silico screening
approach, as performed previously in D. melanogaster (Fullaondo and Lee, 2012). Since the
IMD pathway has been linked extensively to the mosquito anti-Plasmodium defense (Dong
etal., 2011), we screened for potential miRNASs that target IMD pathway-associated genes.
We used three different prediction softwares to minimize the number of false-positives.
RNAhybrid, miRanda, and PITA were used to search 3’UTR sequences (Vectorbase
AgamP3.7) for potential targets of 66 A. gambiae miRNAs accessed from miRBase (http://
www.mirbase.org). RNAhybrid determines the most energetically favorable hybridization
between the miRNA and target MRNA while ensuring strict sequence similarity within the
seed region (Rehmsmeier et al., 2004). miRanda determines interactions through free energy
dynamics across the entire miRNA:mRNA interaction, with increased weighting given to
the 5 miRNA seed region (Enright et al., 2003). PITA requires sequence similarity within
the seed region but also determines the accessibility of the mRNA 3’ untranslated region
based upon free energy (Kertesz et al., 2007). We identified a total of 23 miRNAS that
potentially regulate the expression of eight IMD genes, including those with known anti-
Plasmodium roles (Table 1). Of particular interest were aga-miR-2-1 and aga-miR-11, which
were predicted by all three programs to contain binding sites within the 3’-UTR of the P.
falciparum antagonists IMD and PGRP-LC, respectively (Garver et al., 2012; Meister et al.,
2009). In addition, both RNAhybrid and miRanda predicted binding sites for aga-miR-305
within the 3’-UTR of the anti-Plasmodium effector gene APL1C (Garver et al., 2012). The
short length of the APL1C 3’-UTR sequence prevented PITA from predicting aga-miR-305
binding sites, since it is below the minimum required length. It should be noted that not all
IMD pathway genes have annotated 3’-UTRs; therefore, this analysis may underestimate the
number of potential immune regulatory miRNAs.

We extended our analysis to include members of the TOLL pathway and selected
antimicrobial peptides. There are 23, 19, and 4 miRNAs with potential binding sites within
the transcripts of IMD pathway genes, antimicrobial peptide (AMP) genes, and putative
TOLL genes, respectively (Table S1). A total of 8, 6, and 3 transcripts of IMD, AMP, and
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TOLL genes, respectively, were targeted by at least one miRNA. Although some miRNAs
were specific to an individual group, three miRNAs were identified as potentially regulating
genes related to both the IMD and TOLL pathways, and two miRNAs were identified that
may regulate genes within both pathways and an antimicrobial peptide. These findings
suggest that a single miRNA can influence multiple immune factors, and the ability of a
single miRNA to regulate multiple transcripts has previously been demonstrated (Hussain et
al., 2013). For example, aga-miR-34 has predicted binding sites within the 3’-UTR of the
TOLL pathway transcription factor REL1, the IMD pathway negative regulator Caspar, and
an antimicrobial peptide gene encoding Cecropin3. Thus, using an in silico approach, we
have shown here that several A. gambiae miRNAs potentially regulate the expression of
known immune genes, including those involved in the anti-Plasmodium defense.

