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Abstract
Mosquitoes are natural vectors for many etiologic agents of human viral diseases. Mosqui-

to-borne flaviviruses can persistently infect the mosquito central nervous system without

causing dramatic pathology or influencing the mosquito behavior and lifespan. The mecha-

nism by which the mosquito nervous system resists flaviviral infection is still largely un-

known. Here we report that an Aedes aegypti homologue of the neural factor Hikaru genki
(AaHig) efficiently restricts flavivirus infection of the central nervous system. AaHig was pre-

dominantly expressed in the mosquito nervous system and localized to the plasma mem-

brane of neural cells. Functional blockade of AaHig enhanced Dengue virus (DENV) and

Japanese encephalitis virus (JEV), but not Sindbis virus (SINV), replication in mosquito

heads and consequently caused neural apoptosis and a dramatic reduction in the mosquito

lifespan. Consistently, delivery of recombinant AaHig to mosquitoes reduced viral infection.

Furthermore, the membrane-localized AaHig directly interfaced with a highly conserved

motif in the surface envelope proteins of DENV and JEV, and consequently interrupted

endocytic viral entry into mosquito cells. Loss of either plasma membrane targeting or viri-

on-binding ability rendered AaHig nonfunctional. Interestingly, Culex pipien pallens Hig also

demonstrated a prominent anti-flavivirus activity, suggesting a functionally conserved func-

tion for Hig. Our results demonstrate that an evolutionarily conserved antiviral mechanism

prevents lethal flaviviral infection of the central nervous system in mosquitoes, and thus

may facilitate flaviviral transmission in nature.
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Author Summary

The central nervous system plays a predominant role in organisms associated with cogni-
tion and higher-order functions, which is key to their normal behavior and successful sur-
vival. Many mosquito-borne flaviviruses particularly invade the central nervous system in
vertebrates, resulting in dramatic neural degeneration and damage. As natural vectors,
mosquitoes are highly permissive to flaviviral infection that can be persistent in the mos-
quito nervous system. However, the infection intriguingly does neither lead to significant
malignant pathological sequelae, nor dramatically influences mosquito behavior or life-
span, and thus mosquitoes can transmit viruses efficiently. Little is known about the neu-
ron-specific resistant mechanism in viral infection of mosquitoes. Here we report that a
neuron-specific factor specifically controls flaviviral replication in the mosquito nervous
system by interfering with viral entry, and its activity prevents lethal flaviviral infection of
mosquitoes. Our study provides insight into the sophisticated interactions between mos-
quito-borne viruses and their vectors, and offers an important target for arboviral limita-
tion in nature.

Introduction
Mosquitoes transmit many human pathogens of medical importance throughout the world.
Flaviviruses, such as West Nile (WNV), Japanese Encephalitis (JEV), Dengue (DENV) and Yel-
low Fever (YFV) viruses that are transmitted by mosquitoes are the etiologic agents of human
hemorrhagic fever, encephalitis and meningitis [1]. As natural vectors, mosquitoes are very
permissive to and allow systematic and persistent flavivirus infection [2,3]. For example, WNV
infection is persistent in many tissues of mosquitoes, including the nervous system, salivary
glands, midgut, and fat body [4]. The head of mosquitoes, where the central neural system lo-
cates, can maintain productive flavivirus infection [4]. Unlike human infection, which can
cause severe neurological sequelae, flaviviral infection of the mosquito nervous system intrigu-
ingly does not lead to significant malignant pathological consequences, and also does not dra-
matically influence mosquito behavior or lifespan [5,6,7,8]. The ability of the neural antiviral
mechanisms to control viral replication and to maintain a normal mosquito lifespan may facili-
tate viral dissemination in nature. However, the machinery that controls flavivirus infection of
the mosquito nervous system is still largely unknown.

Hikaru genki (Hig) is predominantly expressed in the pupal and adult nervous system of
Drosophila and is crucial for the development of neural circuits [9,10]. The Hig gene encodes
multiple immune-related domains, including an immunoglobulin (Ig) domain and five com-
plement control protein (CCP) domains (also designated Sushi repeat domains) [9]. The Hig
protein is therefore speculated to be an immune factor in Drosophila, in addition to its role in
neural development [9]. The CCP domain is a signature module present in many mammalian
complement proteins and is shown to mediate protein-protein interactions of complement
components or to recognize microbial pathogens [11]. Human complement receptor 2, encod-
ing 16 CCPs, serves as a cellular entry receptor for Epstein-Barr virus, and its CCP-1 and -2 do-
mains are required for Epstein-Barr virus binding [12]. The membrane cofactor protein
(MCP), with 4 CCP repeats, has been demonstrated to function as a cellular receptor for Mea-
sles virus [13]. Another complement regulator, Factor H, encoding 20 CCP repeats in the pro-
tein, was reported to bind the human immunodeficiency virus (HIV) surface glycoproteins
gp41 and gp120 [14,15]. Our previous study also identified that an insect-specific scavenger re-
ceptor (SR) with 2 CCP domains in A. aegypti, designated as AaSR-C, serves as a pattern
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recognition receptor to efficiently recognize DENV, and consequently recruits mosquito com-
plement components to limit dengue replication [11].

Aedes aegypti, a member of the Culicinae subfamily, is a natural vector for Dengue and
Yellow Fever viruses [1]. Several neurotropic flaviviruses, including WNV and JEV, have
also been isolated in native A. aegypti or other Aedes species (http://www.cdc.gov/westnile/
transmission/) [16]. Because these mosquitoes are easy to cultivate and the genome has been
characterized, A. aegypti is an ideal insect model for viral pathogenesis and immune studies
[17]. In this study, we have identified a hig homolog gene in A. aegypti, designated as AaHig.
AaHig is highly expressed in the mosquito nervous system and enriched on the plasma mem-
brane of neural cells. AaHig recognized DENV and JEV to directly interrupt flavivirus internal-
ization into mosquito cells, therefore limiting flaviviral amplification in the mosquito brain.
Immuno-blockade of AaHig resulted in a robust viral replication in mosquito brains, increased
apoptosis of neural cells, and a dramatic reduction of the mosquito lifespan after flaviviral in-
fection, suggesting that AaHig resists flavivirus spreading in the mosquito nervous system and
therefore facilitates mosquito survival in the infection. Moreover, genetic or immune depletion
of Hig homologue in Culex pipien pallens also significantly increased JEV infection, indicating
Hig protein is functionally conserved in mosquitoes. Our study uncovered a previously unap-
preciated antiviral mechanism for Hig in the mosquito nervous system, which may provide
insight into the sophisticated interactions between mosquito-borne viruses and the vector's
antiviral immunity.

Results

Identification of a homolog of Hig in A. aegypti
The complement control protein (CCP) domain is an evolutionarily conserved module that is
essential for complement function [18] by mediating the protein-protein interactions of com-
plement components and recognition of pathogenic microorganisms [11,12,13,19]. Our previ-
ous work has identified a group of 10 proteins with CCP domains in A. aegypti, 6 of which play
a role in the control of Dengue and Yellow Fever viruses infection of mosquitoes [11], indicat-
ing a general antiviral role for the CCP genes of A. aegypti. We next characterized these six
genes by sequence comparison. Herein, a CCP gene, AAEL004725, was identified as a homo-
logue of the Drosophila neural factor Hikaru genki (DmHig) (Fig 1A). The AAEL004725-en-
coded protein is predicted to contain 5 CCP domains and 1 immunoglobulin (Ig) domain,
which is identical to those of Drosophila Hig (Fig 1B). We therefore designated AAEL004725 as
A. aegypti Hig (AaHig) throughout this investigation. The genomic comparison showed that
theHig genes are comprehensively expressed in insects, which are widely distributed through-
out the orders of Diptera, Coleoptera,Hymenoptera and Lepidoptera (Fig 1C). However, no ho-
molog was identified in other arthropods and vertebrates with available genomic information.
The amino acid sequences of Hig proteins are evolutionarily conserved among various insect
species, suggesting possible similar functions of these proteins.

The specific expression of AaHig in the A. aegypti nervous system
Drosophila Hig is a secretory protein that is specifically expressed in the nervous system, which
is an essential factor for the development of fly neural circuits [9,10]. We therefore assessed the
abundance of AaHig in different tissues of A. aegypti. AaHig was highly expressed in the mos-
quito head, where the central nervous system is located. A mild level of AaHig abundance was
also detected in the mosquito carcass (Fig 2A), which may come from the peripheral nervous
system, e.g., the neural cells in the ventral nerve cords. To further understand the distribution
of the AaHig protein, we expressed and purified a full-length peptide of AaHig in Escherichia
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coli (S1A Fig) and generated a polyclonal antibody in mice. The antibody was able to recognize
S2-expressed recombinant AaHig protein (S1B Fig). Consistent with its mRNA expression pat-
tern, the AaHig protein was detected specifically in mosquito heads and carcasses (Figs 2B and
S2). We subsequently examined if AaHig expression is influenced by DENV infection. The in-
fection did not change AaHigmRNA abundance in the investigated tissues at all evaluated
time points (S3A–S3D Fig).

Unlike Drosophila Hig, that has a signal peptide [9], AaHig lacks a signal peptide at its N-
terminus by sequence prediction (Fig 1B). To assess whether AaHig is secreted, we cloned the
full-length AaHig (1-2436bp) into a pAc5.1/V5-His A expression vector, and the recombinant
plasmid was subsequently transfected into Drosophila S2 cells. AaHig was strongly detected in
the supernatant of transfected Drosophila S2 cells by Western-blotting (Fig 2C). Abundant
AaHig was observed on the surface of transfected A. aegypti Aag2 cells (Fig 2D), indicating that
AaHig is secreted and enriches on the plasma membrane (S4 Fig). To accurately measure the
in situ localization of AaHig in the mosquito central nervous system, we stained the mosquito
brains using an AaHig antibody. An anti-horseradish peroxidase (anti-HRP) antibody, used as
a "pan-neuronal" label in insects to detect several epitopes on neuronal processes [20,21], was
selected as a positive marker for the surface staining of mosquito neural cells. AaHig was de-
tected comprehensively in both the antennal and optic lobes of mosquito brains and was en-
riched on the surface of neural cells (Fig 2E). To demonstrate the subcellular localization of
AaHig, we collected brain tissues from female A. aegyptimosquitoes. The subcellular fractions,
including the nucleus, mitochondria, cytoplasm and plasma membrane, were separated. Specif-
ic staining for AaHig was observed in the plasma membrane fraction (S5 Fig), further confirm-
ing the location of AaHig on the cell membrane of mosquito brain cells.

The role of Hig in flavivirus infection of mosquitoes
dsRNA-mediated knockdown of AaHig significantly enhanced the DENV-2 and YFV burdens
compared with that found in green fluorescent protein (GFP) mock dsRNA-treated mosquitoes,
suggesting that AaHig is an antiviral factor in mosquitoes [11]. We reproduced the effect of
dsRNA-mediated AaHig silencing on DENV-2 infection of A. aegypti. The intrathoracic inocu-
lation of AaHig dsRNA significantly decreased AaHig expression in the whole mosquito bodies
and heads at both the mRNA (S6A and S6B Fig) and protein (S6C Fig) levels. Three days after
gene silencing, 10 M.I.D.50 of DENV-2 were microinjected into the mosquitoes. The viral bur-
den was assessed in whole bodies and heads via qPCR at 3 days and 6 days post-infection. In
agreement with our previous observations [11], the knockdown of AaHig enhanced the
DENV-2 burden in whole mosquitoes (S6D Fig) and heads (S6E Fig), confirming the impor-
tant antiviral activity of AaHig in mosquitoes. To rule out any off-target effects of dsRNA-me-
diated RNA interference and further validate the role of AaHig in flaviviral infection, we
immuno-blocked the native AaHig by thoracic inoculation of an AaHig antibody for functional
investigation. To assess whether the antibody is delivered to the mosquito brain via its circula-
tion system, we inoculated the diluted murine AaHig antibody into mosquito thoraxes, and
subsequently tested its distribution in mosquito brains by in situ staining. The murine AaHig

Fig 1. Bioinformatic comparison and phylogenetic analysis of Hikaru genki (Hig) in insects. (A) Percentage of amino acid identity between AaHig and
Drosophila melanogaster Hig (DmHig). (B) Schematic representation of AaHig and DmHig. The functional modules were predicted using the SMART (http://
smart.embl-heidelberg.de/smart/set_mode.cgi?GENOMIC=1) and Pfam (http://pfam.sanger.ac.uk/) websites. (C) Unrooted phylogenetic tree of insect Higs.
The tree was constructed using the neighbour-joining (NJ) method based on the alignment of insect Hig protein sequences. The bootstrap values of 5000
replicates are indicated on the branch nodes. Drosophila spp. (Dr.); Ceratitis spp. (Ct.);Musca spp. (Mu); Anopheles spp. (An.); Aedes spp. (Ae.); Culex spp.
(Cx); Tribolium spp. (Tr.); Dendroctonus spp. (De.);Nasonia spp. (Na.); Cerapachys spp. (Cp.); Camponotus spp. (Ca.); Acromyrmex spp. (Ac.); Solenopsis
spp. (So.);Megachile spp. (Me.); Bombus spp. (Bu.); Apis spp. (Ap.); Danaus spp. (Da.); Bombyx spp. (By.).

doi:10.1371/journal.ppat.1004848.g001
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antibody was clearly detected on the surface of neural cells by fluorescence labeled anti-mouse
IgG (S7 Fig), demonstrating the successful delivery of the AaHig antibody to the brain. Similar
amount of the antibody was distributed in the brains of inoculated mosquitoes (S8 Fig). There-
fore, serially diluted AaHig antibody was premixed with DENV-2 for mosquito microinjection.
Neutralization of AaHig significantly enhanced DENV-2 infectivity of whole mosquitoes both
3 days (Fig 3A, i) and 6 days (Fig 3B, i) post-infection. Because AaHig is dominantly expressed
in the central nervous system of mosquitoes (Fig 2E), we evaluated the viral burden in mosqui-
to heads. Similarly, inoculation of AaHig antibody augmented viral replication in the mosquito
heads on 3 and 6 days after infection (Fig 3A, ii and Fig 3B, ii). Through the approach of viral
infection by oral feeding, immuno-blockade of AaHig also significantly enhanced the DENV
burden in the whole bodies (S9A and S9B Fig) and heads (S9C and S9D Fig) of A. aegypti.
AaHig antibody does not bind DENV-2 surface E protein or virions, indicating that increased
viral load in mosquito heads was not a result of non-specific viral recognition by AaHig anti-
body. Furthermore, the viral burden in the salivary glands and the midgut was not influenced
by the inoculation of AaHig antibody (S10 Fig), suggesting that AaHig is a neuron-specific fac-
tor that efficiently controls viral replication in the nervous system, regardless of the
peripheral tissues.

