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The C-type lectins, one family of lectins featuring carbohydrate binding domains which

participate in a variety of bioprocesses in both humans and mosquitoes, including

immune response, are known to target DENV. A human C-type lectin protein CLEC18A

in particular shows extensive glycan binding abilities and correlates with type-I interferon

expression, making CLEC18A a potential player in innate immune responses to DENV

infection; this potential may provide additional regulatory point in improving mosquito

immunity. Here, we established for the first time a transgenic Aedes aegypti line that

expresses human CLEC18A. This expression enhanced the Toll immune pathway

responses to DENV infection. Furthermore, viral genome and virus titers were reduced

by 70% in the midgut of transgenic mosquitoes. We found significant changes in the

composition of the midgut microbiome in CLEC18A expressing mosquitoes, which may

result from the Toll pathway enhancement and contribute to DENV inhibition. Transgenic

mosquito lines offer a compelling option for studying DENV pathogenesis, and our

analyses indicate that modifying the mosquito immune system via expression of a human

immune gene can significantly reduce DENV infection.

Keywords: transgenic Aedes aegypti, dengue virus (DENV), CLEC18A, innate immune pathways, midgut

microbiome, mosquito

INTRODUCTION

Approximately half of the world’s population is at-risk of infection by dengue virus (DENV) (1).
This at-risk population has substantially increased over the past few decades as the major vector of
DENV, the Aedes aegypti (A. aegypti) mosquito, has spread rapidly worldwide. Current methods of
vector control have proven inadequate, leading to the development of novel, transgenic mosquito
control methodologies (2). This includes the transgenic expression of genes which can modify the
mosquito immune system and therefore prevent DENV infection (3). Further refinement of these
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transgenic lines however requires an improved understanding
of this immune system, with our current knowledge of many
underlying mechanisms still lacking.

Innate immune systems can be found in vertebrates,
invertebrates, and plants, all of which utilize similar
mechanisms to regulate basic immune responses against
pathogens (4, 5). In mosquitoes, the innate immune system
acts as the major protective mechanism against pathogen
infection due to the lack of an immunoglobulin-based
adaptive immune system (6). Innate immune systems
recognize pathogen-associated molecular patterns (PAMPs)
in order to identify pathogenic material, which includes
many types of biomolecules [e.g., lipopolysaccharides (LPS)
(7), nucleic acids (8, 9), microbial peptides or surface
proteins (10), and glycans (11, 12)]. PAMPs are recognized
by pattern recognition receptors (PRRs), which activate
corresponding signaling pathways to initiate various responses.
These PRRs include C-type lectin and Toll-like surface
receptors, in addition to NOD-like and RIG-like intercellular
receptors (13).

Lectins are a class of proteins capable of binding
carbohydrates, and mediate a variety of biological processes
(14), C-type lectins (Calcium-dependent lectins; CTLs) is
one family of lectins (15). CTLs are defined by the presence
of the C-type lectin domain (CTLD), which is responsible
for carbohydrate binding (16) and has an affinity for various
mono- and polysaccharides; particularly in the presence of
calcium. CTLs have been found in numerous species, and
are reported to have diverse functions (17–20). For example,
spleen tyrosine kinase (Syk)-coupled C-type lectin member
5A (CLEC5A) is a PRR for both DENV (21) and Japanese
encephalitis virus (JEV), which can induce macrophages and
myeloid cells to secrete pre-inflammatory cytokines (22).
Furthermore, dendritic cell-specific intercellular adhesion
molecule 3-grabbing non-integrin (DC-SIGN) has been
reported to be the cell surface receptor for DENV binding and
internalization (23–25).

In the human genome, there are at least 57 CTL proteins
that can be divided into 17 groups based on their domain
architecture (19). A. aegypti have 52 CTL proteins which can
be classified into four groups based on their size and domain
structure (26). Several studies have shown that altering CTL
expression in mosquitoes can affect associations between
hosts and microbes, such as bacteria (26–29), West Nile
virus (WNV) (30), Japanese encephalitis virus (JEV) (31)
and DENV (26, 32). Furthermore, interactions between
microbes, such as in gut microbiota homeostasis, may
also influence the susceptibility of mosquitoes to arboviral
infection (33).

In mosquitoes, the C-type lectin and Toll-like receptors are
important PRRs for triggering innate immune signaling (34, 35).
There are four major innate immune signaling pathways which
help mosquitoes combat viral infections, referred to as the Toll,
Immune Deficiency (IMD), Janus Kinase/Signal Transducers and
Activators of Transcription (JAK/STAT), and RNAi pathways
(36, 37). The latter pathway is regarded as the major mechanism
by which viral infections are controlled (36). Expression of

siRNAs and PIWI-interacting RNAs increase after viral infection
(38), and these components can alter viral replication rates (38,
39). Activated Toll, IMD, and JAK/STAT pathways initiate the
expression of antimicrobial peptides (AMPs) (36, 37, 40), such
as cecropins, defensins, gambicin, diptericin, and attacins, which
combat viral infection via many different mechanisms (41, 42).
The relative importance of different CTLs in modulating these
pathways remains relatively unexplored, with different CTLs
appearing to play significantly different roles (43).

Previous experiments in which immune genes were expressed
in Aedes mosquitoes, illustrate the potential opportunities
available to not only investigate the influence of the CTLs
on mosquito immune responses but also for generating novel
transgenic lines to use as vector control tools. This includes
the introduction of DENV2 RNAi to inhibit the replication of
DENV2 (44); expression of specific monoclonal antibody single-
chain variable fragments to neutralize several DENV serotypes
(45); activation of the JAK/STAT pathway to enhance resistance
to DENV infection (46); and knockdown of mosquito GCTL-3 to
reduce DENV2 infection (43).

One particularly promising candidate for such experiments,
CLEC18, has been identified as a member of the human C-type
lectin protein family, and belongs to the C-type lectin group
XV (47). This protein contains one CTLD at the C terminal
end, a sperm-coating protein domain [SCP/TAPS, or CAP
(cysteine-rich secretory proteins, antigen 5, and pathogenesis-
related 1) domain] at the N terminal end, and two EGF
(epidermal growth factor)-like domains. CLEC18 has three
isoforms (denoted CLEC18A, CLEC18B, and CLEC18C), each
of which shows differences in affinity for carbohydrates. For
example, CLEC18A has a higher affinity for F3 polysaccharides
isolated from medicinal fungi Ganoderma lucidum (GLPS-F3),
and is calcium-independent (47). CLEC18A is a secretory protein
that can be detected in human blood and is negatively correlated
with chronic hepatitis B infection in patients (48). Beyond
hepatocytes, this isoform can also be secreted from monocytes,
dendritic cells, and macrophages, suggesting that CLEC18A may
be related to the innate immune system, and therefore may
possibly participate in combatting viral infection (47). A mouse
model study has demonstrated that the presence of CLEC18A
increases type-I interferon expression (49), could leading to
reduction in DENV infection and replication. Despite these
promising results however, CLEC18A has not yet been expressed
in mosquitoes.

Nanostructured electrochemical biosensors are
electrochemical impedance spectroscopy-based biosensors
(50), by coating bait proteins to the sensor surface and then
incubate with target proteins, the interactions between ligand
and receptor can be detected by measuring the changes of the
impedance signal between the electrode and solution interface.
It is a sensitive method for screening weak interaction between
molecular, such as protein-glycol conjugation.

Here, we tested the effect of CLEC18A expression on Aedes
aegypti immune responses to infection. We first established
a human CLEC18A transgenic A. aegypti mosquito line
using CRISPR/cas9. By using ELISA and nanostructured
electrochemical biosensors.
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MATERIALS AND METHODS

Mosquito Rearing
Aedes aegypti (Higgs strain) mosquitoes were used for all
experiments. Mosquito eggs were hatched in Reverse osmosis
(RO) water. Larvae were then transferred to larger bowls and fed
a mixture of yeast powder (Taiwan Sugar Corporation, Taiwan)
and lyophilized powder of goose liver (#7573, NTN fishing bait
LTD, Taiwan). Pupae were collected and then transferred to cages
for adult emergence. Adult mosquitoes were provided with a
constant supply of 10% sucrose water and maintained at 28◦C
and 75% relative humidity under a 12-h light: 12-h dark cycle.

DENV Maintenance
For the protein binding assay, DENV-2 (PL046) was maintained
in C6/36 cells. For all other experiments, DENV-2 (New Guinea
C strain, NGC) was passaged using the Vero cell line and stored
in a−80◦C freezer. Viral titers were determined via plaque assay.