3.3 A. gambiae miRNAs are differentially expressed following an infectious blood meal

Since our in silico analysis identified A. gambiae miRNAs that potentially regulate anti-
Plasmodium genes (Table 1), we next used a microarray approach to investigate whether
any of these miRNAs or other miRNAs are differentially expressed upon P. falciparum
infection of the midgut tissue. A. gambiae miRNA abundances were compared between P.
falciparum-infected (median oocyst number = 13) and -naive midguts from three
independent biological experiments. Fold changes in miRNA abundance levels between
infected and non-infected mosquitoes were determined below a significance threshold
(p<0.05), with a log,-fold change (FC) >1. Differential profiling of 194 mosquito miRNAs,
including 66 A. gambiae miRNAs (available from miRBase), was conducted at two time
points (18 and 24 hr) post-feeding on a P. falciparum gametocyte culture, the time at which
the ookinetes invade the midgut epithelium (Fig. S1). At 18 hr, 65 miRNASs (31 A. gambiae)
were detected in both naive and infected mosquitoes, and 8 (2 A. gambiae) of these showed
differential abundance between the compared samples. At 24 hr, 62 miRNAs (31 A.
gambiae) were detected in both naive and infected mosquitoes, and 8 of these (5 A.
gambiae) showed differential abundance. Of the differentially expressed miRNAs (Table 2),
the abundance of aga-miR-989 (log, FC = 1.74, —log;gp value = 3.31) and aga-miR-305
(logo FC = 7.24, —logyop value = 7.13) was significantly elevated at 18 and 24 hr,
respectively. Interestingly, aga-miR-989 has previously been shown to exhibit a four-fold
increased abundance in the midgut at 24 to 48 hr after a P. berghei-infected blood meal
(Winter et al., 2007). This miRNA contains predicted binding sites within the 3’UTR of the
PRR gene PGRP-LD (Table 1). Expression of aga-miR-305 has also previously been
observed within the midgut tissue (Winter et al., 2007), and it has in silico-predicted binding
sites within the 3’-UTR of the anti-Plasmodium genes PGRP-LC and APL1C (Table 1). We
confirmed the elevated abundance of aga-miR-305 and aga-miR-989 using Sybr Green
gPCR assays and three reference miRNAs that displayed equal abundance across infected
and control samples, as determined by NormFinder (Andersen et al., 2004) (Fig. S2). Thus,
two miRNAs, aga-miR-989 and aga-miR-305, are up-regulated following a P.falciparum
infected blood meal at 18 and 24 hr, respectively, when ookinete invasion of the midgut
epithelium occurs.
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3.4 Antagomir-mediated depletion of aga-miR-305, but not aga-miR-989, increases
mosquito resistance to P. falciparum infection

To determine whether aga-miR-989 and aga-miR-305 influence A. gambiae's susceptibility
to P. falciparum infection, we used an miRNA inhibition approach based on antagomirs,
chemically synthesized short oligonucleotides with the reverse-complementary sequence to
a specific miRNA. Antagomirs bind and sequester their complementary miRNAs,
preventing regulation of target transcripts. Depletion of miRNAS in vivo by antagomir
delivery has been demonstrated in D. melanogaster (Gehrke et al., 2010) and Ae. aegypti
(Bryant et al., 2010). We designed two pairs of antagomirs, ant.305 and ant.989, with
reverse-complementary sequence to that of the mature aga-miR-305 and aga-miR-989
sequences, respectively. Control antagomirs (mis.305 and mis.989) were designed
containing scrambled sequences of the mature miRNA. Treatment of mosquitoes with ant.
305 prior to feeding on a P. falciparum gametocyte culture resulted in a significant reduction
in oocyst intensity when compared to the missense control antagomir-treated infected
mosquitoes (Fig. 2A). For aga-miR-305, we conducted antagomir-mediated depletion at two
different concentrations (100 uM and 250 uM) to determine which would be optimal for
inhibition. Both concentrations resulted in a significant decrease in infection intensity (100
UM, p=0.0041; 250 uM, p=0.0181) across three biological replicates. Delivery of the
antagomir resulted in a significant decrease in parasite prevalence from 89.7% to 66.7% (p=
0.0049) at 100 uM and from 80.5% to 67.8% that was marginally non-significant (p=
0.0834) at 250 uM. Microarray analysis revealed that aga-miR-305 is expressed at low
levels when compared to other miRNAs (data not shown). This low expression of aga-
miR-305 in P. falciparum-infected tissues likely results in complete inhibition of the
miRNA, even when treated with the lower concentrations of antagomir. We note that in two
additional single replicate experiments, we observed no significant difference (100 uM,
p=0.5108 and 250 uM, p=0.1697) between the intensity of infection in antagomir- and
control-injected mosquitoes (data not shown). We therefore confirmed the efficiency of ant.
305-mediated silencing of aga-miR-305 using miRNA gqRT-PCR, observinga 98.7 £ 1.1 %
and 97.1 + 3.1 % reduction in aga-miR-305 abundance after 100 uM and 250 uM ant.305
treatment, respectively. Highly efficient silencing of individual miRNAs in mosquito whole
bodies using antagomirs has previously been observed (Bryant et al., 2010). As aga-
miR-305 was effectively silenced, we hypothesize that this variability is a result of the low
level expression of aga-miR-305 and that silencing of a limited number of miRNAs does not
always significantly influence susceptibility. One experiment that showed no significant
impact of aga-miR-305 silencing had a high infection intensity (median oocysts >25) in the
control cohort, suggesting that aga-miR-305 may have a limited impact when the infection
levels are unnaturally high. It is also possible that some variation in the abundance and
composition of the mosquito microbiota that is known to modualte P. falciparum
susceptibility (Dong et al., 2009), between cohorts, may have contributed to the observed
variation. Despite this variability, our data show that inhibiting aga-miR-305 can increase
the resistance to P. falciparum infection. Targeted inhibition of aga-miR-305 resulted in a
significant decrease in both infection intensity and prevalence (Fig. 2A), whereas silencing
of the miRNA biogenesis pathway only affected prevalence (Fig.1B). RNAi-mediated
knockdown of agol and dicerl has a lesser effect upon individual miRNA expression than
does the delivery of specific antagomirs (Bryant et al., 2010). We speculate that the
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depletion of mMiRNA biogenesis pathway components will not completely silence individual
miRNAs, and that this result may explain the difference in infection phenotype seen when
targeting agol and aga-miR-305 individually.