Japanese encephalitis virus (JEV) is a mosquito-borne, neurotropic flavivirus that invades
the central nervous system of vertebrates. JEV infection results in severe pathological and phys-
iological damage to the human brain, high mortality and morbidity [1]. We therefore investi-
gated the role of AaHig in JEV infection, using A. aegypti as a model. Compared to the pre-
immune IgG, AaHig antibody treatment significantly enhanced the viral burden in both the
whole bodies and heads on 3 (Fig 3C) and 6 (Fig 3D) days post-infection in A. aegypti. We next
determined the role ofHig homologue in JEV infection of its natural vector, Culexmosquito.
TheHig homologue (CpHig, KP780883) from the Culex pipiens pallens cDNA library was iso-
lated and silenced via dsRNA thoracic inoculation in C. pipiens pallens. The expression of
CpHig was significantly reduced at both the mRNA (Fig 4A and 4B) and protein (Fig 4C) lev-
els. Three days post-dsRNA treatment, JEV was microinjected into the mosquitoes and the
viral load was assessed via Taqman qPCR 3 and 6 days post-infection. Consistent with the re-
sults of JEV infection of A. aegypti, the knockdown of CpHig significantly increased the JEV
load in the whole bodies (Fig 4D and 4E) and heads (Fig 4F and 4G) of C. pipiens pallensmos-
quitoes. Moreover, the inoculation of the AaHig antibody, which can also react with CpHig
(Fig 4C), significantly increased the JEV burden in the C. pipiens pallens bodies (Fig 4H and 4J)
and heads (Fig 4I and 4K), suggesting that the Hig protein is functionally conserved
in mosquitoes.

Fig 2. The high expression of AaHig in the brain of A. aegypti. (A-B) The expression of AaHig in various tissues of A. aegypti. The abundance of AaHig
was assessed via SYBRGreen qPCR (A) and immuno-blotting with an AaHig antibody (B). (A) The total RNA was isolated frommosquito tissues to
determine AaHig expression by SYBR Green qPCR and normalized by A. aegypti actin (AAEL011197). The qPCR primers were described in the S1 Table.
Data were represented as the mean ± standard error. (B) A variety of tissues were dissected from female A. aegypti. 50 μg of total protein from tissue lysates
was loaded into each lane. The detection of A. aegypti actin was used as the internal control. (C) Secretory property of AaHig. The full length of AaHig gene
(1bp-2436bp) was inserted into the expression vector pAc5.1/V5-His A with a V5 tag. The recombinant DNA plasmid (pAc-AaHig) was transfected into S2
cells. AaHig expression was detected with anti-V5 antibody in the cell lysate and supernatant. (D) AaHig staining in A. aegypti Aag2 cells. Aag2 is an A.
aegypti cell lineage of embryonic origin. The pAc-AaHig recombinant plasmid was transfected into Aag2 cells. AaHig was stained by anti-V5 antibody and
anti-mouse IgG Alexa-546 (Red). The plasmamembrane was stained by theWheat Germ Agglutinin (WGA) conjugated with Alexa-488 (Green). Nuclei were
stained with To-Pro-3 iodide (Blue). Images were examined using the 63×objective lens of a Zeiss LSM 780 meta confocal. (E) AaHig is localized on the cell
surface of neural cells of the A. aegypti brain. The brains were dissected from female A. aegypti for the in situ staining. An anti-HRP rabbit polyclonal antibody
with anti-rabbit IgG Alexa-488 was used for surface staining of mosquito neural cells (Green). The AaHig protein was detected by an anti-AaHig mouse
polyclonal antibody and anti-mouse IgG Alexa-546 (Red). Nuclei were stained blue with To-Pro-3 iodide. Images were examined using the 10× and
63×objective lens of a Zeiss LSM 780 meta confocal. AL, antennal lobes; OL, optic lobes.

doi:10.1371/journal.ppat.1004848.g002
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To test if the antiviral activity of AaHig can be extended to other mosquito-borne viruses,
we chose Sindbis virus (SINV), a member of the alphavirus genus. SINV was originally isolated
from Culexmosquitoes, but a large number of mosquito species, including Aedes, are also able
to act as vectors for SINV transmission in nature [22]. The A. aegypti-SINV system has been
used extensively as a model for understanding arbovirus-mosquito interactions [23,24,25]. We
therefore intrathoracically inoculated AaHig dsRNA in A. aegypti. Three days post-gene silenc-
ing, 10 M.I.D.50 of SINV were microinjected into the mosquitoes and the viral burden was as-
sessed in whole bodies and heads via qPCR at 3 days and 6 days post-infection. However, the
silencing of AaHig did not influence the SINV burden in whole bodies (S11A and S11B Fig) or
mosquito heads (S11C and S11D Fig). Subsequent investigation demonstrated that AaHig did
not interact with the SINV envelope proteins E1, E2 or E3 (S11E and S11F Fig), suggesting a
flavivirus-specific antiviral role for AaHig.

AaHig prevents flaviviral infection-induced neural apoptosis and lethality
The mosquito lifespan is rarely decreased by persistent flavivirus infection [5,6,7,8]. The antivi-
ral factors in mosquitoes are unable to eradicate viruses from mosquitoes, but can limit the
viral burden to a tolerable level that does not elicit significant tissue damage. Without these an-
tiviral mechanisms, viral replication could cause damage to the mosquito physiology and there-
fore decrease the mosquito lifespan [26]. Previous studies have suggested that arboviral
infection leads to apoptosis in mosquito tissues. The midgut epithelial cells of Culex pipiens
showed apoptosis following infection by WNV [27]. Apoptosis of the tissues of Culex quinque-
fasciatus was observed after WNV infection [28]. Moreover, the level of apoptosis is correlated
with viral persistent infection in mosquitoes [29,30]. We therefore assessed apoptosis via
TUNEL staining in DENV-2 infected mosquito brains with or without AaHig antibody treat-
ment. The number of apoptotic cells in the brains of AaHig antibody/DENV-2-treated mosqui-
toes was greater than that in the mock controls (Fig 5A). Additionally, the more severe
apoptotic damage in the AaHig-depleted mosquito brains was determined by a cleaved cas-
pase-3 antibody for detection of apoptosis in Drosophila [31] (Fig 5B). We consequently as-
sessed whether immuno-blockade of AaHig influences mosquito survival upon flavivirus
infection. 10 M.I.D.50 DENV-2 or JEV were premixed with the diluted AaHig antibody for
mosquito microinjection, respectively. Pre-immune antibody with the viruses and the antibod-
ies without viruses served as mock controls. Consistent with previous studies, DENV infection
was not lethal to mosquitoes when compared to mock infection. However, the infection be-
came lethal when AaHig function was blocked with an antibody (Fig 5C). Similar results were
observed with JEV infection (Fig 5D). These data clearly demonstrate that AaHig is a key factor
for mosquito survival during persistent flavivirus infection.

The antiviral activity of AaHig depends on its direct interaction with
flaviviral virions
The CCP domain functions as a viral recognition module [11,12,13,15,19]. We next tested if
AaHig employs a similar strategy to control viral infections. The full-length AaHig protein was

Fig 3. The role of AaHig in flaviviruses infection of A. aegypti. Immuno-blockade of AaHig enhanced the DENV-2 (A-B) and JEV (C-D) infections in the
whole bodies (i) and heads (ii) of mosquitoes. The murine AaHig antibody, in the 10-fold serial dilutions, was premixed with 10 M.I.D.50 viruses to co-
microinject into the thorax of mosquitoes. The treated mosquitoes were sacrificed to examine the viral load in the whole mosquito bodies (i) and heads (ii) at 3
(A, C) and 6 (B, D) days post-infection by TaqMan qPCR and normalized against A. aegypti actin. The results were reproduced by 3 times. One dot
represents 1 mosquito/head and the horizontal line represents the median of the results. The data were analyzed statistically using the non-parametric
Mann-Whitney test.

doi:10.1371/journal.ppat.1004848.g003
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generated and purified in a Drosophila S2 cell expression system (Fig 6A). The purified AaHig
protein strongly interacted with the DENV-2 E protein in a co-IP assay (Fig 6B) and captured
DENV-2 virions efficiently by ELISA (Fig 6C). Moreover, DENV-2 virions were pulled down
by ectopically expressed AaHig protein in the infected mosquito Aag2 cells (Fig 6D). We next
performed immunofluorescence staining of the mosquito brains to explore whether native
AaHig interacts with DENV-2 particles. Co-staining of AaHig and DENV was clearly observed
on the surface of mosquito neural cells (Fig 6E). The interaction between AaHig and JEV was
also measured by ELISA (S12A Fig) and co-IP (S12B Fig) assays. We next investigated the de-
tails of flavivirus-AaHig interaction. The length of the Dengue E protein is approximately 500
amino acids, of which the N-terminal 400 amino acids form an ectodomain. The ectodomain
consists of three domains that are referred to as envelope protein domain I (ED1), ED2, and
ED3 [32]. Both ED1 (1-52AA; 133AA-193AA; 281-296AA) and ED2 (53-132AA; 194-280AA)
are structural domains, and the linear motifs of ED1 and ED2 are interlaced. However, the
ED3 domain consists of an entirely linear sequence (297AA-400AA) [32]. Based on these de-
fined domains, we first cloned and expressed two truncated peptides in Drosophila S2 cells: the
ED1+ED2 (1-296AA) and ED3 (297-400AA) peptides (Fig 6F). AaHig strongly interacted with
the ED1+ED2 peptide, but no interaction was detected between AaHig and the ED3 (Fig 6G
and 6H) peptide. To further determine the binding motifs in ED1 and ED2, we next con-
structed five truncations in which the linear motifs were sequentially deleted from the ED1 and
ED2 domains (Fig 6I). The results indicated that the 53 AA-132 AA motif in ED2 is indispens-
able for the interaction with AaHig (Fig 6I). We then assessed whether the 53 AA-132 AA
motif is highly conserved among flaviviruses. The motif sequence shares 46%-75% identity
among the E proteins of DENV, JEV and YFV. Computational structure modeling also demon-
strated that the 53 AA-132 AA motif is conserved among the three flaviviruses, suggesting that
a consistent binding mechanism exists between AaHig and different flaviviruses. To examine
the physiological relevance of AaHig and DENV binding, the purified AaHig protein together
with DENV-2 virions was microinjected into A. aegypti and the DENV loads were assessed. In-
oculation of AaHig significantly impaired DENV-2 infectivity on 3 (Fig 6J, i) and 6 days (Fig
6J, ii) post-infection, validating an important antiviral role for AaHig in mosquitoes.

We next evaluated the importance of the conserved functional domains of AaHig for its an-
tiviral activity. Six deletion mutants were constructed into the pAc5.1/V5-His A vector and ex-
pressed in Drosophila S2 cells (Fig 7A and 7B). Both co-IP and ELISA assays showed that
deletion of the second C-terminal CCP module (680 AA-742 AA) abrogated the interaction be-
tween the AaHig and DENV-2 E proteins, suggesting that this module is necessary for the pro-
tein-virus recognition (Fig 7C and 7D). Aag2 is an A. aegypti cell lineage of embryonic origin
[33] that is permissive to many mosquito-borne flaviviruses [34,35], and is thus used as a
model for the study of mosquito immunity and viral pathogenesis. However, Aag2 cells did not
express AaHig. We then determined the impact of transient expression of AaHig on viral infec-
tivity. The DENV burden was significantly decreased in AaHig-transfected Aag2 cells in

Fig 4. The antiviral effect ofHig in JEV infection ofC. pipiens pallens. (A-C) Inoculation of Culex pipiens pallens Hig (CpHig) dsRNA significantly
decreased the CpHig expression in the whole mosquitoes and heads of C. pipiens pallens at both the mRNA (A and B) and protein (C) levels. The CpHig
abundance was assessed by SYBRGreen qPCR (A and B) and immuno-blotting with an AaHig antibody (C) at 6 days post dsRNAmicroinjection. (D-G)
SilencingCpHig enhanced JEV infection in C. pipiens pallens. 10 M.I.D.50 JEV were inoculated at 3 days postCpHig dsRNA inoculation. The viral load of
whole bodies (D and E) and heads (F and G) was assessed at 3 days and 6 days post-infection via Taqman qPCR and normalized withCulex actin. (H-K)
Immuno-blockade of CpHig enhanced the JEV replication inC. pipiens pallens. The murine AaHig antibody, crossreacting with CpHig, was premixed with
10 M.I.D.50 JEV to co-inoculate into the Culexmosquitoes thorax. The treated mosquitoes were sacrificed to examine the viral load in the mosquito bodies (H
and J) and heads (I and K) at 3 and 6 days post-infection by TaqMan qPCR and normalized againstCulex actin. (D-K) The primers and probes of Taqman
qPCR were described in the S1 Table. The experiments were repeated 3 times with similar results. One dot represents 1 mosquito and the horizontal line
represents the median of the results. The data were statistically analyzed by the non-parametricMann-Whitney test.

doi:10.1371/journal.ppat.1004848.g004
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comparison with that in pAc-GFP transfected cells (Fig 7E). Notably, the truncations that re-
tained the ability to interact with the DENV2 E protein (AaHig-F and AaHig-Full) all showed
a significant antiviral activity, while the truncations (AaHig-A ~ AaHig-E) that failed to bind
DENV-E lost antiviral activity (Fig 7F). These results indicate that the binding capacity be-
tween AaHig and viruses is essential for the antiviral activity of AaHig in mosquito cells.