Plaque Assay
To determine DENV2 titers, 2.5 × 105 BHK cells were seeded
into individual wells of a 6-well plate and incubated for 24 h.
Virus supernatant was serially diluted (10−1-10−7) with DMEM
and then applied to BHK cells in the 6-well plate. After infection
for 2 h, virus supernatant was removed, and cells were washed
with PBS. Cells were then covered with DMEM containing 1%
methyl cellulose and 2% FBS and incubated for a further 5 days.
After this incubation, the DMEM was removed and cells were
stained with 1% crystal violet. Plaque numbers were calculated by
multiplying the number of plaques counted per well (between 10
and 100) by the relevant dilution factor to obtain Plaque forming
units (PFUs) per milliliter.

Plasmid Construction
Cloning steps described in this section followed procedures
outlined for the In-Fusion R© HD Cloning system (Clontech,
Mountain View, CA). Full primer sequences are listed in Table 1.

To generate the pMOS1_AePUb-CLEC18A-2xHA_3xp3-
eGFP plasmids, the coding sequence of CLEC18A was amplified
from the pMACS Kk.HA(C)-CLEC18A plasmid (49) by PCR
using the primer pair pAc5.1_3xHA_fusion_CLEC18A-
F and pAc5.1_3xHA_fusion_CLEC18A-R. PCR-
amplified DNA fragments were inserted into the
SphI/XhoI site of the pAePUb_3xHA vector to create a
pAePUb_CLEC18A_3xHA transition plasmid. The transition
plasmid pAePUb_CLEC18A_3xHA was then used as a template
to amplify the CLEC18A-2xHA DNA fragment via PCR using
the primer pair pMOS1_AePUb_fusion_CLEC18A-2xHA-F and
pMOS1_AePUb_fusion_CLEC18A-2xHA-R. The CLEC18A-
2xHA PCR product was subcloned into the BglII/XhoI sites of
the pMOS1-AePUb_Den3-4miR_3xp3-eGFP vector to create
pMOS1_AePUb-CLEC18A-2xHA_3xp3-eGFP constructs, which
were then used as donor plasmids for embryo microinjection.

Generation of Transgenic Mosquitoes
Donor and helper plasmids were mixed in injection buffer
(5mM KCl and 0.1mM NaH2PO4, pH 6.8) at concentrations
of 500 and 300 ng/µl, respectively. This DNA mixture was then

TABLE 1 | Primers used for plasmid cloning.

Primer name Sequence

pAc5.1_3xHA fusion_CLEC18A- F CATCTCGTACGCATGCTGCATCC

AGAGACCTCCCCTGGCCGG

pAc5.1_3xHA fusion_CLEC18A-R CGTATGGGTACTCGAGGGACC

CTGGGCCCCACCGGGA

GATGTGCTC

pMOS1_AePUb_fusion_CLEC18A-2xHA-F GAATTCCGCCAGATCTATGCTGCA

TCCAGAGACCTCCCCTGGCCGG

pMOS1_AePUb_fusion_CLEC18A-2xHA-R TGTGACGGATCTCGATTATGCATA

GTCCGGGACGTCATAGGGATAGCC

pMOS1-nanos_fusion_CLEC18-CDS-F ACGAACAAAAGAATTCATCCTAGG

ATGGCCCTGCACCCCGA

AACCTCCC

pMOS1-nanos_fusion_CLEC18-CDS-R TGTGACGGATCTCGAGTTA

GCTTCCTGGTCCCCAACGGCTG

pMOS1_fusion_FseI/PstI-AeCPA-pro-F GACGAGATCGGCCGGCCCGCCC

TGCAGATACATAAACTAGTT

TTTGCACA

pMOS1_fusion_EcoRI/AvrII-AeCPA-pro-R ATCCTAGGATGAATTCTCCA

ACTAACCGATACACACTAACCTGG

microinjected into pre-blastoderm stage embryos as described
previously (51). G0 male and female transgenic mosquitoes were
mated with wild-type at a ratio of 1:3. G1 larvae were screened
for eGFP reporter expression and those lacking eGFP expression
were discarded. G1 mosquitoes with positive reporter expression
were then self-crossed at a ratio of one male to one female. Eggs
laid by G1 females were collected, and G1 parent genotypes were
sequenced in order to identify progeny genotypes. After genotype
analysis, 3 transgenic lines were obtained.

Infection of Mosquitoes With DENV2
To infect DENV to mosquitoes artificially, mouse blood was
prepared followed Wu et al. (33). Fresh mouse blood was
centrifuged at 4◦C for 10min to separate plasma and blood
cell components. The plasma was then heat treated at 55◦C for
1 h. Blood cells were washed three times with PBS. Plasma and
blood cell components were then mixed. Virus supernatant from
the DENV2 infected Vero cell line was combined with treated
mouse blood to yield 107 PFU/ml virus blood. This infected blood
was then provided to mosquitoes via an artificial membrane
feeder for 30min. Successfully blood-fed mosquitoes were
visually identified and maintained separately from non-blood fed
mosquitoes. To infect mosquito with DENV2 intrathoracically,
400 PFU of DENV2 was injected into the mosquito thorax using
a micro-injector (Nanoject II, Drummond Scientific Company).
Injected mosquitoes were then maintained in regular conditions.

RNA Extraction, Reverse Transcription,
and qPCR
Midguts of mosquitoes that consumed the infected blood meal
(BM) were dissected at 1, 3, and 7 days post-BM (or infection).
Total RNA was extracted by TRI reagent (Merck) following the
manufacturer’s protocol. Extracted total RNA was immediately
reverse transcribed using SuperScript III Reverse Transcriptase
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(Thermo Fisher Scientific). This involved treating 2µg total RNA
with DNase I, Amplification Grade (Thermo Fisher Scientific),
followed by first-strand cDNA synthesis. cDNA synthesized from
10 ng total RNA was used as a sample for the relative real-time
PCR analysis of CTL expression. Real-time PCR was performed
using KAPA SYBR FAST ROX Low (KAPA biosystems) on a
ViiA 7 real-time PCR system (Thermo Fisher Scientific). Three
biological replicates were performed, with the A. aegypti S7
ribosomal protein (RPS7; AAEL009496) expression level used for
normalization. All primers used are listed in Table 2.

Preparation of Recombinant Proteins for
Binding Assay
In order to produce IgG-like sensing probes for the protein
binding assay, the Fc region of human IgG1 was fused with
the ECD domain of Dectin-1, DC-SIGN, and CLEC5A (Dectin-
1.Fc, DC-SIGN.Fc, and CLEC5A.Fc), or the CTLD domain of
CLEC18A, CLEC18A-1, CLEC18B, and CLEC18C (CLEC18A.Fc,
CLEC18A-1.Fc, CLEC18B.Fc, and CLEC18C.Fc) as detailed in
previous studies (21, 47).

Recombinant protein constructs were expressed using the
FreeStyleTM 293 expression system. In total, 30 µg of constructed
DNA and 60 µl of 293fectin were transfected into 3 × 107 293F
cells. Cells were incubated for 3–5 days, before the supernatant
was harvested. Recombinant sensing probes were purified using
a Protein A column (GE Healthcare).

To produce tagged dengue prM-E, FLAG-tagged prM-
E constructs were transfected and expressed in 293T cells.
Following cell lysis, prM-E-FLAG recombinant protein was
purified using anti-FLAG Ab conjugated resin.

Enzyme-Linked Immunoassay
To analyze the affinity of C-type lectins to prM-E, 2 µg of prM-
E-FLAG recombinant protein was immobilized in each well of
a 96-well plate (Corning) at 4◦C overnight. After incubation,
wells were washed twice with 0.05% Tween-20 in TBS (TBST)
and then blocked with 2% BSA/TBST at room temperature for
1 h. IgG-like sensing probes (2µg/ml) were incubated with prM-
E-FLAG in calcium binding buffer (2mM CaCl2/2mM MgCl2
in 1% BSA/TBST) or calcium-free binding buffer (5mM EDTA
in 1% BSA/TBST) for 1 h. After washing with TBST, 100 µl of
peroxidase conjugated goat anti-human IgG antibody (diluted
1/5,000 in 1% BSA/TBST, Jackson ImmunoResearch) was added
to each well and samples were incubated at room temperature
for 1 h before a further TBST wash. Following this, 100 µl
tetramethylbenzidine substrate (BD Bioscience) was added for
20min before the reaction was halted by adding 50 µl of 2N
H2SO4. Protein affinity was analyzed via optical density (OD)
calculation at 450/570 nm using an ELISA reader (TECAN).