Treatment of mosquitoes with ant.989 at the higher (250 uM) concentration did not affect
the intensity (p>0.05) or prevalence (p>0.05) of infection when compared to its missense
control (Fig. 2B). This non-significant effect of aga-miR-989 inhibition may be a result of
its incomplete inhibition of the endogenous miRNAs. Alternatively, aga-miR-989 may be
regulated by infection but not target transcripts involved in defense-related processes. A
previous study has shown that miRNA antagomir treatment of Ae. albopictus can result in
different degrees of miRNA inhibition (Puthiyakunnon et al., 2013), and antagomir
treatment of Ae. aegypti has been shown to result in a low-penetrance phenotype despite
miRNA inhibition (Bryant et al., 2010). Therefore, we cannot currently conclude whether
the lack of impact of aga-miR-989 on P. falciparum infection is the result of a lack of
biological impact or of technical limitations.

Anti-Plasmodium and antibacterial defenses are largely regulated by the same immune
factors in A. gambiae, and the IMD pathway is involved in controlling the mosquito midgut
microbiota (Dong et al., 2006). Since aga-miR-305 can regulate P. falciparum infection, we
hypothesized that it is also likely to regulate the mosquito midgut microbiota. To test this
possibility, we used CFU assays to assess the midgut microbial load of aga-miR-305-
depleted and control mosquitoes. Depletion of aga-miR-305 resulted in a ~5-fold decrease in
the number of cultivable bacteria per mosquito midgut that was nearly statistically
significant (p = 0.0577) (Fig. 2C). This non-significant effect may have been a result of the
very low-level expression of aga-miR-305 in non-Plasmodium-infected mosquitoes (data not
shown). In the absence of P. falciparum infection-dependent induction of aga-miR-305
expression, inhibition of the basal levels of aga-miR-305 miRNAs may simply be
insufficient to result in a significant phenotype. In summary, depletion of aga-miR-305
influences both the anti-Plasmodium and antibacterial defense of the mosquito, resulting in
an increased resistance.