The antiviral activity of AaHig requires its plasma membrane localization
Since AaHig is secreted and enriched on the plasma membrane of neural cells, we next investi-
gate the role of membrane localization in the antiviral activity of AaHig. Six truncations (Fig
7A) in which the functional domains of AaHig were sequentially deleted were constructed in
the pAc5.1/V5-His A vector and expressed in mosquito Aag2 cells. Immunofluorescence stain-
ing indicated that these AaHig truncations were localized to the surface of mosquito cells (S13
Fig), suggesting that the N-terminal domain (located in AaHig-A) may be responsible for an-
choring AaHig in the membrane. We therefore constructed a deletion mutant that lacked the
N-terminal sequence (AaHig-G, 323 AA-812 AA) (Fig 7G). AaHig-G retained the ability to
bind to the DENV E protein (Fig 7H); however, AaHig-G failed to localize to the plasma mem-
brane of mosquito cells (S13 Fig). As a result, AaHig-G exhibited no antiviral activity (Fig 7I),
indicating that the antiviral activity of AaHig also relies on its proper association with the
plasma membrane.

AaHig is a resistant factor against Dengue infection in A. aegypti cells (Fig 7E). To investi-
gate whether the antiviral mechanism of AaHig is specific to mosquito cells, we assessed the
role of AaHig in DENV-2 infection of A549 (a human alveolar basal epithelial cell line) and
Vero (an African green monkey kidney epithelial cell line) cells. The presence of AaHig failed
to reduce the DENV-2 burden in the mammalian cells (S14A and S14B Fig). Because Drosophi-
la S2 cells are susceptible to DENV infection [36], we determined the effect of Drosophila mela-
nogaster Hig (DmHig) on DEVN-2 infection of Drosophila cells. DmHig was cloned and
expressed in S2 cells (S14C Fig). The overexpression of DmHig significantly impaired DENV-2
infectivity in both A. aegypti Aag2 (S14D Fig) and Drosophila S2 (S14E Fig) cells, indicating
that the antiviral mechanism of Hig proteins is specific to and conserved in insects.

The antiviral activity of AaHig relies on proper localization to the cellular membrane (Figs
7I and S13). To determine the reason for the lack of AaHig antiviral activity in mammalian
cells (S14A and S14B Fig), we determined the ability of AaHig to bind to the surface of Vero
cells. AaHig cannot coat on Vero cells, as indicated by an immuno-staining assay (S15 Fig),
suggesting that mammalian cells may not express the membrane receptor(s) for AaHig anchor-
ing. These results explain why AaHig exerts no antiviral activity in mammalian cells.

Fig 5. Blockade of AaHig resulted in apoptosis of neural cells and reduction of mosquito lifespan in DENV and JEV infections. (A) Detection of in
situ cell apoptosis in mosquito brains. The apoptosis of mosquito tissues was determined by the terminal deoxynucleotidyl transferase (TdT)-mediated dUTP
nick end-labeling (TUNEL) assay. Six days post DENV-2 infection with or without AaHig antibody treatment, the mosquito heads were cut off and fixed in 4%
paraformaldehyde for the brains isolation. FITC filter was used to detect cell apoptosis (Green). The nuclei were stained with To-Pro-3 iodide (Blue). TUNEL-
positive staining patterns were acquired by a Zeiss LSM 780 meta confocal microscope with a Multi-Track mode. (B) Measurement of apoptotic damage by a
caspase-3 antibody staining. The preparation of mosquito brains has been described in (A). The apoptotic damage was stained by a cleaved caspase-3
antibody (Red), which was used as a marker for apoptosis in Drosophila. The nuclei were stained with To-Pro-3 iodide (Blue). The tissues were imaged using
the 10×objective lens of a Zeiss LSM 780 meta confocal. (C-D) Blockade of AaHig reduced the mosquito survival in DENV-2 (C) and JEV (D) infections.
10 M.I.D.50 DENV-2 or JEV were premixed with the 10-fold diluted AaHig antibody for mosquitoes microinjection respectively. Pre-immune antibody with the
viruses and the antibodies without viruses served as the mock controls. The infected mosquitoes were maintained with standard rearing and daily observed
for calculation of survival rate. The data were statistically analyzed by the Log-rank (Mantel-Cox) test.

doi:10.1371/journal.ppat.1004848.g005
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AaHig limits flavivirus infection by interrupting endocytic viral entry
In the absence of adaptive immunity, mosquitoes employ sophisticated innate immune ma-
chineries to detect and limit invading viruses, including RNA interference (RNAi) [37,38], an-
timicrobial peptides (AMPs) [11,39], reactive oxygen species (ROS) [40] and melanization
[41,42]. To uncover the antiviral mechanism of AaHig, we investigated the role of AaHig in the
above-mentioned mechanisms. Immuno-blockade of AaHig by antibody inoculation did not
alter the expression of the AMP genes, RNAi-related genes (Ago2 and Dicer2), or ROS-related
genes (Duox1, Duox2) in mosquitoes (S16 Fig). Overexpression of AaHig in Aag2 cells did not
influence the melanization activity (S17A and S17B Fig), and knockdown of AaHig was also in-
effective for H2O2 release in various mosquito parts (S17C Fig). These results indicate that the
antiviral activity of AaHig is independent of the known innate immune pathways.

AaHig is enriched on the surface of neural cells (Fig 2E), and also directly interacted with
the surface envelope proteins of flaviviruses. Both the viral binding and membrane anchoring
were necessary for the antiviral activity of AaHig (Fig 7F and 7I). We therefore hypothesized
that AaHig binding to flaviviruses may directly interrupt viral entry into mosquito cells. First,
we assessed whether AaHig influenced flavivirus attachment on the surface of Aag2 and C6/36
cells. When virions are added to cells at 4°C, the virions are just tethered on the cell surface, but
are not internalized [43,44,45]. After five washes with cold PBS buffer, the cells were collected
to measure the viral burdens by qPCR. Compared to the mock control, incubation of AaHig
did not block DENV-2 attachment onto the surface of Aag2 (Fig 8A) and C6/36 (Fig 8B) cells.
Consistent results were also observed for JEV attachment to Aag2 (S18A Fig) and C6/36 (S18B
Fig) cells. We next investigated the role of AaHig in viral internalization. Viruses and the pro-
teins were incubated with the cells at 28°C (Aag2) or 30°C (C6/36) for various times, and viral
loads were quantified after a stringent wash. AaHig blocked DENV-2 (Fig 8C and 8D) and JEV
(S18C and S18D Fig) entry into the mosquito Aag2 and C6/36 cells at all time points post incu-
bation, suggesting that AaHig reduces flaviviral replication by directly interrupting viral inter-
nalization into mosquito cells.

Fig 6. AaHig directly recognizes dengue virus. (A) Expression and purification of AaHig from Drosophila S2 cells. The full length AaHigwas cloned into
the pMT/BiP/V5-His A expression vector. The recombinant plasmid was transfected into Drosophila S2 cells, and the expression was probed using an anti-
V5 mAb. The supernatant frommock-transfected S2 cells was used as the mock control (Right Panel). Recombinant AaHig protein, produced in Drosophila
cells, was purified using a Ni-His column (Left Panel). (B) AaHig interacted with DENV-2 E protein in a co-immunoprecipitation (co-IP) assay. The purified
AaHig (V5) and DENV-2 E (FLAG) proteins were used to investigate the interaction of the proteins. We reproduced the experiment 3 times. (C) AaHig
captured DENV-2 virions in an ELISA assay. The binding was probed using the flavivirus E mAb 4G2. The data were presented as the mean ± standard
error. The experiment was reproduced 3 times. (D) AaHig interfaced with DENV virions in the infected mosquito cells. pAc-AaHig was transfected in Aag2
cells, and subsequently the cells were infected by 5 M.O.I. DENV-2 at 12 hrs post transfection. The uninfected cells transfected by pAc-AaHig were used as a
mock control. After 48 hrs infection, the cells were lysated and an anti-flaviviral E 4G2 mAb was added into the lysate for the pull-down assay. We reproduced
the experiment 3 times. (E) The co-staining between AaHig and DENV-2 in the A. aegypti brain. The mosquito brains were dissected from uninfected mocks
and infected mosquitoes at 6 days post infection to undergo immunofluorescence staining. AaHig was stained with anti-mouse IgG Alexa-546 (Red), and the
DENV-2 E protein was stained using anti-human IgG Alexa-488 (Green). Nuclei were stained with To-Pro-3 iodide (Blue). Images were examined using the
63×objective lens of a Zeiss LSM 780 meta confocal. (F) The expression of ectodomains in the DENV-2 E protein. The genes of ED1+ED2 (1-296AA) and
ED3 (297-400AA) of DENV-2 E protein were cloned into pMT/BiP/V5-His A vector and the encoded peptides were expressed in Drosophila S2 cells. The
supernatant from empty vector-transfected S2 cells was used as a mock. The recombinant peptides were detected with an anti-FLAG antibody via western
blotting. (G) The ectodomains of DENV-2 E protein interacted with AaHig in a co-IP assay. The protein complex was pulled down with an anti-FLAG antibody
and detected using an anti-V5-HRP antibody. We reproduced the experiment 3 times. (H) The ectodomains of DENV-2 E protein interfaced with AaHig by an
ELISA assay. The binding was probed using an anti-V5-HRP antibody. The data were presented as the mean ± standard error. The experiment was
reproduced 3 times. (I) The interaction between AaHig and the linear motifs of ED1/ED2. The linear motifs of ED1 and ED2 were sequentially deleted from
the ectodomains. The five truncations were cloned into the pMT/BiP/V5-His A vector, and subsequently expressed in the S2 cell supernatant. The protein
complex was pulled down with an anti-FLAG antibody and detected using an anti-V5-HRP antibody. We reproduced the experiment 3 times. (J) Inoculation of
AaHig impaired DENV-2 infectivity in A. aegypti. Two laddered concentrations of purified AaHig protein were premixed with 10 M.I.D.50 of DENV-2 for
mosquito thoracic microinjection. The infected mosquitoes were sacrificed at 3 (i) and 6 (ii) days post infection. The viral load was determined by Taqman
qPCR and normalized by A. aegypti actin. The results were combined from 3 independent experiments. One dot represents 1 mosquito and the horizontal
line represents the median value in the figures. The statistical analysis was done with theMann-Whitney test.

doi:10.1371/journal.ppat.1004848.g006
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DENV enters mosquito cells through clathrin-dependent endocytosis. The viral particles
are then transported to endosomes, where the viral genome is released into the cytoplasm, lead-
ing to successful infection [43]. The entry processes can be dissected into (i) viral recognition
by cellular attachment factors/receptors, (ii) viral entry via endocytosis, and (iii) viral mem-
brane fusion with endosomal membranes, leading to the release of the viral genome into the cy-
toplasm [46,47]. Our data demonstrated that AaHig does not interrupt DENV attachment to
the mosquito cell membrane (Fig 8A and 8B); however, AaHig significantly blocks the internal-
ization of DENV into mosquito cells (Fig 8C and 8D), suggesting the AaHig inhibits viral
entry. We next determined whether AaHig interferes with the endocytic transport of DENV.
The AaHig protein was premixed with DENV-2 and subsequently incubated with Aag2 cells at
28°C for a time course. The same amount of BSA mixed with DENV-2 was used as a mock con-
trol. The viral particles were stained and observed using high-resolution structured illumina-
tion microscopy (SIM). The GTPase Rab5 was used as a specific marker for early endosomes
[43,48]. In the control cells, the viruses were rapidly internalized into early endosomes. In
contrast, most of the viral particles in the AaHig-treated cells were retained on the cell surface
(Fig 8E), suggesting that the AaHig protein interferes with early viral endocytosis. To deter-
mine whether AaHig is a general inhibitor of endocytic pathway or it specifically directly re-
tains flaviviral particles on the cell surface to prevent viral entry, we used nano-beads with a
10–100 nm diameter, which mimic the size of the viruses, to perform a particle uptake assay in
mosquito Aag2 cells. AaHig exhibited no nonspecific interactions with the beads. The number
of internalized beads was measured using flow cytometry. Compared to the control groups,
AaHig did not reduce particle uptake (S19 Fig), indicating that AaHig does not interfere with
general endocytosis. AaHig doesn’t interface with the SINV envelope proteins (S11F Fig). We
next explored the role of AaHig in Sindbis entry of human alveolar basal epithelial A549 and
mosquito Aag2 cells. However, AaHig did not influence the Sindbis burden in either type of
cells in the viral entry assay (S20 Fig). In summary, AaHig specifically binds to flaviviral parti-
cles, this physical interaction does not interrupt viral attachment or binding to cellular recep-
tors but inhibits receptor-mediated endocytosis.