Nanostructured Electrochemical Biosensor
The binding affinity of CLEC18 isoforms to dengue virus was
tested as described previously (50). A thin layer of anodic
aluminum oxide (AAO) on a glass plate was treated with a
conventional anodization process (0.3M phosphoric acid at 90V
and 0◦C) to increase reaction surface area. The treated AAO
was then washed with CuCl2·HCl. The AAO barrier-layer was

treated with 30% phosphoric acid for 30min before a 10 nm gold
thin film was layered onto the treated surface to be used as an
electrode for the sensor chip.

To analyze the affinity of the C-type lectins for dengue virus,
20 µl of 10mM 11-mercaptoundecanoic acid (11-MUA) was
added to the surface for 10min, followed by treatment with a 20
µl mixture of 50mMN-hydroxysuccinimide (NHS) and 100mM
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC). IgG-
like sensing probes (0.012 µg/µl) and human IgG1 (0.02 µg/µl)
were immobilized on the treated sensor surface for 30min and
then blocked with culture medium for 45min. Chips were then
incubated with 9.5× 107 PFU/ml of DENV2 (PL046) for 30min.
Electrical resistance before and after dengue virus incubation was
measured using a SP-150 potentiostat (Bio-Logic).

Midgut Microbiome Analysis
Midguts were collected from 25 adult control or CLEC18A
transgenic mosquitoes aged 4–5 days using an aseptic process.
Samples were then sent for midgut microbiome analysis at
Biotools Co., Ltd (New Taipei City, Taiwan). Briefly, bacterial
16S rRNA V3-V4 hypervariable region amplicons in each sample
were used as the template for secondary PCR. The products
were then added to Illumina sequencing adapters (Illumina)
at both ends by using the Nextera XT Index Kit with dual
indices (indexed PCR product). Equal amounts of indexed
PCR products were then mixed to generate the sequencing
library. After purification, libraries were subjected to next
generation sequencing (300 bp pair-end reads) using a MiSeq
system (Illumina, San Diego, CA). Data were then used for
bioinformatic analysis.

Statistical Analysis
All analyses were performed using GraphPad Prism. Statistical
testing comprised of the use of student’s t-tests, with p < 0.05
considered as statistically significant for all comparisons apart
from the binding assay of CLEC18 isoforms and DENV viral
proteins. Here, we utilized a Bonferroni correction to account for
multiple comparisons, meaning that p < 0.0125 was considered
as statistically significant in this case.

RESULTS

Human CLEC18A Associates With Dengue
prM-E and Virus Particles
C-type lectins act as important components of many innate
immune systems, and are known to act as PRRs of several
viruses (including DENV). In mice, transgenic expression
of human CLEC18A enhances BMDM IFN-α/β expression
following DENV exposure (49). CLEC18Amay thus interact with
DENV directly to enhance cellular response levels. To investigate
whether the human C-type lectin CLEC18 demonstrates direct
interactions with DENV proteins, three isoforms of CLEC18
were assayed for affinity with the dengue prM-E protein.

The CTLD domains of CLEC18A, CLEC18B, and CLEC18C
were fused with the human IgG1 Fc domain (here denoted
CLEC18A.Fc, CLEC18B.Fc, and CLEC18C.Fc) and then
incubated with dengue prM-E in calcium-containing
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TABLE 2 | Primers used for real-time PCR analysis of innate immune pathways.

Name Sense primer sequence Antisense primer sequence References

Toll TTGGATGGAAACGAGATATCAGAA CTTCCTGAATCTCGGTCAACTTG (52)

Rel1A TGGTGGTGGTGTCCTGCGTAAC CTGCCTGGCGTGACCGTATCC (52)

Cactus AGACAGCCGCACCTTCGATTCC CGCTTCGGTAGCCTCGTGGATC (42)

Imd TCGTCAAACTCGGTTTTCCT TGGCGGAGTTGAAGGTAAAG (53)

Rel2 GTTCCCGGATTAGCTACTGTG CCGTTCCGTTTGCAATGAC (53)

Caspar GAATCCGAGCGAGCCGATGC CGTAGTCCAGCGTTGTGAGGTC (42)

Vago CAGTAGCATTTGCCGGTCAGA CGATGTTGGATCGTAGCACTTC (52)

Dome AAACGGTGGCAAAATGAACT CATACAGCCGGCTTTCTTCT (52)

Hop GCTGGTAGTAATGCTTCGAGTGAGT GCCGGTGCTGTAATGACTAGAA (52)

STAT CACACAAAAAGGACGAAGCA TCCAGTTCCCCTAAAGCTCA (52)

PIAS GCTGCAACGCATGAAAACTA CAGACGGGACAGTTCCAAGT (43)

Dicer2 CGCTCGGCTTTGGTGAAT TGCCGACTCTGCCAGGAT (52)

R2D2 GAAAGGGCTGAGCGATATTGA CCCGCACTTCGGTCACTTTA (52)

DefA CTATCAGGCTGCCGTGGAG CAATGAGCAGCACAAGCACTATC (53)

DefC CTTTGTTTGATGAACTTCCGGAG GAACCCACTCAGCAGATCGC (53)

DefD GGCGTTGGTGATAGTGCTTG CACACCTTCTTGGAGTTGCAG (53)

CecN CGGCAAGAAATTGGAAAAAGTC GAATCGATCATCCTAGGGCC (53)

CLEC18A AGCCAGGATGAAATGTCAGAGGAA GGTGAGCCCGATCCAGAAGTTC

DENV-2 GATCACAGGGAACATGTCCTTTA TAGTAGCGCCCACCATAACC

RPS7 CAACAGCAAGAAGGCTATCG TTGCCGGAGAACTTCTTTTC

ACT CGTTCGTGACATCAAGGAAA GAACGATGGCTGGAAGAGAG (54)

α-tubulin CTGCTTCAAAATGCGTGAAT GGTTCCAGATCGACGAAA (54)

(CaCL2/MgCl2) or calcium-free (EDTA) buffer. Analysis
of ELISA results showed that CLEC18A associated with
prM-E in the presence and absence of calcium. CLEC18B
showed significant association with prM-E in the absence of
calcium. CLEC18C did not have any association with prM-
E (Figure 1A). To further confirm the association between
CLEC18A and dengue viral protein, CLEC18A.Fc, CLEC18B.Fc,
and CLEC18C.Fc were fixed on the treated surfaces of the
nanostructured electrochemical biosensor and then incubated
with dengue virus. CLEC18A showed a significant interaction
with the dengue viral protein (t-test; p = 0.0264), but CLEC18B
and CLEC18C did not (Figure 1B).

Human CLEC18A Expressed in Aedes

aegypti Driven by the Aedes Polyubiquitin
Promoter Interacted With DENV Within
Infected Mosquito Cells
The results shown in Figure 1 demonstrate the affinity of
CLEC18A to DENV viral proteins, and suggest that CLEC18A
may act as a PRR in the human innate immune system. This
also makes CLEC18A of interest from a mosquito immune
prespective; however, protein BLAST analysis revealed no
orthologs of human CLEC18A in the A. aegypti peptide database
(AaegL5.2 geneset in Vectorbase).

We thus generated transgenic A. aegypti lines expressing
human CLEC18A to test whether the presence of CLEC18A
could enhance the ability of the mosquito innate immune system
to control the replication of DENV. We engineered a pMOS1

vector comprising a mariner transposon cassette (55), which
included the CLEC18A cDNA sequence flanking a 2xHA tag
under the control of the A. aegypti polyubiquitin (AePub)
promoter (56) (Figure 2A) to constitutively express CLEC18A-
2xHA. This engineered cassette also contained an eye-specific
3xP3 promoter driving expression of eGFP as a transgenesis
marker (Figure 2B).

Following embryo microinjection, three separate transgenic
lines were identified by DNA sequencing. We selected one of
these lines due to a significantly high level of eGFP expression.
To confirm CLEC18A-2xHA expression in these transgenic
mosquitoes, we performed qPCR analyses of the midguts of
blood-fed female CLEC18A transgenic and WT mosquitoes.
We identified CLEC18A-2xHA expression only in mutant
mosquitoes (Figure 2C). In these mosquitoes, CLEC18A-2xHA
was expressed at basal levels; however, these levels were found to
significantly increase 1 day after a blood meal (BM) (Figure 2C).