3.5 Injection of artificial aga-miR-305 miRNAs decreases mosquito resistance to P.
falciparum infection

To further confirm the involvement of aga-miR-305 in the post-transcriptional regulation of
the anti-Plasmodium defense, we synthesized artificial miRNAs that mimic Dicer-processed
mature miRNASs, as previously described (Boutz et al., 2007). We designed an aga-miR-305
mimic (mimic305) in such a way that the mature miRNA sense strand of aga-miR-305
would be incorporated into the RISC and function as an endogenous miRNA (Materials and
Methods). We also designed a missense control mimic (ctrl305) with a scrambled sequence
to prevent binding to target mMRNAs. Mosquitoes injected with the mimic prior to feeding on
a P. falciparum gametocyte culture displayed a significant increase (p=0.0068) in infection
intensity when compared to the missense control mimic-treated, infected cohort (Fig. 3A).
Infection prevalence increased from 81.4% in ctrl.305-injected individuals to 92.1% in
mimic.305-injected individuals, although this result was marginally non-significant
(P=0.0603). Injection of the aga-miR-305 mimic resulted in the opposite phenotype to that
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observed following antagomir inhibition of aga-miR-305, thereby demonstrating that this
miRNA is involved in regulating A. gambiae resistance to Plasmodium infection. In
addition, we also observed a ~8-fold increase (p = 0.0541) in the midgut microbial load of
mimic-injected mosquitoes when compared to the missense control (Fig. 3B). This increase
is directly correlated with the decreased microbial load observed when aga-miR-305 is
depleted through antagomir inhibition. These data confirm that aga-miR-305 regulates both
the anti-Plasmodium and antibacterial host defense.

3.6 aga-miR-305 potentially targets multiple immune genes

The degenerate nature of the regulatory mechanism of miRNA action allows a single
miRNA to regulate a network of multiple genes. In addition, ookinete invasion of the midgut
epithelia results in changes in the transcription of many genes (Dong et al., 2006).
Therefore, it is likely that the infection phenotypes observed following manipulation of aga-
miR-305 abundance were the result of the targeting of multiple genes by aga-miR-305,
rather than a single miRNA-gene relationship. miRNA target genes are commonly predicted
through sequence similarity between the miRNA seed region, at nucleotide positions 2-8,
and the 3’-UTR of target transcripts (Brennecke et al., 2005). More recently, miRNA
binding sites have been identified within the 5’-UTR as well as the coding regions of
transcripts (Hussain et al., 2013). Therefore, we undertook a comprehensive in silico
approach to identify all potential targets of aga-miR-305 that may have contributed to the
anti-P.falciparum and antibacterial phenotypes. We used RNAHybrid, miRanda, and PITA
software to predict aga-miR-305 binding sites within the annotated 5’-UTR, the coding
sequence, and the 3’-UTR sequences of all A. gambiae genes (Vectorbase AgamP3.7).
Using the software-predicted transcripts, we pursued three approaches to isolate candidate
aga-miR-305 targets that may account for the observed infection phenotypes: 1) We first
focused on candidate genes that were predicted by at least two of the software programs; 2)
we next compared these targets to transcripts that have previously been shown to be
differentially regulated upon P. falciparum infection; and, finally, 3) we identified known
anti-Plasmodium genes with binding sites for aga-miR-305.

In total 35, 1330, and 44 targets were predicted for the 5’-UTR, coding sequence, and 3’-
UTR, respectively, by at least two of the software programs (Fig. 4). RNAhybrid
consistently predicted a higher number of targets than PITA and miRanda did (Fig. 4).
Intriguingly, RNAHybrid and miRanda predicted aga-miR-305 binding sites within the 3’-
UTR of APL1C (Table 1). APL1C is part of a group of three paralogous leucine-rich repeat
(LRR) proteins found within the Plasmodium-Resistance Island (PRI) locus that is linked to
natural resistance to P. falciparum infection (Riehle et al., 2006). APL1 forms a complex
with a second LRR protein (LRIML1) that stabilizes the mature form of the complement-like
factor TEP1, which then binds to the parasite surface and targets the parasite for destruction
(Fraiture et al., 2009; Povelones et al., 2009). Gene-silencing experiments have also
demonstrated that APL1C protects A. gambiae mosquitoes against P. falciparum (Garver et
al., 2012). Because injection of the aga-miR-305 mimic resulted in an increase in
susceptibility to P. falciparum, we hypothesize that the miRNA negatively regulates the P.
falciparum antagonist APL1C to prevent an over-activation of the immune system. P.
falciparum-induced expression of aga-miR-305 (Table 2) may therefore act as a negative
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regulator to fine-tune the immune response and prevent an over-allocation of mosquito
resources to the defense against invading parasites.