Fig 7. Both the viral interaction andmembrane bound of AaHig are essential for the AaHig antiviral activity. (A-B) Construction and expression of
recombinant AaHig truncations. The schematic representation of AaHig truncations with sequential depletion of modules is shown in the panel A. The
fragments of AaHig truncated genes were constructed into pAc5.1/V5-His A vector to express in Drosophila S2 cells (pAc-AaHig-A ~ pAc-AaHig-F). The S2
cells transfected by the empty vector were used as a mock control. The expression in the supernatant was detected by western blotting with anti-V5 mAb (B).
(C) The interaction between AaHig truncated peptides and the DENV-2 E protein in a co-IP assay. The cell supernatant was individually incubated with
purified DENV-2 E protein. The supernatant from the pAc-GFP transfected cells was used as a mock control. The protein complex was pulled down with an
anti-V5 antibody and probed using an anti-FLAG-HRP antibody. The experiment was reproduced 3 times. (D) The detection of binding capacity between
AaHig fragments and DENV-2 E protein by ELISA. The supernatant of pAc-AaHigs and pAc-GFP transfected cells was used to assess the binding activity
with DENV-2 E proteins. The binding was probed using the anti-V5 mAb. The data were presented as the mean ± standard error. The experiment was
repeated 3 times with the similar result. (E) AaHig resists DENV-2 infection in A. aegypti Aag2 cells. The pAc-AaHig-Full recombinant plasmid was
transfected into Aag2 cells. The pAc-GFP was used as negative control. After 48 hrs, the 0.01 M.O.I. DENV-2 was added into the cells and the viral load was
determined by Taqman qPCR and normalized by A. aegypti actin. The data were presented as the mean ± standard error. The result was combined from 3
independent experiments. (F) The role of AaHig truncated peptides in DENV-2 infection of Aag2 cells. A variety of AaHig truncations were expressed in Aag2
cells. After 0.01 M.O.I. DENV-2 infection, the viruses were determined by Taqman qPCR and normalized against A. aegypti actin. The data were presented
as the mean ± standard error. The result was combined from 2 independent experiments. (G) The schematic representation of AaHig-G truncation. (H) The
interaction between AaHig-G peptide and the DENV-2 E protein in a co-IP assay. The gene of AaHig-Gwas cloned into pMT/BiP/V5-His A and expressed in
S2 cells. The cell supernatant with AaHig-G was individually incubated with purified DENV-2 E protein. The supernatant from the pMT/BiP/V5-His A vector
transfected cells was used as a mock control. The transfection of pMT-AaHig-Full served as a positive control. The protein complex was pulled down with an
anti-V5 antibody and probed using an anti-FLAG-HRP antibody. The experiment was reproduced 3 times. (I) The role of AaHig-G in DENV-2 infection of
Aag2 cells. Both AaHig-G and AaHig-Full cloned in pMT/BiP/V5-His A vector were ectopically expressed in S2 cells. The conditional medium premixed with
0.01 M.O.I. DENV-2 was added into mosquito Aag2 cells for infection. The infectivity were determined by Taqman qPCR and normalized against A. aegypti
actin. The data were presented as the mean ± standard error. The result was combined from 3 independent experiments.

doi:10.1371/journal.ppat.1004848.g007
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Discussion
The central nervous system plays a predominant role in organisms associated with cognition
and higher-order functions, which is key to their successful survival. Many mosquito-borne fla-
viviruses particularly invade the central nervous system in vertebrates, resulting in dramatic
neural degeneration and damage. As natural vectors, mosquitoes are highly permissive to flavi-
viral infection, and yet they maintain a normal physiology and life span [5,6,7,8]. The mosqui-
to’s brain, similarly to the mammalian brain, is sensitive to viral infection [4], and thus its
antiviral machinery is supposedly very efficient in limiting the viral burden to a safe level [5,6].
However, little is known about the neuron-specific antiviral mechanism in mosquitoes. In this
study, we report that AaHig controls viral replication specifically in the nervous system by in-
terfering with viral entry, and its activity prevents lethal flaviviral infection of mosquitoes.

Both mammals and insects are equipped with sophisticated immune systems to detect and
eliminate invading pathogens before they cause significant physiological damage. Viral recog-
nition by host factors is an essential process for the antiviral response. The complement control
protein (CCP) domain is evolutionarily conserved and interfaces with the surface of several
pathogenic viruses [18]. We have identified 6 CCP genes against DENV and YFV infections of
A. aegypti, in which a scavenge receptor (AaSR-C) with 2 CCP modules recognizes DENV and
the complement component to exert potent anti-DENV activity [11]. In the current study, we
found that a CCP factor named AaHig is specifically expressed in the nervous system of A.
aegypti. AaHig is a secretory factor localized to the surface of neural cells. Immuno-blockade of
AaHig significantly enhanced flaviviral replication in mosquito heads, and AaHig was capable
of efficiently capturing flaviviral particles in vivo and in vitro, therefore directly interrupting
viral entry into mosquito cells to limit viral replication. The antiviral activity of Hig homologue
was also observed in JEV infection of C. pipien pallens. Both the virus-binding and membrane-
targeting ability of AaHig were essential for its antiviral activity. Indeed, the direct blockade of
viral entry is a common strategy against viral invasion of mammalian cells. A siRNA-mediated
gene silencing screen has identified a family of interferon-inducible transmembrane (IFITM)
proteins that restrict the late stage of the endocytic pathway of many enveloped viruses [49,50].
Further investigation revealed that IFITMs directly block the entry of viruses by disrupting in-
tracellular cholesterol homeostasis [51], restricting viral membrane fusion [52], or interrupting
the formation of viral fusion pores [53]. Meanwhile, the human collectins, such as mannose
binding lectin (MBL) and surfactant proteins (SPs), are able to directly block virus entry. The
pre-incubation of serial dilutions of MBL with HIV cell-derived living particles dramatically
neutralized HIV infection [54,55]. MBL may directly inhibit HIV entry into T cells mediated
by DC-SIGN, a key attachment factor for HIV invasion, via prevention of the direct HIV/
DC-SIGN interaction [56]. MBL was also reported to interact with the envelope glycoproteins
of Ebola and Marburg viruses, resulting in the impairment of viral entry by blocking virus-

Fig 8. AaHig interrupts flaviviral endocytosis into mosquito cells. (A-B) Viral attachment assay. The serial concentration of purified AaHig protein was
premixed with 5 M.O.I. DENV-2 on ice, and then the Aag2 (A) and C6/36 (B) cells were consequently preadsorbed with the mixture for a time course at 4oC.
The cells were washed 5 times by cold PBS and collected at certain time points for total RNA isolation. (C-D) Viral entry assay. The serial concentration of
purified AaHig protein was premixed with 5 M.O.I. DENV-2 on ice, and then the mixture was transferred into the cultured Aag2 cells (C) at 28°C and C6/36 (D)
cells at 30°C respectively. The cells were stringently washed 5 times by PBS at room temperature, and then collected at serial time points for detection. (A-D)
For the assay at 48 hours, the cells were washed 5 times after 1 hr incubation at 4°C (A and B) or 28°C /30°C (C and D), and consequently cultured at 28°C
(Aag2) or 30°C (C6/36) for an additional 48 hrs. The viral genome was determined by Taqman qPCR and normalized by A. aegypti actin. The data were
presented as the mean ± standard error. The result was combined from 3 independent experiments. *, p<0.05; **, p<0.01; ***, p<0.001. (E) Detection of
AaHig-mediated entry interruption by structured illumination microscopy imaging. The Aag2 cells were seeded in a class bottle cell culture dish. The purified
AaHig protein premixed with 10 M.O.I. DENV-2 was added into the cells. The equal amount of BSA was used as a negative control. The treated cells were
collected and analyzed at a time course. DENV-2 was stained by the 4G2 mouse mAb and anti-mouse IgG Alexa Fluor-488 (Green). The early endosome
marker, Rab5, was stained by a rabbit polyclonal antibody and anti-rabbit IgG Alexa Fluor-546 (Red). Images were examined using the 100×objective lens of
a Zeiss ELYRA PS.1 structured illumination microscopy.

doi:10.1371/journal.ppat.1004848.g008
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DC-SIGN interactions [57]. SP-D binds Influenza A virus, thereby inhibiting the attachment
and entry of the virus by viral aggregation [58,59,60,61]. Here, our investigation shows that ar-
thropods have evolved a similar machinery to recognize and interrupt viral entry, indicating
the common ancestry of the innate immune arm presents in both mammals and arthropods.

Extracellular viruses are easily exposed to and destroyed by host immune effectors, such as
antibodies in humans and antimicrobial peptides (AMPs) in insects. AMPs, regulated by
NF-KappaB (REL)-mediated signaling, can directly electrostatically or hydrophobically associ-
ate with the viral surface components [62], subsequently resulting in viral inactivation
[11,63,64,65]. Release of AMPs is a potent antiviral response to protect insect cells against viral
infection [11,40,63,66]. For intrathoracic microinjection, the wound could elevating antimicro-
bial peptides (AMPs) gene expression [67]. However, in this study, the AMPs expression did
not differ between the AaHig antibody-inoculated and pre-immune antibody-inoculated mos-
quitoes (S16A–S16C Fig). AaHig is capable of tethering flaviviral particles onto the cell mem-
brane and blocking viral entry into mosquito cells. The virions exposed outside mosquito cells
have a greater chance to be eliminated by AMPs and other antiviral effectors. Therefore, the di-
rect blockade of flaviviral entry could be an effective strategy for virus killing in mosquitoes. In
addition to killing viruses and infected cells, one goal of the antiviral systems is to protect the
uninfected cells from viral invasion. RNA interference (RNAi), which is deemed as the major
antiviral machinery in mosquitoes, however only limits viral replication in infected cells
[68,69]. The system cannot function in the extracellular milieu or prevent viral spread among
mosquito cells. The AaHig-mediated antiviral mechanism may complement the intracellular
antiviral machinery to efficiently control viral dissemination among mosquito cells.

Mosquitoes serve as the principal vectors for a number of flaviviruses in nature. In mosqui-
toes, the sophisticated antiviral systems successfully limit viral infection to a tolerable level,
which protects the tissues from pathological damage by viral infection. Mosquitoes do not die
of flaviviral infection in nature and in our experimental system. However, infection becomes le-
thal to mosquitoes when AaHig function is compromised, suggesting a critical role for AaHig
in restricting virus-caused damage. Notably, the AaHig-mediated antiviral machinery is re-
stricted to the brain, and it is dispensable in other tissues such as the salivary glands. In this re-
gard, AaHig may potentially promote flavivirus transmission in nature by enabling mosquito
survival and maintaining their normal life span. Characterizing the special antiviral mecha-
nisms of insects may greatly extend our understanding of the sophisticated interactions be-
tween mosquito-borne viruses and their vectors and therefore may provide novel strategies for
arboviral disease control in the future.

Materials and Methods

Mosquitoes, cells and viruses
A. aegypti (the Rockefeller strain) and C. pipien pallens (the Beijing strain) were reared in a
low-temperature illuminated incubator, model 818 (Thermo Electron Corporation, Waltham,
MA) at 26°C and 80% humidity according to standard rearing procedures [2,69]. Aedes albo-
pictus C6/36 cells were grown at 30°C in Dulbecco’s modified Eagle's medium for DENV-2
(New Guinea C strain), SINV (MX10/YN87448 strain) and JEV (SA-14 strain) production. A.
aegypti Aag2 and Drosophila S2 cells were cultured at 28°C in Schneider’s Drosophila medium
for viral infection. All media were supplemented with 10% heat-inactivated fetal bovine serum,
1% L-glutamine, and 100 U/mL each of penicillin and streptomycin. The viruses were stocked
in a -80°C ultra-freezer. DENV-2, SINV and JEV were titrated by both plaque formation assay
(pfu) and 50% mosquito infectious dose (M.I.D.50) as described previously [11,70,71].
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Transfection of Aag2 cells
The transfection efficiency was largely determined by the status of the Aag2 cells. The mono-
layer cells without aggregation were suitable for transfection. Briefly, the Aag2 cells were seeded
at 3×106 cells/ml per well in a 6-well plate. The cells formed a monolayer after 12 hrs of culture.
Then, 0.4 μg of plasmid was premixed with Effectene (Qiagen, Cat. No# 301425) according to
the manufacturer’s instructions, and consequently added to the cells. After 6–18 hrs of trans-
fection, the medium was replaced with fresh medium. The cells were cultured for the
following investigation.

Bioinformatics
The sequences of theHig genes in insects were obtained from the NCBI database. The unrooted
phylogenetic tree was built with the Neighbor-joining method [72] using MEGA software v.
6.06 based on the alignment of the sequences determined using CLUSTALW [73]. The boot-
strap consensus tree was inferred from 5000 replicates. The functional modules of AaHig and
DmHig were predicted using the SMART (http://smart.embl-heidelberg.de/smart/set_mode.
cgi?GENOMIC=1) and Pfam (http://pfam.sanger.ac.uk/) websites. The sequence accession
numbers of the Hig proteins are: Drosophila melanogasterHig, NP_724772.1; Drosophila ana-
nassaeHig, XP_001959877.1; Drosophila pseudoobscuraHig, XP_001361057.2; Drosophila
mojavensisHig, XP_002005215.1; Drosophila grimshawiHig, XP_001987337.1; Ceratitis capi-
tataHig, XP_004526452.1;Musca domesticaHig, XP_005176426.1; Anopheles gambiaeHig,
XP_001237862.2; Aedes aegyptiHig, AIS74715; Culex quinquefasciatusHig, XP_001850783.1;
Tribolium castaneumHig, XP_971621.2; Dendroctonus ponderosaeHig, ERL89483.1; Nasonia
vitripennis Hig, XP_001604226.2; Cerapachys biroi Hig, EZA58999.1; Camponotus floridanus
Hig, EFN61193.1; Acromyrmex echinatiorHig, EGI66877.1; Solenopsis invicta Hig,
EFZ22069.1;Megachile rotundataHig, XP_003708514.1; Bombus terrestrisHig,
XP_003396303.1; Bombus impatiens Hig, XP_003484650.1; Apis floreaHig, XP_003693489.1;
Apis dorsataHig, XP_006615530.1; Danaus plexippusHig, EHJ65552.1; Bombyx moriHig,
NP_001108468.1.