To further confirm CLEC18A-2xHA expression in the
tissues of transgenic mosquitoes, we dissected the midguts,
fat, and salivary glands of 7 days post-BM mosquitoes for
immunoblotting with a HA tag antibody. Expression of
transgenic CLEC18A-2xHA was detected in all three tissues
(Figure 2D). The expression level of CLEC18A-2xHA was found
to be highest in fat tissue, as fat is the major mosquito
immune organ.

As we found that CLEC18A was able to interact with
DENV (Figure 1), we next investigated whether CLEC18A-
2xHA was associated with the DENV viral proteins within
infected transgenic mosquito cells. We infected transgenic
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FIGURE 1 | CLEC18A interacts with DENV prM-E in the presence and absence of calcium. (A) Purified FLAG-tagged dengue prM-E recombinant proteins were

coated on 96-well plates and then incubated with purified human IgG1 Fc domains fused to the ECD domain of Dectin-1 and DC-SIGN (Dectin-1.Fc and DCSIGN.Fc)

or CTLD domains of CLEC18A, CLEC18A-1, CLEC18B, and CLEC18C (CLEC18A.Fc, CLEC18A-1.Fc, CLEC18B.Fc, and CLEC18C.Fc) in CaCl2/MgCl2 or EDTA

binding buffer. Bound Fc-fused proteins were detected with anti-hIgG-HRP and TMB. Human IgG1, Dectin-1.Fc, and secondary antibodies were used as negative

controls. Since DCSIGN.Fc has been reported to bind with prM-E in the presence of calcium (21), it was used as a positive control. (B) Protein probes (DCSIGN.Fc,

CLEC5A.Fc, CLEC18A.Fc, CLEC18A-1.Fc, CLEC18B.Fc, and CLEC18C.Fc) were fixed on the surface of nanostructured electrochemical biosensors and then

incubated with dengue virus type 2 (PL046). The resistance values produced by the binding of probe and virus were measured and analyzed. The p-value represents

significant differences between the experiment group and human IgG1 control. Significant p-value threshold were corrected by Bonferroni correction using four sets of

comparison (DC-SIGN, CLEC18A, CLEC18B, and CLEC18C to hIgG), the corrected p-value threshold was p < 0.0125.

mosquitoes with DENV either orally or intrathoracically and
incubated for 7 days. The midguts, fat, and salivary glands were

dissected for imaging analysis. Expression of CLEC18A-2xHA
was identified within cells from all tissues, as the Pub promoter

is a ubiquitous expression promoter. In the cell expressed

both CLEC18A-2xHA and DENV viral protein, part of the E
protein and CLEC18A-2xHA can be found in the same location

(Figures 3A–C), implying that CLEC18A-2xHA associates with

DENV in the infected mosquito cells. However, the expression

level of CLEC18A-2xHA differed between cells, resulted in weak
signal in some of the cells.

CLEC18A Expression Results in a
Decrease in DENV Viral Titer in Infected
Mosquitoes
To address the influence of CLEC18A in determining DENV
infection outcome, mutant CLEC18A-2xHA mosquitoes
(Figure 4A) were infected with DENV2 (NGC strain) via
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FIGURE 2 | CLEC18A overexpression under the control of the AePub promoter in transgenic A. aegypti. (A) Schematic representation of the expression construct

map used to express CLEC18A-2xHA in transgenic mosquitoes. (B) eGFP marker expression in larva or adult of CLEC18A-2xHA transgenic line (C) Transcription of

Pub promoter-driven CLEC18A-2xHA at different time points post blood meal in transgenic mosquitoes. Bars represent the mean relative fold change of

CLEC18A-2xHA expression compared to the pre-BM timepoint of CLEC18A-2xHA according to qPCR. Error bars represent standard error of mean (SEM) (D)

CLEC18A-2xHA expression in the midgut (MG), fat, and salivary gland (SG) of transgenic mosquitoes by immunoblotting. CLEC18A-2xHA was detected via anti-HA

antibody to detect the HA tagged CLEC18A construct. PUB, Poly-Ubiquitin promoter; 3xP3, eye-specific expression promoter.

infected BMs. We then used qPCR and plaque assays to
investigate DENV replication. At 3 and 7 days after infection,
qPCR analysis showed 73 and 74% reductions in the viral
genome of the infected CLEC18A-2xHA line (t-test; p < 0.001;
Figure 4B). Plaque assays also indicated 71, 66, and 62%
reductions in the viral titers of the CLEC18A-2xHA line at 1,
3, and 7 days post-infection, respectively (t-test; p < 0.001;
Figure 4C).

CLEC18A Activates Innate Immunity
Pathways and AMPs in Transgenic Aedes

aegypti
DENV replication and production was significantly
downregulated in CLEC18A-2xHA transgenic mosquitoes,
implying that CLEC18A contributes to the regulation of
innate immunity. We therefore investigated if CLEC18A-
2xHA expression alters mosquito immune responses to

DENV infection. We orally infected WT and CLEC18A-2xHA
transgenic mosquitoes using infected BMs, and used qPCR to
test for differences in gene expression levels (using RPS7 as a
reference) for several components of the Toll, IMD, JAK/STAT,
and RNAi immune response pathways at several different time
points: pre-BM, and 1, 3, and 7 days post-infection, to facilitate
comparisons with the viral load experiment.

In the transgenic mosquito midguts, several components of
the Toll and JAK/STAT pathways, namely Toll, Dome, and
Hop, were significantly upregulated at day 3 post-infection
(t-test; p = 0.0009, 0.0424, 0.0417, respectively; Figure 5A).
Other components of the Toll and JAK/STAT pathways were
upregulated as well (Supplementary Figure 2). Two components
of the RNAi pathway, Dicer2 and R2D2, were also significantly
upregulated at the same time point (t-test; p = 0.0045, 0.0218,
respectively; Figure 5A) as compared to WT mosquitoes. Milton
(Milt) and Centrobin (Cnb), two non-immune related genes
responsible for organelle localization and centriole activity,
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FIGURE 3 | CLEC18A-2xHA is found at the same location as DENV E protein in cells from transgenic A. aegypti. CLEC18A-2xHA transgenic mosquitoes were

infected with DENV orally or intrathoracically for 7 days, after which midguts (MGs) (A), fat (B), and salivary glands (SGs) (C) were harvested and dissected. Dissected

tissues were immunostained with anti-HA (Red) and anti-E (Green) antibodies. The rectangular area present in merged images is magnified in the last column.
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FIGURE 4 | Dengue virus replication and titer in orally infected

CLEC18A-2xHA transgenic A. aegypti is reduced compared to WT. WT and

(Continued)

FIGURE 4 | CLEC18A-2xHA transgenic mosquitoes were fed 107 PFU of

DENV2 via artificial blood meal exposure. Midguts at pre-BM, 1 day, and 3

days post-infection were dissected and used to extract RNA for gene

expression analysis by qPCR. (A) Mean relative expression of CLEC18A in

transgenic mosquitoes. CLEC18A pre-BM expression of the CLEC18A

samples were set as baseline. Error bars represent standard error of mean

(SEM) (B) Relative amount of dengue viral genome in infected WT and

CLEC18A transgenic mosquitoes. The ratio of the amount of dengue viral

genomes for each sample was compared to the sample at 3 days

post-infection in WT mosquitoes. (C) DENV2 titer of individual WT and

CLEC18A transgenic mosquito midguts.

respectively, were not affected by either CLEC18A expression or
DENV infection (Figure 5A).

To further investigate potential modulation of the immune
pathways, we quantified potential changes in the expression
of antimicrobial peptides (AMPs). We found that Cecropin N
(CecN), Defencin A (DefA), Defencin C (DefC), and Defencin
D (DefD) showed a significant increasement in expression in
the transgenic line as compared to WT line (t-test; p = 0.0229,
0.0110, 0.0121, 0.0119, respectively; Figure 5B).

Collectively, these results indicate that CLEC18A-2xHA
expression led to an increase in expression for a number of Toll,
JAK/STAT, and RNAi pathway components, which seemingly
resulted in the aforementioned reduction in DENV infection
rates in transgenic line.

Transgenic CLEC18A Mosquitoes Show an
Altered Midgut Microbiome
Modulated expression of C-type lectins in A. aegypti may result
in alterations to the midgut microbiota, which plays a significant
role in determining DENV infectivity (28, 33). We therefore used
microbiome next-generation sequencing (NGS) to investigate
differences in the midgut microbiomes of CLEC18A-2xHA-
expressing mosquitoes.