In addition to APL1C, aga-miR-305 binding sites were predicted within transcripts of other
immune genes; binding sites were detected by two software programs within the 5’-UTR of
PGRP-LB, a PRR that is up-regulated in response to both bacterial and Plasmodium
challenge (Dimopoulos et al., 2002). Binding sites within the 3’-UTR of a second PRR,
PGRP-LC, were also predicted by the PITA software. PGRP-LC activates the IMD pathway
following recognition of bacterial peptidoglycan and mediates bacteria-dependent anti-P.
falciparum activity (Meister et al., 2009). SCRBQ2, part of a group of scavenger receptors
that recognize polyanionic ligands, contains aga-miR-305 binding sites within the coding
region. Expression of scavenger receptor proteins are up-regulated following P. falciparum
and P. berghei infection, and SCRBQ?2 acts as a Plasmodium agonist, aiding the
establishment of parasite infection (Blumberg et al., 2013; Dong et al., 2006; Gonzalez-
Lazaro et al., 2009). Binding sites were also predicted within the coding region of five
different clip-domain serine protease (CLIP) genes. CLIPs mediate serine protease cascades
that activate pro-phenoloxidases (PPO), resulting in the killing of Plasmodium parasites
(Volz et al., 2006). Of particular note is CLIPB17, which negatively regulates P. berghei
infection by promoting melanization of the invading parasite (Volz et al., 2006). Serpin2
(SRPN2), an inhibitor of PPO that promotes the survival of invading Plasmodium parasites,
contains aga-miR-305 binding sites within the coding region (Michel et al., 2005). It is
interesting to note that SRPN2 and SCRBQ?2 are agonists of P. falciparum development;
therefore, we hypothesize that aga-miR-305 may stabilize SRPN2 and SCRBQ?2 transcripts
to temper the anti-Plasmodium PPO response. Similarly, miRNASs have previously been
shown to increase the relative transcript levels of negative immune regulators in Ae. aegypti
(Hussain et al., 2013).

We also compared the aga-miR-305 targets of midgut transcripts (predicted by at least two
of our software programs) that are known to be differentially regulated 24 hr after the
mosquito feeds on P. falciparum-infected blood, when the ookinetes invade the midgut
epithelium (Blumberg et al., 2013). Of the 1,397 predicted transcript targets of aga-miR-305,
196 (96 up-regulated and 100 down-regulated) were also differentially expressed upon P.
falciparum infection (Blumberg et al., 2013). Of particular interest are Spz2, which has been
suggested to activate the TOLL pathway (Akhouayri et al., 2011); the serine proteases
CLIPB17 and CLIPB36; the pattern recognition protein PGRP-LB; and a family member of
the gal-lectin PRRs that are up-regulated in response to P. falciparum infection (Dong et al.,
2006). Our in silico analysis suggests that aga-miR-305 regulation of the anti-P. falciparum
response is likely to be complex and not mediated by a single miRNA target gene. A single
miRNA is able to regulate over 100 different target transcripts (Lim et al., 2005), suggesting
that whole-genome transcriptome analysis in response to miRNA expression, correlated with
the in silico analysis presented here, has the potential to fully characterize the target genes
responsible for the associated phenotypes.
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4.0 Conclusion

Here we have demonstrated that the A. gambiae miRNA biogenesis pathway regulates
resistance to P. falciparum infection. P. falciparum infection results in the regulation of
mosquito miRNAs, of which miRNA aga-miR-305 is particularly noteworthy: It negatively
regulates the A. gambiae anti-Plasmodium and antibacterial defenses and is therefore likely
to post-transcriptionally regulate a variety of immune genes. Inhibition of aga-miR-305 by
antagomir-mediated depletion results in a greater resistance to infection, and, conversely,
injection of the aga-miR-305 mimic results in an increased susceptibility to infection. We
have also presented a comprehensive target analysis of aga-miR-305 that may provide
information on the target genes that are responsible for this miRNA's influence on P.
falciparum development. These data provide a foundation for further investigation of the
role of specific miRNAs in regulating the A. gambiae immune response to malaria parasites
and bacteria.