Antibodies and antisera generation
A flaviviral E protein 4G2 monoclonal antibody was produced from a hybridoma cell line
(ATCC, Cat. No# D1-4G2-4-15). The cleaved-caspase-3 (Asp175) antibody was purchased
from Cell Signaling Technology (Cat. No# 9661) [31]. The anti-horseradish peroxidase (anti-
HRP) antibody was bought from Thermo Fisher Scientific (Cat. No# PA1-26409) [20,21]. The
Drosophila Rab5 antibody was purchased from Abcam (Cat. No# ab31261), which can be used
in detection of mosquito Rab5 (S21 Fig). The Wheat germ agglutinin (WGA) conjugated with
Alexa Fluor-488 was used as the plasma membrane marker (Cat. No# W11261, Invitrogen) for
immunofluorescence staining [74,75]. The antibodies for the tags were purchased fromMedi-
cal & Biological Laboratory (MBL, Japan) and Cell Signaling Technology. For antibody genera-
tion, the AaHig gene was amplified from A. aegypti cDNA and cloned into a pET-28a (+)
expression vector (Novagen, Cat. No# 69864–3). The cloning primers are presented in the S1
Table. The recombinant AaHig protein was expressed in the Escherichia coli BL21 DE3 strain,
with the insoluble form in inclusion bodies. The protein was then resolved by 8 M urea and pu-
rified using a purification kit (Clontech, Cat. No# 635515). The polyclonal antibody was pro-
duced by 3 boosting immunizations of AaHig in B6 mice.
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Immuno-blockade, gene silencing and viral infection in mosquitoes
We have described the detailed procedures for gene silencing and viral challenge in mosquitoes
elsewhere [2]. Briefly, female mosquitoes were cold-anesthetized on a cold tray, and subse-
quently 1 μg/300 nL of double-strand RNA (dsRNA) was microinjected into the mosquito
thoraxes. The injected mosquitoes were allowed to recover for 3 days under standard rearing con-
dition. The mosquitoes were then thoracically microinjected again with 10 M.I.D.50 /300 nL (for
functional investigation) or 1000M.I.D.50 /300 nL viruses (for the detection of gene expression)
for additional investigations. In the immuno-blocking assay, we premixed the serial dilutions of
the AaHig antibody with 10 M.I.D.50 DENV-2 or JEV, and consequently microinjected the mix-
ture into mosquitoes. The inoculated mosquitoes were reared in double containers under stan-
dard condition. At 3 and 6 days post-infection, the inoculated mosquitoes were killed and the
total RNA of the whole bodies or heads was isolated to assess the viral burden with qPCR. The
primers for viral detection are shown in the S1 Table.

Detection of viral burden by qPCR
The whole bodies or heads of the infected mosquitoes were homogenized in Buffer I of an
RNeasy Mini Kit (Qiagen, Cat. No# 74106) with a Pestle Grinder System (Fisher Scientific,
Cat. No# 03-392-106). The detailed procedure of total RNA isolation is described in the
RNeasy Kit manual. Complementary DNA (cDNA) was randomly reverse-transcribed using
an iScript cDNA Synthesis Kit (Bio-Rad, Cat. No# 1708891). The viral burden was then quanti-
fied with qPCR. The primers and probes are shown in the S1 Table. The amount of virus was
normalized with A. aegypti actin (AAEL011197). For detection in Aag2 cells, the total RNA of
cultured cells was isolated for reverse transcription into cDNA. The viral burden was then mea-
sured with qPCR with the described primers and probes in the S1 Table.

Protein generation in a Drosophila expression system
The gene of AaHig was amplified and inserted into the pMT/BiP/V5-His A vector (Invitrogen),
and then the recombinant plasmids were transfected into Drosophila S2 cells in combination
with a Hygromycin selection vector pCoHygro for stable cell construction. The primers for
PCR and gene cloning are shown in the S1 Table. The stable cell screening and purification
were described in our previous study [2,3]. Briefly, the transfected cells were selected using
300 μg/mL Hygromycin-B (Invitrogen, Cat. No# 10687–010) for 4 weeks. The resistant cells
were grown in spinner flasks, switched to Express Five serum-free medium (GIBCO, Invitro-
gen, Cat. No# 10486025) for 3 days, and induced with copper sulfate at a final concentration of
500 μM for 4 days. The culture medium was collected for protein purification with a metal af-
finity resin (Clontech, Cat. No# PT1320-1). The protein was eluted with 150 mM imidazole,
extensively dialyzed against PBS (pH 7.8), and concentrated via centrifugal filtration through a
5-kDa filter (Millipore Corp., Cat. No# pLCC07610). The protein concentration was measured
using a Protein Assay Dye (Bio-Rad, Cat. No#500–0006) and a Nanodrop 2000c spectropho-
tometer (Thermo Scientific). The protein purity was checked with sodium dodecyl sulfate poly-
acrylamide gel electrophoresis, and the specificity of purification was confirmed by
western blotting.

Co-immunoprecipitation (co-IP)
For the assay with purified proteins, five micrograms each of purified DENV-2 E and AaHig
were incubated at 4°C for 2 hrs. Subsequently, 1 μg of baited antibody was added to pull down
the protein complex. For the experiment with cell supernatant/lysate, the recombinant
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plasmids were transiently transfected into Drosophila S2 cells with an Effectene transfection kit
(Qiagen, Cat. No# 301425). The cell supernatant/lysate was incubated with purified protein
overnight at 4°C for the pull-down assay. To investigate the interaction between AaHig and
DENV virions in the infected cells, pAc-AaHig was transfected in mosquito Aag2 cells, and
subsequently the cells were infected by 5 M.O.I. DENV-2 at 12 hrs post transfection. The unin-
fected cells transfected by pAc-AaHig were used as a mock control. After 48 hrs infection, the
cells were lysated and an anti-flaviviral E 4G2 mAb was added into the lysate for the pull-down
assay. The experimental details are described in the Pierce Classic IP kit product manual
(Thermo Scientific, Cat. No# 26146).

ELISA
The microtiter plate (Nunc, Roskilde, Denmark) was coated with 2 μg purified protein over-
night at 4°C. After 5 washes with PBS containing 0.05% Tween 20 (PBST), the supernatant/ly-
sate of transfected cells was added to each well and incubated at room temperature (RT) for
2 hrs. The wells were then washed 5 times with PBST. Primary antibody was added, and incu-
bation continued at RT for 2 hrs. The wells were washed again, and 100 μL of secondary IgG-
horseradish peroxidase was added. After incubation at RT for 1 hr, a commercial peroxidase
substrate system was used (Kirkegaard & Perry Laboratories, Inc., MA, Cat. No# 50-76-11),
and the optical density at 450 nm was measured with an ELISA reader.

The interaction between AaHig and DENV-2 virions was also measured by ELISA. In the
procedure, the plate was coated with 2 μg of purified AaHig protein at 4°C overnight. After 5
washes with PBST, 2 μg of purified inactivated DENV-2 virions (MicroBix, Canada, Cat. No#
EL-22-02-001) in PBS was added to each well and incubated for 2 hrs at 4°C. After washing
with PBST, a flavivirus E protein 4G2 mAb was added, and further incubated for 2 hrs at 4°C.
The analysis followed the procedure is outlined above.

Viral attachment and entry assays
We assessed the viral attachment and internalization by Aag2 and C6/36 cells. For the attach-
ment assay, the purified AaHig protein was premixed with viruses, and the cells were conse-
quently pre-adsorbed with the mixture at 4°C for a time course. After five washes with pre-
cooled PBS buffer, the cells were collected to isolate total RNA. The copy number of the viral
genome was determined by qPCR. For the entry assay, AaHig and the viruses were premixed,
and then the cells were incubated with the mixture at 28°C (Aag2) / 30°C (C6/36) for a time
course. After washing with PBS at RT, the cells were used to determine the viral burden. For
the assay at 48 hrs, the cells were washed 5 times after a 1 hr incubation, then cultured at 28°C
(Aag2) / 30°C (C6/36) for an additional 48 hrs. The cells were collected to isolate the total RNA
for viral genomic detection by qPCR.

Imaging of mosquito brains
The protocol of A. aegypti brain isolation and staining was described in previous studies
[21,76]. Briefly, the mosquito heads were cut off, then fixed in 4% paraformaldehyde at 4°C for
1 week. The brains were dissected by fine forceps and probes, treated with 2% Triton X-100 for
1 hr, and then blocked by the BD Perm/Wash buffer (BD, Cat. No# 51-2091KZ). The tissues
were placed on sialylated slides (PGC Scientific, USA). After stained by primary and secondary
antibodies, the tissues were imaged using a Zeiss LSM 780 meta confocal microscope (Carl
Zeiss, Germany) with a Multi-Track mode.

AMosquito Neuron-Specific Antiviral Mechanism

PLOS Pathogens | DOI:10.1371/journal.ppat.1004848 April 27, 2015 23 / 33



In situ detection of apoptotic cell death
The apoptosis of mosquito tissues was determined by a terminal deoxynucleotidyl transferase
(TdT)-mediated dUTP nick end-labeling (TUNEL) assay. After six days post DENV-2 infec-
tion with or without AaHig antibody treatment, the mosquito heads were cut off and fixed in
4% paraformaldehyde for brain isolation. The TUNEL assay was performed by a cell death in
situ detection kit, Fluorescein (Roche, Cat. No# 11684817910). A FITC filter was used to detect
TUNEL staining (green color). TUNEL-positive staining patterns were acquired by a Zeiss
LSM 780 meta confocal microscope (Carl Zeiss, Germany) with a Multi-Track mode.

Structured illumination microscopy imaging
Aag2 cells were seeded in a glass bottle cell culture dish (Nest Biotechnology, Cat. No# 801001)
for 12 hrs. The 2 μg purified AaHig protein was premixed with 10 M.O.I. DENV-2 in 500 μL
medium, and the mixture was then added to the cells. After the cells were cultured at 28°C for a
time course, the cells were washed with PBS and fixed in 4% paraformaldehyde for 1 hr. Per-
meabilization was performed using 0.05% Triton X-100 for 30 min. After three washes in PBS,
the cells were blocked using the Perm/Wash buffer (BD, Cat. No# 51-2091KZ). After the pri-
mary and secondary antibodies staining, the cells were imaged using a Zeiss ELYRA PS.1 struc-
tured illumination microscope (Carl Zeiss, Germany).

Detection of phenoloxidase (PO) activity
After 48 hrs of transfection, the Aag2 cells were stimulated by 1 M.O.I. DENV-2 or JEV for
30 min. The supernatant was collected by centrifugation at 3000 rpm for 10 min at 4°C in
order to remove debris. The PO activity assays were performed in 96-well plates. One hundred
microliters of 50 mM Sodium Phosphate buffer (pH 6.5) containing 2 mM dopamine (the sub-
strate for the PO, Sigma, Cat. No# D-9628) was added to 20 μL of cell culture medium. PO ac-
tivity was monitored over 30 min by measuring the absorbance at 490 nm using a plate reader
[77,78].

H2O2 assay
After 6 hrs of infection, the mosquito parts including heads, carcasses and whole bodies, were
collected into the PBS buffer with 2 mg/ml of the catalase inhibitor 3-amino-1,2,4-triazole
(Sigma, Cat. No# A8056-10G). After homogenization, the samples were filtered through a spin
filter with a 10K molecular weight cutoff (Corning Spin-XUF, Corning, Cat. No# 431486). The
elution from each experimental group was then collected and tested using a hydrogen peroxide
assay kit (BioVision, Cat. No# K265-200). The fluorescence intensity was detected at Excita-
tion/Emission = 550/590 using a fluorescence microplate reader, according to the manufac-
turer's instructions. The value was normalized by the total amount of proteins in the sample, as
determined by a Protein Assay Dye (Bio-Rad, Cat. No# 500–0006) and a Nanodrop 2000c
spectrophotometer (Thermo Scientific).

Particles uptake assay
The nano-beads with a 10–100 nm diameter (Cat. No# LB1-1ML, Sigma), which mimic the
size of the viruses, was selected to perform a particle uptake assay in mosquito Aag2 cells. The
beads were pre-labeled by Fluorescein isothiocyanat (FITC). AaHig protein was premixed with
the beads, then incubated the materials with Aag2 cells at 28°C for 30 min. The same amount
of BSA mixed with the beads was used as the mock control. The incubated cells were washed 3
times by PBS buffer, and then treated by 0.2%Trypan Blue to quench the fluorescence of the
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beads attached on the cell surface [35,79]. The amount of uptake beads, which had been inter-
nalized into mosquito cells, was measured by the flow cytometry. The treated cells were then
examined using a FACS Calibur flow cytometer (BD Biosciences, San Diego, CA). Dead cells
were excluded on the basis of forward and side light scatter. Data were analysed using
FlowJo software.

Supporting Information
S1 Fig. Generation of murine AaHig polyclonal antibody. (A) Purification of AaHig recom-
binant protein in E. coli. The AaHig fragment (1bp-2436bp) was cloned into pET-28a (+) DNA
vector and expressed in E. coli BL21 DE3 strain. The recombinant protein, expressed in inclu-
sion body, was dissolved in 8M Urea and purified by Ni-His column for antibody generation.
(B) Validation of AaHig polyclonal antibody. A murine AaHig polyclonal antibody was used to
probe E. coli- or S2-expressed AaHig recombinant protein. The same samples probed by mu-
rine pre-immune antibody served as a negative control.
(PDF)

S2 Fig. The distribution of inoculated AaHig antibody in mosquito tissues. The 1:10 diluted
AaHig murine antibody was microinjected into mosquito thorax and the various tissues were
isolated for staining by anti-mouse IgG-Alexa 546. Nuclei were stained with To-Pro-3 iodide
(Blue). Images were examined using a Zeiss LSM 780 meta confocal. Ten mosquitoes have
been dissected for analysis with the similar results.
(PDF)

S3 Fig. AaHig regulation in various mosquito tissues by DENV-2 infection. DENV-2
(1000 M.I.D.50) or PBS was microinjected into mosquitoes. Total RNA was isolated from
whole mosquitoes, heads, salivary glands, midguts, hemolymph and carcasses at 3 (A), 6 (B),
9 (C), 12 (D) days post DENV-2 infection to determine AaHig expression by SYBR Green
qPCR. The qPCR primers of AaHig were described in the S1 Table. The data were represented
as the mean ± standard error.
(PDF)

S4 Fig. AaHig coats on the membrane of Aag2 cells by Z-Stack imaging. The pAc-AaHig re-
combinant plasmid was transfected into Aag2 cells. AaHig was stained by anti-V5 antibody
and anti-mouse IgG Alexa-546 (Red). The plasma membrane was stained by the Wheat Germ
Agglutinin (WGA) conjugated with Alexa-488 (Green). Nuclei were stained with To-Pro-3 io-
dide (Blue). Images were examined using a Zeiss LSM 780 meta confocal microscope with a Z-
stack model.
(PDF)

S5 Fig. The subcellular localization of AaHig. The subcellular fractionations, including nucle-
us, mitochondria, cytoplasm and plasma membrane, were separated and validated by their fea-
tured markers. AaSR-C, a transmembrane protein in A. aegypti, was used as a marker of
plasma membrane [11].
(PDF)