Bacterial 16S rRNA was extracted from the midgut of these
Pub promoter-driven CLEC18A-2xHA transgenic mosquitoes.
We found significant changes in population distributions of
major abundant bacterial families, such as Enterobacteriaceae,
Acetobacteraceae, and Weeksellaceae in CLEC18A-2xHA
expressing mosquitoes. In particular, two genera, Elizabethkingia
and Serratia, were less abundant in these mutants, while
Herbaspirillum, Subdoligranulum, and Lactobacillus were more
abundant in the CLEC18A-2xHA transgenic line (Figure 6).
These changes in mosquito midgut microbiota may result in
corresponding changes to DENV infectivity.

These results demonstrate that CLEC18A-2xHA expression
modulates both immune pathway expression levels and
the midgut microbiome, resulting in protection from
DENV infection.

DISCUSSION

The seemingly unstoppable rise of A. aegypti, and the severe
diseases this vector can transmit, has led to an increased need for
new methods of mosquito control. The generation of transgenic
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FIGURE 5 | Activation of immune pathways was relatively higher in the CLEC18A-2xHA transgenic line after oral challenge with DENV2. WT and CLEC18A-2xHA

transgenic line were infected with DENV via exposure to an artificial blood meal. The midguts of pre-BM, 1, 3, and 7 days post-infection mosquitoes were analyzed to

(Continued)
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FIGURE 5 | determine the relative expression of components from the immune pathways with qPCR analysis, using RPS7 as a reference gene. (A) Expression levels

of Toll (Toll immune pathway); Dome and Hop (JAK/STAT pathway); Dicer and R2D2 (RNAi pathway factors); Milt and Cnb (not immune-related genes). (B) Expression

of anti-microbial peptides (AMPs) (DefA, DefC, DefD, and CecN) as controlled by immune pathways. Error bars represent standard error of mean (SEM). Comparisons

used Student’s T-TEST.

FIGURE 6 | Fold change in midgut microbiome (genus) populations in

CLEC18A transgenic mosquitoes. Twenty-five Midguts of WT and

CLEC18A-2xHA transgenic mosquitoes were dissected for gut microbiome

analysis. Results were analyzed and grouped by genus. Red indicates

increased bacterial abundance as compared to the other test line.

lines which block DENV infection offers one highly promising
option for mosquito researchers. In order to explore mosquito
immune responses to DENV infection, we expressed a human
innate immune gene in a disease-transmitting vector for the
first time. We found that transgenic expression of CLEC18A

resulted in an enhancement of innate immunity pathways,
potentially analogous to the role of CLEC18 in human immune
signaling pathways.

In human cell lines, CLEC18A stimulated Interferon-β1
expression following DENV infection (unpublished results of
Yun-Ting Tsou), suggesting that CLEC18A may be a factor
in PRR-mediated cytokine secretion and interferon-stimulating
gene activation during viral infection (47). IFN-β expression in
human dendritic cells and macrophages is controlled by a Toll-
like signaling pathway (57) similar to the mosquito Toll pathway.
A mouse model has also demonstrated that human CLEC18A
associates with TLR3 and dsRNA in endosomes to enhance
TLR3-mediated IFN expression (49). In mosquitoes, CLEC18A
may also associate with a Toll or DENV/Toll receptor to enhance
innate immune signaling cascades and AMPs expression.

The amino acid sequences of the CTL domains from the
three human CLEC18 protein isoforms are highly similar.
Isoform CLEC18B is predicted to have nine extra amino acids,
LVWLSAAMG, located between positions 464 and 465 of
the CLEC18A CTLD (47). When testing interactions between
CLEC18 and dengue virus particle, the extra amino acids of
CLEC18B affected its interaction with DENV (Figure 1B). These
extra amino acids in the CTLD of CLEC18B also abolished the
binding ability of CTLD to F3 polysaccharides isolated from
medicinal fungi Ganoderma lucidum (GLPS-F3) (47), which
contain abundant polysaccharides such as glucose, mannose,
fructose, galactose, GlcNAc xylose, and rhamnose (47, 58).
Compared to CLEC18A, the CTLD of CLEC18C has a single
variation, D421N (47). The presence of D421N seemed to
reduce CLEC18C interactions with prM-E and virus particles
(Figure 1), suggesting this amino acid plays an important role in
this interaction.

There are no apparent mosquito orthologs of human
CLEC18A. We have listed three mosquito CTLs that have similar
domain architecture to CLEC18A in Supplementary Figure 1A,
which we identified following a phylogenic analysis focusing
on the CTLDs of 48 A. aegypti C-type lectins [the information
of four C-type lectins were combined/removed in AaegL5.2
geneset in Vectorbase when compared to (26)] and human
CLEC18A to find closely related mosquito C-type lectins to
CLEC18A (Supplementary Figure 1B). This analysis showed
that the CTLDs of two mosquito C-type lectin proteins,
AAEL014357 and AAEL021200, were related to CLEC18A
(Supplementary Figure 1C). However, our results show that
the transcripts of AAEL014357 and AAEL021200 were barely
detected in the mosquito midgut (Ct value > 32 in both WT and
CLEC18A-2xHA transgenic line), which agrees with the results of
a previous study (26).

The expression of mosquito-specific C-type lectins can
influence DENV infection characteristics and success rates both
directly and indirectly. For example, AAEL008069 expression
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decreases DENV replication rates (59); on the other hand
expression of other C-type lectins, such as mosGCTL-3,
mosGCTL-15, andmosGCTL-19, can increase DENV replication
(32, 43).

Mosquito infection with DENV (or other arboviruses) triggers
an innate immune response which limits viral replication in
order to prevent mortality. The RNAi response pathway plays a
major role in this response to virus infection, with mosquitoes
generating siRNAs following infection. Depletion of the RNAi
pathway via silencing of Dcr2 or R2d2 results in a significant
increase in viral titer (60). JAK/STAT and Toll pathways are
also involved in DENV infection responses, where silencing
of pathway components, for example via knockdown of Rel1,
Dome, or Hop, results in an increase in viral load (42, 61).

We found upregulation of several components of these innate
immune pathways in the CLEC18A-2xHA-expressing line. The
expression of CLEC18A-2xHA in the mosquito may therefore
enhance anti-DENV activity following infection and result in a
reduction in DENV viral load. These immune response pathways
can be influenced via multiple signaling molecules. Our findings
reveal no significant differences between CLEC18A-2xHA line
and controls in the expression level of Vago, which is induced
by the IMD pathway, suggesting that CLEC18A activation
through the JAK/STAT pathway may act independently of Vago.
Associations between the IMD pathway and DENV infection
remain unclear. While one study found downregulation of IKK2,
a factor of the IMD pathway, following DENV infection (42),
other reports indicate that silencing of Caspar, an inhibitor of the
IMD pathway, does not affect viral load (42, 62). This stands in
direct contrast to reports that direct silencing of the IMDpathway
seems to increase viral load (62).

Multiple AMPs are induced by innate immune signaling
pathways following DENV infection, such as defensin (Def),
cecropin (Cec), gambicin, and attacin (59). Here we found
increased expression of DefA, DefC, DefD, and CecN when
CLEC18A-2xHA was expressed in the mosquito. These four
AMPs have been found to be elevated in DENV-2 infected A.
aegypti, suggesting a key role in the immune response for these
specific components (59). Depletion of these AMPs (apart from
DefA) via gene silencing also significantly enhances the DENV2
viral load in A. aegypti (59).

Here we normalized the expression level of all immune
components with A. aegypti RPS7, a commonly used normalizer.
However, other “housekeeping” genes, such as actin, α-tubulin,
and RPS17, have also been validated for their usability as qPCR
normalizers (54). We therefore analyzed the expression profile
of RPS7 when normalized by actin and α-tubulin to confirm
its’ suitability. We found no significant differences in RPS7
expression (p > 0.05 for all comparisons) when comparing days
1, 3, and 7 post-infection in WT or CLEC18A-2xHA transgenic
lines (Supplementary Figure 3, right panel). RPS7 thus appears
a suitable normalizer given that expression remained relatively
stable across all designated experimental time points.