There is growing evidence that miRNAs are involved in negatively regulating the immune
response to prevent an over-activation of the immune system. For example, in mammals,
bacterially induced miRNAs negatively regulate Toll-like receptor (TLR) signaling (Nahid
etal., 2011). Several insect miRNAs have previously been shown to negatively regulate
innate immune pathways and to determine susceptibility to infection (Choi and Hyun, 2012;
Etebari and Asgari, 2013; Hussain et al., 2013; Lee and Hyun, 2014). Most notably, an Ae.
aegypti blood meal-inducible miRNA negative regulates the TOLL pathway through up-
regulation of Cactus and down-regulation of REL1 (Hussain et al., 2013). We hypothesize
that P. falciparum infection results in the up-regulation of aga-miR-305, which then fine-
tunes the immune response through the targeting of immune genes. By this process, the
mosquito’s immune response is tempered to prevent over-allocation of resources to the host
defense response.

Transgenic insects can be generated to express tandem repeats of miRNA binding sites
(miRNA sponges) and thereby effectively inhibit the expression of endogenous miRNAs
(Loya et al., 2009). miRNA sponge vectors result in a greater degree of miRNA inhibition
than does the antagomir approach used in this study (Bak et al., 2013), and transgenic direct
intracellular production of the miRNA sponge would be expected to enhance and/or prolong
inhibition when compared to antagomir injection into the hemolymph. miRNA sponge
methodology could be used to develop P. falciparum-resistant transgenic mosquito lines
with blood meal-inducible depletion of parasite agonist miRNAs, such as aga-miR-305, in
the midgut and fat body tissues. We have previously demonstrated that transgenic
overexpression of the A. gambiae IMD pathway-controlled transcription factor REL2 can
lead to a near-refractory phenotype to P. falciparum infection (Dong et al., 2011). We
hypothesize that the sponge methodology could be combined with such existing Rel2-
overexpressing transgenic lines, thereby potentiating the resistance phenotype. Over 3
billion people worldwide are at risk of malaria infection, and the disease remains a constant
burden, calling for novel control strategies. Further investigation of A. gambiae immune-
responsive miRNAs may contribute toward the development of novel malaria control
strategies based on Plasmodium-resistant transgenic mosquitoes (Dong et al., 2011).
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Figure 1. RNAi silencing of miRNA biogenesis pathway genes
(A) P. falciparum oocyst loads in the midguts of A. gambiae following RNAi-mediated

depletion of dicerl and agol transcripts or injection with a dsGFP control. Oocysts were
counted at 8 days post-infection, and data shown are pooled from three biological replicates.
Dots represent the number of oocysts per individual mosquito, and the red horizontal line is
the median number. Statistical significance for differences between groups was determined
using a Kruskal-Wallis test (p=0.0812). Additional statistical analysis is described within the
main text. (B) Prevalence of P. falciparum infection following RNAI treatment. The filled
portion of bars represent the percentage of all mosquitoes harboring at least one oocyst; the
open portion represents those in the group that were uninfected. Significance was
determined by chi-square with Yates' correction. * p<0.5.
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Figure 2. P. falciparum infection intensity following antagomir inhibition of aga-miR-305 and
aga-miR-989

P. falciparum oocyst loads in the midguts of A. gambiae mosquitoes following inhibition of
(A) aga-miR-305 and (B) aga-miR-989 using antagomirs at the concentrations indicated in
the figure. Oocysts were counted at 8 days post-infection, and data shown are pooled from
three biological replicates. Circles represent the number of oocysts per individual mosquito,
and the red horizontal line is the median number. The indicated statistical significance was
determined by Mann-Whitney tests. **, p<0.01, *, p<0.05. (C) Delivery of ant.305 results in
a marginally non-significant decrease in the colony forming units (CFU) of cultivable
bacteria when compared to the mis.305 control. Data were pooled from three independent
biological replicates, and statistical significance was determined by an unpaired t-test. ant =
antagomir, mis = missense control.
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Figure 3. P. falciparum infection intensity following injection of an aga-miR-305 mimic
(A) P. falciparum oocysts laods in the midguts of A. gambiae following injection of an aga-