S6 Fig. The effect of dsRNA-mediated AaHig silencing in DENV-2 infection of A. aegypti.
(A-C) Inoculation of AaHig dsRNA significantly decreased the AaHig expression in whole
mosquito bodies and heads at both the mRNA (A and B) and protein (C) levels. The AaHig
abundance was assessed by SYBR Green qPCR (A and B) and western blotting with an AaHig
antibody (C) at 6 days post microinjection in A. aegypti. (D-E) Silencing AaHig enhanced
DENV-2 infection in A. aegypti. 10 M.I.D.50 DENV-2 were inoculated at 3 days post AaHig
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dsRNA inoculation. The viral load of whole bodies (D) and heads (E) was assessed at 3 days (i)
and 6 days (ii) post-infection by Taqman qPCR and normalized with A. aegypti actin
(AAEL011197). The primers and probes of qPCR were described in the S1 Table. The experi-
ment was repeated two times with similar results. One dot represents 1 mosquito and the hori-
zontal line represents the median value. The data were statistically analyzed by the non-
parametricMann-Whitney test.
(PDF)

S7 Fig. The distribution of AaHig antibody in the A. aegypti brain. The 10-fold diluted mu-
rine AaHig antibody (Ab) was microinjected into the thorax of mosquitoes. At serial time
points, the mosquito brains were fixed and dissected for staining by anti-mouse IgG Alexa-546
(Red). Nuclei were stained blue with To-Pro-3 iodide. Images were examined using the 10×
(A) and 63× (B) objective lens of a Zeiss LSM 780 meta confocal.
(PDF)

S8 Fig. Comparison of the distribution of murine AaHig antibody in different mosquito
brains. The 1:10 diluted AaHig murine antibody was microinjected into mosquito thorax and
the brain tissues were isolated for staining by anti-mouse IgG-Alexa 546. Nuclei were stained
with To-Pro-3 iodide (Blue). Images were examined using a Zeiss LSM 780 meta
confocal microscope.
(PDF)

S9 Fig. Immuno-blockade of AaHig significantly enhanced the DENV replication in the
mosquitoes infected by oral feeding. The mosquitoes were fed with the Vero cells-generated
DENV-2 and fresh human blood via Hemotek oral feeding system. Subsequently, the anti-
AaHig antibody was intrathoracically microinjected into the mosquitoes 3 days after viral
blood feeding. The fed mosquitoes that were inoculated by pre-immune antibody were used as
a negative control. The mosquitoes were reared under standard condition. After removing the
uninfected mosquitoes, the DENV load in mosquito bodies (A and B) and heads (C and D)
was measured via qPCR at 6 days and 9 days after the oral infection. The primers and probes of
qPCR were described in the S1 Table. The results were pooled from two parallel experiments.
One dot represents 1 mosquito and the horizontal line represents the median value. The data
were statistically analyzed by the non-parametricMann-Whitney test.
(PDF)

S10 Fig. Detection of viral burden in salivary glands and midguts of A. aegypti. The murine
AaHig antibody with 10-fold dilutions was premixed with 10 M.I.D.50 DENV-2 to co-microin-
ject into the mosquitoes. The salivary glands (A) and midguts (B) were then dissected to exam-
ine the viral load at 3 (i) and 6 (ii) days post-infection via TaqMan qPCR and normalized
against A. aegypti actin. The results were combined from 2 independent experiments. The data
were analyzed statistically using the non-parametricMann-Whitney test.
(PDF)

S11 Fig. AaHig silencing did not influence the SINV infection in A. aegypti. (A-D) The ef-
fect of AaHig silencing in SINV infection of A. aegypti. 10 M.I.D.50 SINV were inoculated at 3
days post AaHig dsRNA inoculation. The viral load of whole bodies (A and B) and heads (C
and D) was assessed 3 days and 6 days post-infection via qPCR and normalized with A. aegypti
actin. The qPCR primers and probes were described in the S1 Table. The experiment was re-
peated two times with similar results. One dot represents 1 mosquito and the horizontal line
represents the median value. The data were statistically analyzed by non-parametricMann-
Whitney test. (E) The expression of Sindbis Envelope proteins in Drosophila S2 cells. Three
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Sindbis Envelope genes (E1, E2 and E3) with FLAG tag were cloned into the pMT/Bip/V5-His
A vector and expressed in the S2 cell supernatant. The supernatant from empty vector-trans-
fected S2 cells was used as a mock. The E proteins were detected with an anti-FLAG antibody
via western blotting. (F) The Sindbis E proteins do not interact with AaHig by a co-IP assay.
Three Sindbis Envelope genes (E1, E2 and E3) were cloned into the pMT/Bip/V5-His A vector,
and subsequently co-expressed with AaHig in the S2 cell supernatant. The protein complex
was pulled down with an anti-FLAG antibody and detected using an anti-V5-HRP antibody.
We reproduced the experiment 2 times.
(PDF)

S12 Fig. The interaction between AaHig and JEV E protein. The interaction of purified
AaHig (V5) and JEV E (FLAG) proteins was determined by ELISA (A) and co-IP (B). In the
ELISA detection, the binding was probed by mouse anti-FLAG-HRP antibody. The data were
presented as the mean ± standard error. The experiment was reproduced 3 times. In the co-IP
assay, the protein complex was pulled down with an anti-V5 antibody and detected using a
mouse anti-FLAG-HRP antibody. We reproduced the experiments 3 times.
(PDF)

S13 Fig. The membrane-bound capability of AaHig truncations on mosquito Aag2 cells.
The seven truncations, in which the functional domains of AaHig were sequentially deleted,
were expressed in mosquito Aag2 cells. The membrane location of these truncations was deter-
mined by immunofluorescence staining. The AaHig truncations were stained with an anti-V5
antibody (Red); the cellular membrane was stained by a plasma membrane marker, Wheat
Germ Agglutinin (WGA) (Green); nuclei were stained blue with To-Pro-3 iodide (Blue). Im-
ages were examined using a Zeiss LSM 780 meta confocal 63×objective lens.
(PDF)

S14 Fig. The antiviral effect of Hig protein in mammalian cells and insect cells. (A-B)
AaHig did not reduce the DENV infection in the mammalian cells. 2μg AaHig purified protein
and 0.01 M.O.I. DENV-2 was incubated with human A549 (A) and Vero (B) cells. The same
amount of BSA with DENV-2 was used as negative controls. After 48 hours, the viral load was
determined by Taqman qPCR and normalized by human GAPDH. The data were presented as
the mean ± standard error. The results were combined from 2 independent experiments. (C)
The ectopic expression of Drosophila melanogaster Hig (DmHig) in S2 cells. The gene of
DmHig were cloned into the pAc5.1/V5-His A vector and expressed in the S2 cell supernatant.
The supernatant from empty vector-transfected S2 cells was used as a mock. The recombinant
protein was detected with an anti-V5 antibody via western blotting. (D-E) The antiviral effect
of DmHig in insect cells. DmHig was overexpressed in mosquito Aag2 (D) and Drosophila S2
(E) cells. After 48 hrs, the 0.01 M.O.I. DENV-2 was added into the cells, and subsequently the
viral load was determined by Taqman qPCR and normalized by A. aegypti and D.melanogaster
actins. The data were presented as the mean ± standard error. The results were combined from
3 independent experiments.
(PDF)

S15 Fig. AaHig cannot coat on the membrane of Vero cells by an immuno-staining assay.
The 5 ug purified AaHig protein was incubated with the Vero cells for 1 hr. After 5 washing by
PBS buffer, the cells were fixed by 4% PFA and staining by AaHig antibody. The WGA conju-
gated with Alexa Fluor-488 was used to stain the cellular membrane. The Aag2 cells with the
same amount of AaHig served as a positive control.
(PDF)
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S16 Fig. Immuno-blockade of AaHig does not alter the expression of immune-related
genes. The murine AaHig antibody with 10-fold dilution was microinjected in A. aegypti. The
same amount of diluted pre-immune antibody was used as a negative control. The expression
of immune-related genes, such as AMPs (A-C), A. aegypti Ago2 (AaAgo2) (D), A. aegypti
Dicer2 (AaDicer 2) (E), A. aegypti Duox1 (AaDuox1) (F) and A. aegypti Duox2 (AaDuox2) (G),
was determined by qPCR at 6 hrs post-inoculation in mosquitoes. The amount of genes was
normalized by A. aegypti actin.
(PDF)

S17 Fig. The role of AaHig in the activation of melanization and reactive oxygen systems.
(A-B) Overexpression of AaHig did not regulate the melanization activity in Aag2 cells. The
phenoloxidase (PO) activity was measured in DENV-2 (A) or JEV (B) infected or mock cells.
The regulation of PO activity was presented by the fold change than that in uninfected pAc-
GFP-transfected mock cells. (C) Knockdown of AaHig did not influence the H2O2 release in
various mosquito parts. The dsRNA mediated silencing was performed in mosquitoes. The
same amount of GFP dsRNA was inoculated into mosquito thorax as a negative control. At 3
days later, 1000 M.I.D.50 DENV-2 were microinjected into mosquitoes. The various mosquito
parts were collected at 6 hrs post infection. The concentration of H2O2 was measured by a Hy-
drogen Peroxide Assay Kit. The result was presented by the fold change calculated by H2O2

concentration in the infected mosquitoes / that in uninfected mosquitoes.
(PDF)

S18 Fig. AaHig reduces JEV entry in mosquito cells. (A-B) JEV attachment assay at 4°C. The
serial concentration of purified AaHig protein was premixed with 5 M.O.I. JEV on ice, and
then the Aag2 (A) and C6/36 (B) cells were incubated with the mixture for a time course at
4°C. The cells were washed 5 times by cold PBS buffer and collected at certain time points for
total RNA isolation. (C-D) JEV internalization assay. The serial concentration of purified
AaHig protein was premixed with 5 M.O.I. JEV, and consequently the mixture was incubated
into the Aag2 cells at 28°C (C) and C6/36 cells at 30°C (D). The cells were washed 5 times by
PBS at room temperature and collected for detection. (A-D) For the assay at 48 hrs, the cells
were washed 5 times after 1 hr incubation at 4°C (A and B) or 28°C/30°C (C and D), and
consequently cultured at 28°C or 30°C for an additional 48 hrs. The viral genome was deter-
mined by Taqman qPCR and normalized by A. aegypti actin. The data were presented as the
mean ± standard error. The results were combined from 3 independent experiments. �,
p<0.05; ��, p<0.01; ���, p<0.001.
(PDF)

S19 Fig. AaHig does not generally sequester unrelated particles on plasma membrane. The
nano-beads with a 10–100 nm diameter, which mimic the size of viruses, were selected to per-
form a particle uptake assay in mosquito Aag2 cells. The beads were pre-labeled by Fluorescein
isothiocyanat (FITC). AaHig protein was premixed with the beads, then incubated the mixture
with Aag2 cells at 28°C for 30 min. The same amount of BSA mixed with the beads was used as
a negative control. The mock group was the cells without the beads. After the incubation, the
cells were washed 3 times by PBS buffer, and then treated by 0.2%Trypan Blue to quench the
fluorescence of the beads attached on the cell surface. The amount of uptake beads, which had
been internalized into mosquito cells, was measured by the flow cytometry. We reproduced
these experiments 3 times.
(PDF)

S20 Fig. Over-expression of AaHig does not influence the Sindbis burden in the human
and mosquito cells. The 2 μg AaHig protein was premixed with 5 M.O.I. Sindbis virus (SINV),
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and then we incubated the materials with human A549 cells (A) at 37°C or mosquito Aag2
cells (B) at 28°C for a serial time course. The same amount of BSA mixed with viruses was used
as a mock control. The SINV load was determined by qPCR and normalized by human or mos-
quito actins. The experiment was repeated by three times with the similar results.
(PDF)

S21 Fig. Validation of Drosophila Rab5 polyclonal antibody. A rabbit anti-Drosophila Rab5
polyclonal antibody can efficiently probe Rab5 proteins in the lysates of S2 and Aag2 cells.
(PDF)

S1 Table. Primers and probes for qPCR, dsRNA synthesis and genes cloning.
(PDF)

Acknowledgments
We thank Ms. Xinye Guo for technical assistance and mosquitoes rearing. We thank the tech-
nical supports from the Core Facility of Center for Life Sciences and Center of Biomedical
Analysis (Tsinghua University).

Author Contributions
Conceived and designed the experiments: GC XX. Performed the experiments: XX RZ XP. An-
alyzed the data: XX. Contributed reagents/materials/analysis tools: GL PW. Wrote the paper:
GC.

References
1. Gould EA, Solomon T (2008) Pathogenic flaviviruses. Lancet 371: 500–509. doi: 10.1016/S0140-6736

(08)60238-X PMID: 18262042

2. Cheng G, Cox J, Wang P, Krishnan MN, Dai J, et al. (2010) A C-type lectin collaborates with a CD45
phosphatase homolog to facilitate West Nile virus infection of mosquitoes. Cell 142: 714–725. doi: 10.
1016/j.cell.2010.07.038 PMID: 20797779

3. Liu Y, Zhang F, Liu J, Xiao X, Zhang S, et al. (2014) Transmission-blocking antibodies against mosquito
C-type lectins for dengue prevention. PLoS Pathog 10: e1003931. doi: 10.1371/journal.ppat.1003931
PMID: 24550728

4. Girard YA, Klingler KA, Higgs S (2004) West Nile virus dissemination and tissue tropisms in orally in-
fected Culex pipiens quinquefasciatus. Vector Borne Zoonotic Dis 4: 109–122. PMID: 15228811

5. Carrington LB, Seifert SN, Armijos MV, Lambrechts L, Scott TW (2013) Reduction of Aedes aegypti
vector competence for dengue virus under large temperature fluctuations. Am J Trop Med Hyg 88:
689–697. doi: 10.4269/ajtmh.12-0488 PMID: 23438766

6. Garza-Hernández JA, Rodríguez-Pérez MA, Salazar MI, Russell TL, Adeleke MA, et al. (2013) Vectori-
al capacity of Aedes aegypti for dengue virus type 2 is reduced with co-infection ofMetarhizium aniso-
pliae. PLoS Negl Trop Dis 7: e2013. doi: 10.1371/journal.pntd.0002013 PMID: 23505581

7. Hill CL, Sharma A, Shouche Y, Severson DW (2014) Dynamics of midgut microflora and dengue virus
impact on life history traits in Aedes aegypti. Acta Trop 140C: 151–157.