In addition, C-type lectins can significantly influence the
balance of bacterial populations in the mosquito midgut (28).
Previous reports have indicated that the presence of Serratia
marcescens is crucial for DENV infection (33). Enhancin, secreted

by S. marcescens, digests mucins on the midgut epithelia and
facilitates DENV infection, where mosquitoes provided with
antibiotics showed a significant decrease in DENV infectivity.
An imbalance of microbiota in the mosquito midgut has also
been correlated with changes in the expression of immune
system genes related to the Toll pathway and several AMPs
(42). Moreover, introducing the Wolbachia wAlbB strain into
A. aegypti induces the production of reactive oxygen species
(ROS), which leads to the activation of the Toll pathway to
control DENV replication in mosquitoes (63). Since CLEC18A
expression in mosquito C6/36 cell lines did not abolish its
secretory ability (unpublished data of Feng-Shuo Pai), our
NGS analyses showed that the reduction in the abundance of
members of the Serratia genus in the midguts of CLEC18A-
2xHA expressing line may be due to secreted CLEC18A-2xHA
directly or indirectly, and may thus result in a decrease of DENV
viral load.

Taken together, our results show that transgenic expression
of a human C-type lectin, CLEC18A-2xHA, decreased DENV
infectivity. CLEC18A was able to associate with DENV viral
proteins and virus particles, and potentially acts similarly to
PRRs involved in innate immune system processes. CLEC18A-
2xHA enhanced innate immune pathways and upregulated the
expression of AMPs, providing an important mechanism for
the prevention of DENV infection. Expression of CLEC18A
also affected the microbiome balance in the midgut, potentially
decreasing bacterial populations that facilitate DENV infection.
In humans, CLEC18A is a secretory protein that can be detected
in the bloodstream and may be a potential biomarker of HBV
infection (48). Except CLEC18A, other human C-type lectin
proteins that were reported to interact with DENV, such as DC-
SIGN or CLEC5A could be used to investigate the potential in
mosquito’s innate immune response. New methods of vector
control are desperately needed to combat the spread of DENV.
The use of transgenic mosquitoes capable of inhibiting DENV
replication offers substantial promise.

DATA AVAILABILITY STATEMENT

The original contributions generated for the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

LC, W-LL, J-JT, and C-HChe: conception and design. LC
and MS: formal analysis. LC, W-LL, Y-TT, C-HChi, and S-
CW: investigation and data collection. LC, J-CL, K-LL, and
Y-LH: methodology. C-HChe: funding. LC, W-LL, S-LH, and
C-HChe: writing – original draft. All authors contributed to the
article and approved the submitted version.

FUNDING

This study was supported by the National Health Research
Institutes (NHRI), Taiwan (Grant No. NHRI-MR-109-GP-12,

Frontiers in Immunology | www.frontiersin.org 12 March 2021 | Volume 12 | Article 640367

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Cheng et al. hCLEC18A Reduce DENV2 in Mosquito

NHRI-MR-109-AP-01, and NHRI-110A1-MRCO-03212101),
Ministry of Science and Technology (Grant No. MOST
107-3111-Y-043-012), Academia Sinica (107-2101-01-18-03,
AS-IA-109-L02), Translational Medical Research Program (AS-
TM-108-02-10), and Biotechnology Research Park Translational
Project (AS-BRPT-110-02). The other supports are from
Academia Sinica Investigator Award (AS-IA-109-L02) and
VGH, TSGH, AS Joint Research Program (VTA109-A-3-1). The

funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2021.640367/full#supplementary-material

REFERENCES

1. World Health Organization. Dengue and Severe Dengue (2020). Available

online at: https://www.who.int/news-room/fact-sheets/detail/dengue-and-

severe-dengue (accessed November 21, 2020).

2. Champer J, Buchman A, Akbari OS. Cheating evolution: engineering gene

drives to manipulate the fate of wild populations. Nat Rev Genet. (2016)

17:146–59. doi: 10.1038/nrg.2015.34

3. Buchman A, Gamez S, Li M, Antoshechkin I, Li HH, Wang HW, et al.

Engineered resistance to Zika virus in transgenic Aedes aegypti expressing a

polycistronic cluster of synthetic small RNAs. Proc Natl Acad Sci USA. (2019)

116:3656–61. doi: 10.1073/pnas.1810771116

4. De Arras L, Seng A, Lackford B, Keikhaee MR, Bowerman B, Freedman

JH, et al. An evolutionarily conserved innate immunity protein interaction

network. J Biol Chem. (2013) 288:1967–78. doi: 10.1074/jbc.M112.407205

5. Hoffmann JA, Kafatos FC, Janeway CA, Ezekowitz RA. Phylogenetic

perspectives in innate immunity. Science. (1999) 284:1313–8.

doi: 10.1126/science.284.5418.1313

6. Lee WS, Webster JA, Madzokere ET, Stephenson EB, Herrero LJ.

Mosquito antiviral defense mechanisms: a delicate balance between innate

immunity and persistent viral infection. Parasit Vectors. (2019) 12:165.

doi: 10.1186/s13071-019-3433-8

7. Perez O, Bracho G, Lastre M, Mora N, del Campo J, Gil D, et al.

Novel adjuvant based on a proteoliposome-derived cochleate structure

containing native lipopolysaccharide as a pathogen-associated molecular

pattern. Immunol Cell Biol. (2004) 82:603–10. doi: 10.1111/j.1440-1711.2004.

01293.x

8. Gurtler C, Bowie AG. Innate immune detection of microbial nucleic acids.

Trends Microbiol. (2013) 21:413–20. doi: 10.1016/j.tim.2013.04.004

9. Tan X, Sun L, Chen J, Chen ZJ. Detection of microbial infections through

innate immune sensing of nucleic acids. Annu Rev Microbiol. (2018) 72:447–

78. doi: 10.1146/annurev-micro-102215-095605

10. Jeannin P, Magistrelli G, Goetsch L, Haeuw JF, Thieblemont N, Bonnefoy

JY, et al. Outer membrane protein A (OmpA): a new pathogen-

associated molecular pattern that interacts with antigen presenting cells-

impact on vaccine strategies. Vaccine. (2002) 20 (Suppl. 4):A23–7.

doi: 10.1016/S0264-410X(02)00383-3

11. Johannssen T, Lepenies B. Glycan-based cell targeting to

modulate immune responses. Trends Biotechnol. (2017) 35:334–46.

doi: 10.1016/j.tibtech.2016.10.002

12. Varki A, Gagneux P. Biological functions of glycans. In: Varki A, Cummings

RD, Esko JD, Stanley P, Hart GW, et al., editors. Essentials of Glycobiology.

Cold Spring Harbor (2015). p. 77–88.

13. Takeuchi O, Akira S. Pattern recognition receptors and inflammation. Cell.

(2010) 140:805–20. doi: 10.1016/j.cell.2010.01.022

14. Vijayan M, Chandra N. Lectins. Curr Opin Struct Biol. (1999) 9:707–14.

doi: 10.1016/S0959-440X(99)00034-2

15. Gabius HJ. Animal lectins. Eur J Biochem. (1997) 243:543–76.

doi: 10.1111/j.1432-1033.1997.t01-1-00543.x

16. Dodd RB, Drickamer K. Lectin-like proteins inmodel organisms: implications

for evolution of carbohydrate-binding activity. Glycobiology. (2001)

11:71R−9R. doi: 10.1093/glycob/11.5.71R

17. Cambi A, Figdor CG. Dual function of C-type lectin-like receptors

in the immune system. Curr Opin Cell Biol. (2003) 15:539–46.

doi: 10.1016/j.ceb.2003.08.004

18. Weis WI, Taylor ME, Drickamer K. The C-type lectin superfamily

in the immune system. Immunol Rev. (1998) 163:19–34.

doi: 10.1111/j.1600-065X.1998.tb01185.x

19. Zelensky AN, Gready JE. The C-type lectin-like domain superfamily. FEBS J.

(2005) 272:6179–217. doi: 10.1111/j.1742-4658.2005.05031.x

20. Yang ZP, Li Q, Wang X, Jiang XP, Zhao DY, Lin X, et al. C-type lectin receptor

LSECtin-mediated apoptotic cell clearance by macrophages directs intestinal

repair in experimental colitis. P Natl Acad Sci USA. (2018) 115:11054–9.

doi: 10.1073/pnas.1804094115

21. Chen ST, Lin YL, Huang MT, Wu MF, Cheng SC, Lei HY, et al. CLEC5A

is critical for dengue-virus-induced lethal disease. Nature. (2008) 453:672–6.

doi: 10.1038/nature07013

22. Wu MF, Chen ST, Yang AH, Lin WW, Lin YL, Chen NJ, et al. CLEC5A

is critical for dengue virus-induced inflammasome activation in human

macrophages. Blood. (2013) 121:95–106. doi: 10.1182/blood-2012-05-430090

23. Liu P, Ridilla M, Patel P, Betts L, Gallichotte E, Shahidi L, et al. Beyond

attachment: Roles of DC-SIGN in dengue virus infection. Traffic. (2017)

18:218–31. doi: 10.1111/tra.12469

24. Zhou T, Chen Y, Hao L, Zhang Y. DC-SIGN and immunoregulation. Cell Mol

Immunol. (2006) 3:279–83.