miR-305 mimic (mimic.305) or a scrambled missense control (ctrl.305). Oocysts were
counted at 8 days post-infection, and data shown are pooled from three biological replicates.
Circles represent the number of oocysts per individual mosquito, and the red horizontal line
is the median number. The indicated statistical significance was determined by Mann-
Whitney tests. **, p<0.01. (B) Delivery of mimic.305 results in a marginally non-significant
increase in the colony forming units (CFU) of cultivable bacteria when compared to the ctrl.
305 control. Data were pooled from three independent biological replicates, and statistical

significance was determined by an unpaired t-test.
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Figure 4. In silico prediction of A. gambiae aga-miR-305 targets using RNAHybrid, miRanda,
and PITA

Gene targets of aga-miR-305 were predicted within the (A) 5” untranslated region, (B)
coding sequence, and (C) 3’ untranslated region of A. gambiae genes (Vectorbase: AgamP.
37) using the software programs RNAHybrid, miRanda, and PITA. Details of the parameters
used for each program are provided in Materials and Methods. Venn diagrams were created
using the online software Venny (Oliveros, (2007, accessed June 2014)).

Dev Comp Immunol. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnue|n Joyiny

Dennison et al.

Predicted targets of the IMD pathway.

Page 23

Table 1

Gene name Accession number

miRNA

IMD AGAP004959

PGRPLB AGAP001212
PGRPLC AGAP005203

PGRPLD AGAP005552

LRRD7/APL2 AGAP005693

Caspar AGAP006473
Rel2 AGAP006747
APL1C AGAPO007033

aga-miR-2-1, aga-miR-308

aga-miR-34, aga-miR-275

aga-miR-11, aga-miR-14, aga-miR-2-1, aga-miR-305,
aga-miR-34

aga-miR-100, aga-miR-124, aga-miR-210, aga-miR-278,
aga-miR-282, aga-miR-309, aga-miR-315, aga-miR-34,
aga-miR-989

aga-miR-1891, aga-miR-276-3p, aga-miR-34, aga-miR-92a,
aga-miR-957, aga-miR-996

aga-miR-210, aga-miR-263b, aga-miR-317, aga-miR-34
aga-miR-276-3p, aga-miR-1, aga-miR-2-1

aga-miR-305

Potential IMD target genes were identified using in silico analysis of 66 A. gambiae miRNAs (accessed from miRBase http://www.mirbase.org/)
using RNAhybrid, miRanda, and PITA software. miRNAs predicted by two and three of the programs are highlighted in red and blue, respectively.
The software parameters used are detailed in Materials and Methods. A. gambiae immune gene names, accession numbers, and miRbase miRNA

names are given in the table.
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Differential expression of A. gambiae miRNAs in response to P. falciparum at 18 and 24 hr post-infection.

18 hr Log, FC  -Log;o p value
aae-miR-276 4.55 1.20
aae-miR-285 2.38 0.38
aae-miR-2946 -2.41 0.48
aga-miR-11 -2.75 0.70
aga-miR-989 1.74 3.31
cqu-miR-210 2.54 0.38
cqu-miR-2951 -3.10 0.69
cqu-miR-92 2.06 0.32
24 hr Log, FC  -Log;o p value
aae-miR-2946 2.85 0.68
aae-miR-34* -0.14 0.35
aga-bantam 2.42 0.63
aga-miR-11 2.23 0.61
aga-miR-305 7.24 7.13
aga-miR-317 2.06 0.31
aga-miR-989 2.42 0.40
cqu-miR-2951 2.75 0.66

A custom Agilent miRNA microarray was used to compare the miRNA expression profile of A. gambiae midguts at 18 and 24 hr after P.

falciparum infection to that of mosquitoes fed on non-infected human blood. Log2FC values were determined from the mean expression value

across three biological replicates, following background subtraction and normalization to the 75th percentile. P-values were determined using a

moderated t-test. Only miRNAs detected above background level in at least two of the three biological replicates are shown.
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