8. Putnam JL, Scott TW (1995) Blood-feeding behavior of dengue-2 virus-infected Aedes aegypti. Am J
Trop Med Hyg 52: 225–227. PMID: 7694963

9. Hoshino M, Matsuzaki F, Nabeshima Y, Hama C (1993) Hikaru genki, a CNS-specific gene identified by
abnormal locomotion in Drosophila, encodes a novel type of protein. Neuron 10: 395–407. PMID:
8461133

10. Hoshino M, Suzuki E, Nabeshima Y, Hama C (1996) Hikaru genki protein is secreted into synaptic
clefts from an early stage of synapse formation in Drosophila. Development 122: 589–597. PMID:
8625810

11. Xiao X, Liu Y, Zhang X, Wang J, Li Z, et al. (2014) Complement-related proteins control the flavivirus in-
fection of Aedes aegypti by inducing antimicrobial peptides. PLoS Pathog 10: e1004027. doi: 10.1371/
journal.ppat.1004027 PMID: 24722701

AMosquito Neuron-Specific Antiviral Mechanism

PLOS Pathogens | DOI:10.1371/journal.ppat.1004848 April 27, 2015 29 / 33

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1004848.s021
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1004848.s022
http://dx.doi.org/10.1016/S0140-6736(08)60238-X
http://dx.doi.org/10.1016/S0140-6736(08)60238-X
http://www.ncbi.nlm.nih.gov/pubmed/18262042
http://dx.doi.org/10.1016/j.cell.2010.07.038
http://dx.doi.org/10.1016/j.cell.2010.07.038
http://www.ncbi.nlm.nih.gov/pubmed/20797779
http://dx.doi.org/10.1371/journal.ppat.1003931
http://www.ncbi.nlm.nih.gov/pubmed/24550728
http://www.ncbi.nlm.nih.gov/pubmed/15228811
http://dx.doi.org/10.4269/ajtmh.12-0488
http://www.ncbi.nlm.nih.gov/pubmed/23438766
http://dx.doi.org/10.1371/journal.pntd.0002013
http://www.ncbi.nlm.nih.gov/pubmed/23505581
http://www.ncbi.nlm.nih.gov/pubmed/7694963
http://www.ncbi.nlm.nih.gov/pubmed/8461133
http://www.ncbi.nlm.nih.gov/pubmed/8625810
http://dx.doi.org/10.1371/journal.ppat.1004027
http://dx.doi.org/10.1371/journal.ppat.1004027
http://www.ncbi.nlm.nih.gov/pubmed/24722701


12. Molina H, Brenner C, Jacobi S, Gorka J, Carel JC, et al. (1991) Analysis of Epstein-Barr virus-binding
sites on complement receptor 2 (CR2/CD21) using human-mouse chimeras and peptides. At least two
distinct sites are necessary for ligand-receptor interaction. J Biol Chem 266: 12173–12179. PMID:
1712014

13. Dörig RE, Marcil A, Chopra A, Richardson CD (1993) The human CD46molecule is a receptor for mea-
sles virus (Edmonston strain). Cell 75: 295–305. PMID: 8402913

14. Stoiber H, Clivio A, Dierich MP (1997) Role of complement in HIV infection. Annu Rev Immunol 15:
649–674. PMID: 9143703

15. Pangburn MK (2000) Host recognition and target differentiation by factor H, a regulator of the alternative
pathway of complement. Immunopharmacology 49: 149–157. PMID: 10904114

16. Feng Y, Fu S, Zhang H, Li M, Zhou T, et al. (2012) Distribution of mosquitoes and mosquito-borne virus-
es along the China-Myanmar border in Yunnan Province. Jpn J Infect Dis 65: 215–221. PMID:
22627302

17. Nene V, Wortman JR, Lawson D, Haas B, Kodira C, et al. (2007) Genome sequence of Aedes aegypti,
a major arbovirus vector. Science 316: 1718–1723. PMID: 17510324

18. Casasnovas JM, Larvie M, Stehle T (1999) Crystal structure of two CD46 domains reveals an extended
measles virus-binding surface. EMBO J 18: 2911–2922. PMID: 10357804

19. Dempsey PW, Allison ME, Akkaraju S, Goodnow CC, Fearon DT (1996) C3d of complement as a mo-
lecular adjuvant, bridging innate and acquired immunity. Science 271: 348–350. PMID: 8553069

20. Snow PM, Patel NH, Harrelson AL, Goodman CS (1987) Neural-specific carbohydrate moiety shared
by many surface glycoproteins in Drosophila andGrasshopper embryos. J Neurosci 7: 4137–4144.
PMID: 3320283

21. Mysore K, Flister S, Müller P, Rodrigues V, Reichert H (2011) Brain development in the yellow fever
mosquito Aedes aegypti: a comparative immunocytochemical analysis using cross-reacting antibodies
from Drosophila melanogaster. Dev Genes Evol 221: 281–296. doi: 10.1007/s00427-011-0376-2
PMID: 21956584

22. Hubálek Z (2008) Mosquito-borne viruses in Europe. Parasitol Res 103 Suppl 1: S29–S43. doi: 10.
1007/s00436-008-1064-7 PMID: 19030884

23. Wang H, Gort T, Boyle DL, Clem RJ (2012) Effects of manipulating apoptosis on Sindbis virus infection
of Aedes aegyptimosquitoes. J Virol 86: 6546–54. doi: 10.1128/JVI.00125-12 PMID: 22438551

24. Khoo CC, Piper J, Sanchez-Vargas I, Olson KE, Franz AW (2010) The RNA interference pathway af-
fects midgut infection- and escape barriers for Sindbis virus in Aedes aegypti. BMCMicrobiol 10: 130.
doi: 10.1186/1471-2180-10-130 PMID: 20426860

25. Campbell CL, Keene KM, Brackney DE, Olson KE, Blair CD, et al. (2008) Aedes aegypti uses RNA in-
terference in defense against Sindbis virus infection. BMCMicrobiol 8: 47. doi: 10.1186/1471-2180-8-
47 PMID: 18366655

26. Cirimotich CM, Scott JC, Phillips AT, Geiss BJ, Olson KE (2009) Suppression of RNA interference in-
creases alphavirus replication and virus-associated mortality in Aedes aegyptimosquitoes. BMCMicro-
biol 9: 49. doi: 10.1186/1471-2180-9-49 PMID: 19265532

27. Vaidyanathan R, Scott TW (2006) Apoptosis in mosquito midgut epithelia associated with West Nile
virus infection. Apoptosis 11: 1643–1651. PMID: 16820968

28. Girard YA, Mayhew GF, Fuchs JF, Li H, Schneider BS, et al. (2010) Transcriptome changes inCulex
quinquefasciatus (Diptera: Culicidae) salivary glands duringWest Nile virus infection. J Med Entomol
47: 421–435. PMID: 20496590

29. Girard YA, Schneider BS, McGee CE, Wen J, Han VC, et al. (2007) Salivary gland morphology and
virus transmission during long-term cytopathologic West Nile virus infection in Culex mosquitoes. Am J
Trop Med Hyg 76: 118–128. PMID: 17255239

30. Girard YA, Popov V, Wen J, Han V, Higgs S (2005) Ultrastructural study of West Nile virus pathogene-
sis inCulex pipiens quinquefasciatus (Diptera: Culicidae). J Med Entomol 42: 429–444. PMID:
15962797

31. Fan Y, Bergmann A (2010) The cleaved-Caspase-3 antibody is a marker of Caspase-9-like DRONC ac-
tivity in Drosophila. Cell Death Differ 17: 534–539. doi: 10.1038/cdd.2009.185 PMID: 19960024

32. Modis Y, Ogata S, Clements D, Harrison SC (2003) A ligand-binding pocket in the dengue virus enve-
lope glycoprotein. Proc Natl Acad Sci USA 100: 6986–6991. PMID: 12759475

33. Peleg J (1968) Growth of arboviruses in primary tissue culture of Aedes aegypti embryos. Am J Trop
Med Hyg 17: 219–223. PMID: 4869110

34. Sim S, Dimopoulos G (2010) Dengue virus inhibits immune responses in Aedes aegypti cells. PLoS
ONE 5: e10678. doi: 10.1371/journal.pone.0010678 PMID: 20502529

AMosquito Neuron-Specific Antiviral Mechanism

PLOS Pathogens | DOI:10.1371/journal.ppat.1004848 April 27, 2015 30 / 33

http://www.ncbi.nlm.nih.gov/pubmed/1712014
http://www.ncbi.nlm.nih.gov/pubmed/8402913
http://www.ncbi.nlm.nih.gov/pubmed/9143703
http://www.ncbi.nlm.nih.gov/pubmed/10904114
http://www.ncbi.nlm.nih.gov/pubmed/22627302
http://www.ncbi.nlm.nih.gov/pubmed/17510324
http://www.ncbi.nlm.nih.gov/pubmed/10357804
http://www.ncbi.nlm.nih.gov/pubmed/8553069
http://www.ncbi.nlm.nih.gov/pubmed/3320283
http://dx.doi.org/10.1007/s00427-011-0376-2
http://www.ncbi.nlm.nih.gov/pubmed/21956584
http://dx.doi.org/10.1007/s00436-008-1064-7
http://dx.doi.org/10.1007/s00436-008-1064-7
http://www.ncbi.nlm.nih.gov/pubmed/19030884
http://dx.doi.org/10.1128/JVI.00125-12
http://www.ncbi.nlm.nih.gov/pubmed/22438551
http://dx.doi.org/10.1186/1471-2180-10-130
http://www.ncbi.nlm.nih.gov/pubmed/20426860
http://dx.doi.org/10.1186/1471-2180-8-47
http://dx.doi.org/10.1186/1471-2180-8-47
http://www.ncbi.nlm.nih.gov/pubmed/18366655
http://dx.doi.org/10.1186/1471-2180-9-49
http://www.ncbi.nlm.nih.gov/pubmed/19265532
http://www.ncbi.nlm.nih.gov/pubmed/16820968
http://www.ncbi.nlm.nih.gov/pubmed/20496590
http://www.ncbi.nlm.nih.gov/pubmed/17255239
http://www.ncbi.nlm.nih.gov/pubmed/15962797
http://dx.doi.org/10.1038/cdd.2009.185
http://www.ncbi.nlm.nih.gov/pubmed/19960024
http://www.ncbi.nlm.nih.gov/pubmed/12759475
http://www.ncbi.nlm.nih.gov/pubmed/4869110
http://dx.doi.org/10.1371/journal.pone.0010678
http://www.ncbi.nlm.nih.gov/pubmed/20502529


35. Barletta AB, Silva MC, Sorgine MH (2012) Validation of Aedes aegypti Aag-2 cells as a model for insect
immune studies. Parasit Vectors 5: 148. doi: 10.1186/1756-3305-5-148 PMID: 22827926

36. Sessions OM, Barrows NJ, Souza-Neto JA, Robinson TJ, Hershey CL, et al. (2009) Discovery of insect
and human dengue virus host factors. Nature 458: 1047–50. doi: 10.1038/nature07967 PMID:
19396146

37. Wang XH, Aliyari R, Li WX, Li HW, Kim K. et al. (2006) RNA interference directs innate immunity
against viruses in adult drosophila. Science 312: 452–454. PMID: 16556799

38. Arjona A, Wang PH, Montgomery RR, Fikrig E (2011) Innate immune control of West Nile virus infec-
tion. Cell Microbiol 13: 1648–1658. doi: 10.1111/j.1462-5822.2011.01649.x PMID: 21790942

39. Ramirez JL, Dimopoulos G (2010) The Toll immune signaling pathway control conserved anti-dengue
defenses across diverse Aedes aegypti strains and against multiple dengue virus serotypes. Dev
Comp Immunol 34: 625–629. doi: 10.1016/j.dci.2010.01.006 PMID: 20079370

40. Pan X, Zhou G,Wu J, Bian G, Lu P, et al. (2011)Wolbachia induces reactive oxygen species (ROS)-de-
pendent activation of the toll pathway to control dengue virus in the mosquito Aedes aegypti. Proc Natl
Acad Sci USA 109: E23–31. doi: 10.1073/pnas.1116932108 PMID: 22123956

41. Rodriguez-Andres J, Rani S, Varjak M, Chase-Topping ME, Beck MH, et al. (2012) Phenoloxidase ac-
tivity acts as a mosquito innate immune response against infection with Semliki Forest virus. PLoS
Pathog 8: e1002977. doi: 10.1371/journal.ppat.1002977 PMID: 23144608

42. Cornet S, Gandon S, Rivero A (2013) Patterns of phenoloxidase activity in insecticide resistant and
susceptible mosquitoes differ between laboratory-selected and wild-caught individuals. Parasit Vectors
6: 315. doi: 10.1186/1756-3305-6-315 PMID: 24499651

43. Krishnan MN, Sukumaran B, Pal U, Agaisse H, Murray JL, et al. (2007) Rab 5 is required for the cellular
entry of dengue andWest Nile viruses. J Virol 81: 4881–4885. PMID: 17301152

44. Ryckman BJ, Chase MC, Johnson DC (2008) CMV gH/gL/UL128-131 interferes with virus entry into ep-
ithelial cells: evidence for cell type-specific receptors. Proc Natl Acad Sci USA 105: 14118–14123. doi:
10.1073/pnas.0804365105 PMID: 18768787

45. Acosta EG, Castilla V, Damonte EB (2011) Infectious dengue-1 virus entry into mosquito C6/36 cells.
Virus Res 160: 173–179. doi: 10.1016/j.virusres.2011.06.008 PMID: 21708195

46. Clyde K, Kyle JL, Harris E (2006) Recent advances in deciphering viral and host determinants of den-
gue virus replication and pathogenesis. J Virol 80: 11418–11431. PMID: 16928749