25. Alen MM, Kaptein SJ, De Burghgraeve T, Balzarini J, Neyts J, Schols

D. Antiviral activity of carbohydrate-binding agents and the role

of DC-SIGN in dengue virus infection. Virology. (2009) 387:67–75.

doi: 10.1016/j.virol.2009.01.043

26. Adelman ZN, Myles KM. The C-type lectin domain gene family in Aedes

aegypti and their role in arbovirus infection. Viruses Basel. (2018) 10:367.

doi: 10.3390/v10070367

27. Li TH, Liu L, Hou YY, Shen SN, Wang TT. C-type lectin receptor-mediated

immune recognition and response of the microbiota in the gut. Gastroenterol

Rep. (2019) 7:312–21. doi: 10.1093/gastro/goz028

28. Pang X, Xiao X, Liu Y, Zhang R, Liu J, Liu Q, et al. Mosquito C-type

lectins maintain gut microbiome homeostasis. Nat Microbiol. (2016) 1:16023.

doi: 10.1038/nmicrobiol.2016.23

29. Schnitger AK, Yassine H, Kafatos FC, Osta MA. Two C-type lectins cooperate

to defend Anopheles gambiae against Gram-negative bacteria. J Biol Chem.

(2009) 284:17616–24. doi: 10.1074/jbc.M808298200

30. Cheng G, Cox J, Wang P, Krishnan MN, Dai J, Qian F, et al.

A C-type lectin collaborates with a CD45 phosphatase homolog to

facilitate West Nile virus infection of mosquitoes. Cell. (2010) 142:714–25.

doi: 10.1016/j.cell.2010.07.038

31. Liu K, Qian Y, Jung YS, Zhou B, Cao R, Shen T, et al. mosGCTL-7, a C-type

lectin protein, mediates japanese encephalitis virus infection in mosquitoes. J

Virol. (2017) 91:e01348–16. doi: 10.1128/JVI.01348-16

32. Liu Y, Zhang F, Liu J, Xiao X, Zhang S, Qin C, et al. Transmission-blocking

antibodies against mosquito C-type lectins for dengue prevention. PLoS

Pathog. (2014) 10:e1003931. doi: 10.1371/journal.ppat.1003931

33. Wu P, Sun P, Nie K, Zhu Y, Shi M, Xiao C, et al. A gut commensal bacterium

promotes mosquito permissiveness to arboviruses. Cell Host Microbe. (2019)

25:101–12 e5. doi: 10.1016/j.chom.2018.11.004

34. Pees B, Yang W, Zarate-Potes A, Schulenburg H, Dierking K. High innate

immune specificity through diversified C-type lectin-like domain proteins in

invertebrates. J Innate Immun. (2016) 8:129–42. doi: 10.1159/000441475

35. Hoving JC, Wilson GJ, Brown GD. Signalling C-type lectin receptors,

microbial recognition and immunity. Cell Microbiol. (2014) 16:185–94.

doi: 10.1111/cmi.12249

Frontiers in Immunology | www.frontiersin.org 13 March 2021 | Volume 12 | Article 640367

https://www.frontiersin.org/articles/10.3389/fimmu.2021.640367/full#supplementary-material
https://www.who.int/news-room/fact-sheets/detail/dengue-and-severe-dengue
https://www.who.int/news-room/fact-sheets/detail/dengue-and-severe-dengue
https://doi.org/10.1038/nrg.2015.34
https://doi.org/10.1073/pnas.1810771116
https://doi.org/10.1074/jbc.M112.407205
https://doi.org/10.1126/science.284.5418.1313
https://doi.org/10.1186/s13071-019-3433-8
https://doi.org/10.1111/j.1440-1711.2004.01293.x
https://doi.org/10.1016/j.tim.2013.04.004
https://doi.org/10.1146/annurev-micro-102215-095605
https://doi.org/10.1016/S0264-410X(02)00383-3
https://doi.org/10.1016/j.tibtech.2016.10.002
https://doi.org/10.1016/j.cell.2010.01.022
https://doi.org/10.1016/S0959-440X(99)00034-2
https://doi.org/10.1111/j.1432-1033.1997.t01-1-00543.x
https://doi.org/10.1093/glycob/11.5.71R
https://doi.org/10.1016/j.ceb.2003.08.004
https://doi.org/10.1111/j.1600-065X.1998.tb01185.x
https://doi.org/10.1111/j.1742-4658.2005.05031.x
https://doi.org/10.1073/pnas.1804094115
https://doi.org/10.1038/nature07013
https://doi.org/10.1182/blood-2012-05-430090
https://doi.org/10.1111/tra.12469
https://doi.org/10.1016/j.virol.2009.01.043
https://doi.org/10.3390/v10070367
https://doi.org/10.1093/gastro/goz028
https://doi.org/10.1038/nmicrobiol.2016.23
https://doi.org/10.1074/jbc.M808298200
https://doi.org/10.1016/j.cell.2010.07.038
https://doi.org/10.1128/JVI.01348-16
https://doi.org/10.1371/journal.ppat.1003931
https://doi.org/10.1016/j.chom.2018.11.004
https://doi.org/10.1159/000441475
https://doi.org/10.1111/cmi.12249
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Cheng et al. hCLEC18A Reduce DENV2 in Mosquito

36. Kumar A, Srivastava P, Sirisena P, Dubey SK, Kumar R, Shrinet J, et al.

Mosquito innate immunity. Insects. (2018) 9:95. doi: 10.3390/insects9030095

37. Wang YH, Chang MM, Wang XL, Zheng AH, Zou Z. The immune strategies

of mosquito Aedes aegypti against microbial infection. Dev Comp Immunol.

(2018) 83:12–21. doi: 10.1016/j.dci.2017.12.001

38. Saldana MA, Etebari K, Hart CE, Widen SG, Wood TG, Thangamani S,

et al. Zika virus alters the microRNA expression profile and elicits an

RNAi response in Aedes aegypti mosquitoes. PLoS Negl Trop Dis. (2017)

11:e0005760. doi: 10.1371/journal.pntd.0005760

39. Dietrich I, Jansen S, Fall G, Lorenzen S, Rudolf M, Huber K, et al. RNA

interference restricts rift valley fever virus in multiple insect systems.mSphere.

(2017) 2:e00090–17. doi: 10.1128/mSphere.00090-17

40. Bahar AA, RenD. Antimicrobial peptides. Pharmaceuticals. (2013) 6:1543–75.

doi: 10.3390/ph6121543

41. Liu T, Xu Y, Wang X, Gu J, Yan G, Chen XG. Antiviral systems

in vector mosquitoes. Dev Comp Immunol. (2018) 83:34–43.

doi: 10.1016/j.dci.2017.12.025

42. Xi Z, Ramirez JL, Dimopoulos G. The Aedes aegypti toll pathway

controls dengue virus infection. PLoS Pathog. (2008) 4:e1000098.

doi: 10.1371/journal.ppat.1000098

43. Li H-H, Cai Y, Li J-C, Su MP, Liu W-L, Cheng L, et al. C-type lectins link

immunological and reproductive processes in Aedes aegypti. iScience. (2020)

23:101486. doi: 10.1016/j.isci.2020.101486

44. Franz AW, Sanchez-Vargas I, Adelman ZN, Blair CD, Beaty BJ, James AA,

et al. Engineering RNA interference-based resistance to dengue virus type

2 in genetically modified Aedes aegypti. Proc Natl Acad Sci USA. (2006)

103:4198–203. doi: 10.1073/pnas.0600479103

45. Buchman A, Gamez S, Li M, Antoshechkin I, Li HH, Wang HW, et al. Broad

dengue neutralization in mosquitoes expressing an engineered antibody. PLoS

Pathog. (2020) 16:e1008103. doi: 10.1371/journal.ppat.1008103

46. Jupatanakul N, Sim S, Anglero-Rodriguez YI, Souza-Neto J, Das S,

Poti KE, et al. Engineered Aedes aegypti JAK/STAT pathway-mediated

immunity to dengue virus. PLoS Negl Trop Dis. (2017) 11:e0005187.