47. Hidari KI, Abe T, Suzuki T (2013) Carbohydrate-related inhibitors of dengue virus entry. Viruses 5:
605–618. doi: 10.3390/v5020605 PMID: 23389466

48. Zerial M, McBride H (2001) Rab proteins as membrane organizers. Nat Rev Mol Cell Biol 2: 107–117.
PMID: 11252952

49. Brass AL, Huang IC, Benita Y, John SP, Krishnan MN, et al. (2009) The IFITM proteins mediate cellular
resistance to influenza A H1N1 virus, West Nile virus, and dengue virus. Cell 139: 1243–1254. doi: 10.
1016/j.cell.2009.12.017 PMID: 20064371

50. Huang IC, Bailey CC, Weyer JL, Radoshitzky SR, Becker MM, et al. (2011) Distinct patterns of IFITM-
mediated restriction of filoviruses, SARS Coronavirus, and influenza A Virus. PLoS Pathog 7:
e1001258. doi: 10.1371/journal.ppat.1001258 PMID: 21253575

51. Amini-Bavil-Olyaee S, Choi YJ, Lee JH, Shi M, Huang IC, et al. (2013) The antiviral effector IFITM3 dis-
rupts intracellular cholesterol homeostasis to block viral entry. Cell Host Microbe 13: 452–464. doi: 10.
1016/j.chom.2013.03.006 PMID: 23601107

52. Li K, Markosyan RM, Zheng YM, Golfetto O, Bungart B, et al. (2013) IFITM proteins restrict viral mem-
brane hemifusion. PLoS Pathog 9: e1003124. doi: 10.1371/journal.ppat.1003124 PMID: 23358889

53. Desai TM, Marin M, Chin CR, Savidis G, Brass AL, et al. (2014) IFITM3 restricts Influenza A virus entry
by blocking the formation of fusion pores following virus-endosome hemifusion. PLoS Pathog 10:
e1004048. doi: 10.1371/journal.ppat.1004048 PMID: 24699674

54. Ezekowitz RA, Kuhlman M, Groopman JE, Byrn RA (1989) A human serummannose-binding protein
inhibits in vitro infection by the human immunodeficiency virus. J Exp Med 169: 185–196. PMID:
2909656

55. Ying H, Ji X, Hart ML, Gupta K, Saifuddin M, et al. (2004) Interaction of mannose-binding lectin with
HIV-1 is sufficient for virus opsonization but not neutralization. AIDS Res HumRetroviruses 20: 327–
335. PMID: 15117456

56. Spear GT, Zariffard MR, Xin J, Saifuddin M (2003) Inhibition of DC-SIGN-mediated trans infection of T
cells by mannose-binding lectin. Immunology 110: 80–85. PMID: 12941144

AMosquito Neuron-Specific Antiviral Mechanism

PLOS Pathogens | DOI:10.1371/journal.ppat.1004848 April 27, 2015 31 / 33

http://dx.doi.org/10.1186/1756-3305-5-148
http://www.ncbi.nlm.nih.gov/pubmed/22827926
http://dx.doi.org/10.1038/nature07967
http://www.ncbi.nlm.nih.gov/pubmed/19396146
http://www.ncbi.nlm.nih.gov/pubmed/16556799
http://dx.doi.org/10.1111/j.1462-5822.2011.01649.x
http://www.ncbi.nlm.nih.gov/pubmed/21790942
http://dx.doi.org/10.1016/j.dci.2010.01.006
http://www.ncbi.nlm.nih.gov/pubmed/20079370
http://dx.doi.org/10.1073/pnas.1116932108
http://www.ncbi.nlm.nih.gov/pubmed/22123956
http://dx.doi.org/10.1371/journal.ppat.1002977
http://www.ncbi.nlm.nih.gov/pubmed/23144608
http://dx.doi.org/10.1186/1756-3305-6-315
http://www.ncbi.nlm.nih.gov/pubmed/24499651
http://www.ncbi.nlm.nih.gov/pubmed/17301152
http://dx.doi.org/10.1073/pnas.0804365105
http://www.ncbi.nlm.nih.gov/pubmed/18768787
http://dx.doi.org/10.1016/j.virusres.2011.06.008
http://www.ncbi.nlm.nih.gov/pubmed/21708195
http://www.ncbi.nlm.nih.gov/pubmed/16928749
http://dx.doi.org/10.3390/v5020605
http://www.ncbi.nlm.nih.gov/pubmed/23389466
http://www.ncbi.nlm.nih.gov/pubmed/11252952
http://dx.doi.org/10.1016/j.cell.2009.12.017
http://dx.doi.org/10.1016/j.cell.2009.12.017
http://www.ncbi.nlm.nih.gov/pubmed/20064371
http://dx.doi.org/10.1371/journal.ppat.1001258
http://www.ncbi.nlm.nih.gov/pubmed/21253575
http://dx.doi.org/10.1016/j.chom.2013.03.006
http://dx.doi.org/10.1016/j.chom.2013.03.006
http://www.ncbi.nlm.nih.gov/pubmed/23601107
http://dx.doi.org/10.1371/journal.ppat.1003124
http://www.ncbi.nlm.nih.gov/pubmed/23358889
http://dx.doi.org/10.1371/journal.ppat.1004048
http://www.ncbi.nlm.nih.gov/pubmed/24699674
http://www.ncbi.nlm.nih.gov/pubmed/2909656
http://www.ncbi.nlm.nih.gov/pubmed/15117456
http://www.ncbi.nlm.nih.gov/pubmed/12941144


57. Ji X, Olinger GG, Aris S, Chen Y, Gewurz H, et al. (2005) Mannose-binding lectin binds to Ebola and
Marburg envelope glycoproteins, resulting in blocking of virus interaction with DC-SIGN and comple-
ment-mediated virus neutralization. J Gen Virol 86: 2535–2542. PMID: 16099912

58. Brown-Augsburger P, Hartshorn K, Chang D, Rust K, Fliszar C, et al. (1996) Site-directed mutagenesis
of Cys-15 and Cys-20 of pulmonary surfactant protein D. Expression of a trimeric protein with altered
anti-viral properties. J Biol Chem 271: 13724–13730. PMID: 8662732

59. Hartshorn KL, White MR, Voelker DR, Coburn J, Zaner K, et al. (2000) Mechanism of binding of surfac-
tant protein D to influenza A viruses: importance of binding to haemagglutinin to antiviral activity. Bio-
chem J 351: 449–458. PMID: 11023831

60. Hillaire ML, van Eijk M, van Trierum SE, van Riel D, Saelens X, et al. (2011) Assessment of the antiviral
properties of recombinant porcine SP-D against various influenza A viruses in vitro. PLoS ONE 6:
e25005. doi: 10.1371/journal.pone.0025005 PMID: 21935489

61. Tecle T, White MR, Crouch EC, Hartshorn KL (2007) Inhibition of influenza viral neuraminidase activity
by collectins. Arch Virol 152: 1731–1742. PMID: 17514488

62. Hancock RE, Robert EW, Rozek A (2002) Role of membranes in the activities of antimicrobial cationic
peptides. FEMSMicrobiol Lett 206: 143–149. PMID: 11814654

63. Xi Z, Ramirez JL, Dimopoulos G (2008) The Aedes aegypti toll pathway controls dengue virus infection.
PLoS Pathog 4: e1000098. doi: 10.1371/journal.ppat.1000098 PMID: 18604274

64. Avadhanula V, Weasner BP, Hardy GG, Kumar JP, Hardy RW (2009) A novel system for the launch of
alphavirus RNA synthesis reveals a role for the Imd pathway in arthropod antiviral response. PLoS
Pathog 5: e1000582. doi: 10.1371/journal.ppat.1000582 PMID: 19763182

65. Souza-Neto JA, Sim S, Dimopoulos G (2009) An evolutionary conserved function of the JAK-STAT
pathway in anti-dengue defense. Proc Natl Acad Sci USA 106: 17841–17846. doi: 10.1073/pnas.
0905006106 PMID: 19805194

66. Luplertlop N, Surasombatpattana P, Patramool S, Dumas E, Wasinpiyamongkol L, et al. (2011) Induc-
tion of a peptide with activity against a broad spectrum of pathogens in the Aedes aegypti salivary
gland, following infection with dengue virus. PLoS Pathog 7: e1001252. doi: 10.1371/journal.ppat.
1001252 PMID: 21249175

67. Schmidt RL, Trejo TR, Plummer TB, Platt JL, Tang AH (2008) Infection-induced proteolysis of PGRP-
LC controls the IMD activation and melanization cascades in Drosophila. FASEB J 22: 918–929. doi:
10.1096/fj.06-7907com PMID: 18308747

68. Sabin LR, Zhou R, Gruber JJ, Lukinova N, Bambina S, et al. (2009) Ars2 regulates both miRNA-and
siRNA-dependent silencing and suppresses RNA virus infection in Drosophila. Cell 138: 340–351. doi:
10.1016/j.cell.2009.04.045 PMID: 19632183

69. Sánchez-Vargas I, Scott JC, Poole-Smith BK, Franz AW, Barbosa-Solomieu V, et al. (2009) Dengue
virus type 2 infections of Aedes aegypti are modulated by the mosquito's RNA interference pathway.
PLoS Pathog 5: e1000299. doi: 10.1371/journal.ppat.1000299 PMID: 19214215

70. Pizzi M (1950) Sampling variation of the fifty percent end-point, determined by the Reed-Muench (Beh-
rens) method. Human Biology 22: 151–190. PMID: 14778593

71. Bai F, Town T, Pradhan D, Cox J, Ashish Ledizet M, et al. (2007) Antiviral peptide targeting theWest
Nile virus envelope protein. J Virol 81: 2047–2055. PMID: 17151121

72. Saitou N, Nei M (1987) The neighbor-joining method, a new method for reconstructing phylogenetic
trees. Mol Biol Evol 4: 406–425. PMID: 3447015

73. Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTALW: improving the sensitivity of progressive
multiple sequence alignment through sequence weighting, position-specific gap penalties and weight
matrix choice. Nucleic Acids Res 22: 4673–4680. PMID: 7984417

74. Chang KJ, Bennett V, Cuatrecasas P (1975) Membrane receptors as general markers for plasmamem-
brane isolation procedures. The use of 125-I-labeled wheat germ agglutinin, insulin, and cholera toxin.
J Biol Chem 250: 488–500. PMID: 163229

75. Spray FJ, Christensen BM (1991) Aedes aegypti: characterization of hemocyte polypeptide synthesis
during wound healing and immune response to inoculated microfilariae. Exp Parasitol 73: 481–488.
PMID: 1959574

76. Ghaninia M, Hansson BS, Ignell R (2007) The antennal lobe of the African malaria mosquito, Anophe-
les gambiae-innervation and three-dimensional reconstruction. Arthropod Struct Dev 36: 23–39. PMID:
18089085

77. Beck MH, Strand MR (2007) A novel polydnavirus protein inhibits the insect prophenoloxidase activa-
tion pathway. Proc Natl Acad Sci USA 104: 19267–19272. PMID: 18032603

AMosquito Neuron-Specific Antiviral Mechanism

PLOS Pathogens | DOI:10.1371/journal.ppat.1004848 April 27, 2015 32 / 33

http://www.ncbi.nlm.nih.gov/pubmed/16099912
http://www.ncbi.nlm.nih.gov/pubmed/8662732
http://www.ncbi.nlm.nih.gov/pubmed/11023831
http://dx.doi.org/10.1371/journal.pone.0025005
http://www.ncbi.nlm.nih.gov/pubmed/21935489
http://www.ncbi.nlm.nih.gov/pubmed/17514488
http://www.ncbi.nlm.nih.gov/pubmed/11814654
http://dx.doi.org/10.1371/journal.ppat.1000098
http://www.ncbi.nlm.nih.gov/pubmed/18604274
http://dx.doi.org/10.1371/journal.ppat.1000582
http://www.ncbi.nlm.nih.gov/pubmed/19763182
http://dx.doi.org/10.1073/pnas.0905006106
http://dx.doi.org/10.1073/pnas.0905006106
http://www.ncbi.nlm.nih.gov/pubmed/19805194
http://dx.doi.org/10.1371/journal.ppat.1001252
http://dx.doi.org/10.1371/journal.ppat.1001252
http://www.ncbi.nlm.nih.gov/pubmed/21249175
http://dx.doi.org/10.1096/fj.06-7907com
http://www.ncbi.nlm.nih.gov/pubmed/18308747
http://dx.doi.org/10.1016/j.cell.2009.04.045
http://www.ncbi.nlm.nih.gov/pubmed/19632183
http://dx.doi.org/10.1371/journal.ppat.1000299
http://www.ncbi.nlm.nih.gov/pubmed/19214215
http://www.ncbi.nlm.nih.gov/pubmed/14778593
http://www.ncbi.nlm.nih.gov/pubmed/17151121
http://www.ncbi.nlm.nih.gov/pubmed/3447015
http://www.ncbi.nlm.nih.gov/pubmed/7984417
http://www.ncbi.nlm.nih.gov/pubmed/163229
http://www.ncbi.nlm.nih.gov/pubmed/1959574
http://www.ncbi.nlm.nih.gov/pubmed/18089085
http://www.ncbi.nlm.nih.gov/pubmed/18032603


78. Jiang H, Wang Y, Yu XQ, Kanost MR (2003) Prophenoloxidase-activating proteinase-2 from hemo-
lymph ofManduca sexta. A bacteria-inducible serine proteinase containing two clip domains. J Biol
Chem 278: 3552–3561. PMID: 12456683

79. Rämet M, Pearson A, Manfruelli P, Li X, Koziel H, et al. (2001) Drosophila scavenger receptor CI is a
pattern recognition receptor for bacteria. Immunity 15: 1027–1038. PMID: 11754822

AMosquito Neuron-Specific Antiviral Mechanism

PLOS Pathogens | DOI:10.1371/journal.ppat.1004848 April 27, 2015 33 / 33

http://www.ncbi.nlm.nih.gov/pubmed/12456683
http://www.ncbi.nlm.nih.gov/pubmed/11754822


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