doi: 10.1371/journal.pntd.0005187

47. Huang YL, Pai FS, Tsou YT, Mon HC, Hsu TL, Wu CY, et al. Human

CLEC18 gene cluster contains C-type lectins with differential glycan-binding

specificity. J Biol Chem. (2015) 290:21252–63. doi: 10.1074/jbc.M115.649814

48. Tsai TY, Peng CY, Yang HI, Huang YL, Tao MH, Yuan SS, et al. The human

C-type lectin 18 is a potential biomarker in patients with chronic hepatitis

B virus infection. J Biomed Sci. (2018) 25:59. doi: 10.1186/s12929-018-

0460-2

49. Huang Y-L, Yu Y-A, Huang M-T, Sung P-S, Chou T-Y, Yang R-B, et al.

Endosomal TLR3 co-receptor CLEC18A enhances host immune response to

viral infection. Commun Biol. (2021) 4:229. doi: 10.1038/s42003-021-01745-7

50. Tung YT, Wu MF, Wang GJ, Hsieh SL. Nanostructured electrochemical

biosensor for th0065 detection of the weak binding between the dengue

virus and the CLEC5A receptor. Nanomedicine. (2014) 10:1335–41.

doi: 10.1016/j.nano.2014.03.009

51. Lobo NF, Clayton JR, Fraser MJ, Kafatos FC, Collins FH. High efficiency

germ-line transformation of mosquitoes. Nat Protoc. (2006) 1:1312–7.

doi: 10.1038/nprot.2006.221

52. Liu J, Liu Y, Nie K, Du S, Qiu J, Pang X, et al. Flavivirus NS1 protein in

infected host sera enhances viral acquisition by mosquitoes. Nat Microbiol.

(2016) 1:16087. doi: 10.1038/nmicrobiol.2016.87

53. Zhu Y, Zhang R, Zhang B, Zhao T, Wang P, Liang G, et al. Blood

meal acquisition enhances arbovirus replication in mosquitoes through

activation of the GABAergic system. Nat Commun. (2017) 8:1262.

doi: 10.1038/s41467-017-01244-6

54. Dzaki N, Ramli KN, Azlan A, Ishak IH, Azzam G. Evaluation of reference

genes at different developmental stages for quantitative real-time PCR in

Aedes aegypti. Sci Rep Uk. (2017) 7:43618. doi: 10.1038/srep43618

55. Coates CJ, Jasinskiene N, Miyashiro L, James AA. Mariner transposition and

transformation of the yellow fever mosquito, Aedes aegypti. Proc Natl Acad Sci

USA. (1998) 95:3748–51. doi: 10.1073/pnas.95.7.3748

56. Anderson MA, Gross TL, Myles KM, Adelman ZN. Validation of

novel promoter sequences derived from two endogenous ubiquitin

genes in transgenic Aedes aegypti. Insect Mol Biol. (2010) 19:441–9.

doi: 10.1111/j.1365-2583.2010.01005.x

57. Hoshino K, Kaisho T, Iwabe T, Takeuchi O, Akira S. Differential involvement

of IFN-beta in Toll-like receptor-stimulated dendritic cell activation. Int

Immunol. (2002) 14:1225–31. doi: 10.1093/intimm/dxf089

58. Wang YY, Khoo KH, Chen ST, Lin CC, Wong CH, Lin CH. Studies on the

immuno-modulating and antitumor activities ofGanoderma lucidum (Reishi)

polysaccharides: functional and proteomic analyses of a fucose-containing

glycoprotein fraction responsible for the activities. Bioorg Med Chem. (2002)

10:1057–62. doi: 10.1016/S0968-0896(01)00377-7

59. Xiao X, Liu Y, Zhang X, Wang J, Li Z, Pang X, et al. Complement-

related proteins control the flavivirus infection of Aedes aegypti by

inducing antimicrobial peptides. PLoS Pathog. (2014) 10:e1004027.

doi: 10.1371/journal.ppat.1004027

60. Sanchez-Vargas I, Scott JC, Poole-Smith BK, Franz AW, Barbosa-Solomieu V,

Wilusz J, et al. Dengue virus type 2 infections of Aedes aegypti are modulated

by themosquito’s RNA interference pathway. PLoS Pathog. (2009) 5:e1000299.

doi: 10.1371/journal.ppat.1000299

61. Souza-Neto JA, Sim S, Dimopoulos G. An evolutionary conserved function

of the JAK-STAT pathway in anti-dengue defense. Proc Natl Acad Sci USA.

(2009) 106:17841–6. doi: 10.1073/pnas.0905006106

62. Sim S, Jupatanakul N, Ramirez JL, Kang S, Romero-Vivas CM, Mohammed

H, et al. Transcriptomic profiling of diverse Aedes aegypti strains

reveals increased basal-level immune activation in dengue virus-refractory

populations and identifies novel virus-vector molecular interactions. PLoS

Negl Trop Dis. (2013) 7:e2295. doi: 10.1371/journal.pntd.0002295

63. Pan X, Zhou G, Wu J, Bian G, Lu P, Raikhel AS, et al. Wolbachia induces

reactive oxygen species (ROS)-dependent activation of the Toll pathway to

control dengue virus in the mosquito Aedes aegypti. Proc Natl Acad Sci USA.

(2012) 109:E23–31. doi: 10.1073/pnas.1116932108

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Cheng, Liu, Tsou, Li, Chien, Su, Liu, Huang, Wu, Tsai, Hsieh

and Chen. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 14 March 2021 | Volume 12 | Article 640367

https://doi.org/10.3390/insects9030095
https://doi.org/10.1016/j.dci.2017.12.001
https://doi.org/10.1371/journal.pntd.0005760
https://doi.org/10.1128/mSphere.00090-17
https://doi.org/10.3390/ph6121543
https://doi.org/10.1016/j.dci.2017.12.025
https://doi.org/10.1371/journal.ppat.1000098
https://doi.org/10.1016/j.isci.2020.101486
https://doi.org/10.1073/pnas.0600479103
https://doi.org/10.1371/journal.ppat.1008103
https://doi.org/10.1371/journal.pntd.0005187
https://doi.org/10.1074/jbc.M115.649814
https://doi.org/10.1186/s12929-018-0460-2
https://doi.org/10.1038/s42003-021-01745-7
https://doi.org/10.1016/j.nano.2014.03.009
https://doi.org/10.1038/nprot.2006.221
https://doi.org/10.1038/nmicrobiol.2016.87
https://doi.org/10.1038/s41467-017-01244-6
https://doi.org/10.1038/srep43618~
https://doi.org/10.1073/pnas.95.7.3748
https://doi.org/10.1111/j.1365-2583.2010.01005.x
https://doi.org/10.1093/intimm/dxf089
https://doi.org/10.1016/S0968-0896(01)00377-7
https://doi.org/10.1371/journal.ppat.1004027
https://doi.org/10.1371/journal.ppat.1000299
https://doi.org/10.1073/pnas.0905006106
https://doi.org/10.1371/journal.pntd.0002295
https://doi.org/10.1073/pnas.1116932108
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Transgenic Expression of Human C-Type Lectin Protein CLEC18A Reduces Dengue Virus Type 2 Infectivity in Aedes aegypti
	Introduction
	Materials and Methods
	Mosquito Rearing
	DENV Maintenance
	Plaque Assay
	Plasmid Construction
	Generation of Transgenic Mosquitoes
	Infection of Mosquitoes With DENV2
	RNA Extraction, Reverse Transcription, and qPCR
	Preparation of Recombinant Proteins for Binding Assay
	Enzyme-Linked Immunoassay
	Nanostructured Electrochemical Biosensor
	Midgut Microbiome Analysis
	Statistical Analysis

	Results
	Human CLEC18A Associates With Dengue prM-E and Virus Particles
	Human CLEC18A Expressed in Aedes aegypti Driven by the Aedes Polyubiquitin Promoter Interacted With DENV Within Infected Mosquito Cells
	CLEC18A Expression Results in a Decrease in DENV Viral Titer in Infected Mosquitoes
	CLEC18A Activates Innate Immunity Pathways and AMPs in Transgenic Aedes aegypti
	Transgenic CLEC18A Mosquitoes Show an Altered Midgut Microbiome

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


