- current issues in

Q

molecular biology

Review

Mosquito Antimicrobial Peptides: Molecular Diversity,
Mechanisms of Action, and Translational Potential

Yijie Xiao

W) Check for updates

Academic Editor: John Wang

Received: 6 July 2026

Revised: 18 August 2026

Accepted: 22 August 2026

Published: 24 August 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

, Xinhao Li, Huchen Qin, Jinqian Li, Zhenxia Ma, Xiaolong Su, Li Gao *

and Lianghua Wang *

Department of Biochemistry and Molecular Biology, College of Basic Medical Sciences, Naval Medical University,
Shanghai 200433, China
* Correspondence: 20110700007@fudan.edu.cn (L.G.); lhwang@smmu.edu.cn (L.W.)

Abstract

Mosquito antimicrobial peptides (AMPs) contribute to innate defense against bacteria,
fungi, parasites, and, in some experimental contexts, arboviruses. This narrative review
evaluates endogenous mosquito AMP families across Aedes, Anopheles, and Culex species
and clearly separates them from heterologous peptides introduced into mosquitoes for
transmission-blocking studies. The best-supported endogenous families are cecropins, de-
fensins, gambicin, attacin, and diptericin, although gene repertoires vary among mosquito
lineages. Mechanistic evidence is strongest for membrane interaction by individual ce-
cropins and defensins. Evidence for intracellular or redox mechanisms is more limited and
peptide- and assay-specific; for example, mitochondrial effects have been demonstrated
for Anopheles albimanus cecropin 3 in isolated rat cardiac mitochondria, whereas DNA
binding and membrane permeabilization have been shown for an Aedes aegypti cecropin A
derivative in Pseudomonas aeruginosa. Scorpine, magainin, and human defensin 5 are not
mosquito AMPs and are considered separately as heterologous antiplasmodial effectors.
Toll and immune deficiency (IMD) pathways regulate mosquito immune genes through
NF-«B-family transcription factors, whereas Janus kinase-signal transducer and activa-
tor of transcription (JAK-STAT) is a distinct cytokine-signaling pathway. Translational
approaches—including transgenic expression, paratransgenesis, Wolbachia-based control,
and peptide engineering—remain promising but require cautious interpretation because
efficacy, mechanism, ecological safety, horizontal gene transfer, regulatory oversight, and
durability have not been resolved uniformly. By distinguishing direct peptide activity
from genetic, expression-only, and inferential evidence, this review provides a more rig-
orous framework for evaluating mosquito AMPs and their potential use in vector-borne
disease control.

Keywords: mosquitoes; antimicrobial peptides; innate immunity; cecropin; defensin;
gambicin; attacin; diptericin; Plasmodium; vector control

1. Introduction
1.1. Global Burden of Mosquito-Borne Diseases

Mosquito-borne infections remain a major and evolving public-health challenge. The
World Health Organization (WHO) estimated 282 million malaria cases and 610,000 malaria
deaths in 2024 [1]. Dengue incidence has also increased markedly: the WHO reports an esti-
mated 100-400 million infections each year and 14.6 million reported cases in 2024 [2]. These
estimates should not be combined as though they were generated by a single surveillance
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system, but together they illustrate the scale of disease caused by pathogens transmitted
principally by Anopheles, Aedes, and Culex mosquitoes.

Vector control remains essential, yet its effectiveness is threatened by insecticide
resistance, heterogeneous intervention coverage, urbanization, and environmental change.
The WHO guidance describes widespread and increasing resistance in malaria vectors
and recommends resistance monitoring and deployment of interventions appropriate to
local susceptibility profiles [3]. These limitations motivate complementary approaches
that target mosquito physiology, immunity, microbiota, or vector competence rather than
relying exclusively on conventional insecticides.

1.2. Scope

Mosquitoes rely on cellular and humoral innate defenses, including phagocytosis,
melanization, complement-like factors, reactive intermediates, and antimicrobial peptides
(AMPs). AMPs are produced systemically by the fat body and locally at barrier tissues, but
their basal abundance and inducibility vary across tissues, developmental stages, microbial
exposures, and mosquito species [4-7]. This biological heterogeneity is important: detection
of an AMP transcript after infection does not by itself demonstrate that the encoded peptide
directly kills the challenging organism.

This article focuses on endogenous mosquito AMPs with direct biochemical, genetic,
or immune-regulation evidence and on heterologous peptides that have been evaluated as
transmission-blocking effectors in mosquito systems. Evidence is described at the level of
the peptide, mosquito species, target organism, concentration, and assay whenever those
data are available. Established observations are separated from proposed mechanisms, and
endogenous mosquito AMPs are distinguished from heterologous peptides delivered by
injection, transgenesis, or engineered symbionts.

As a narrative review, this article draws on representative primary studies of mosquito
AMP classification, structure, activity, immune regulation, and translational delivery, to-
gether with authoritative public-health sources for epidemiological context. To facilitate
comparison across heterogeneous studies, the discussion distinguishes direct peptide activ-
ity from functional genetic or whole-organism evidence and from expression-only associa-
tions, while retaining quantitative activity measures in their original assay-specific units.

2. Classification and Diversity of Endogenous Mosquito AMPs

The endogenous AMP repertoire is lineage-specific rather than a fixed set shared by
every mosquito. Five commonly described families in Aedes aegypti are defensins, cecropins,
gambicin, attacin, and diptericin [7]. Anopheles gambiae contains multiple cecropin and
defensin genes together with gambicin and an attacin-like gene, whereas more recent
transcriptomic studies have identified additional predicted effectors in particular species
or annotations [4,6,8]. Holotricin-like sequences have also been reported in Ae. aegypti
transcriptomic datasets [9]. Accordingly, the phrase “five major families” is used here as an
operational summary for well-described Aedes AMPs, not as a universal taxonomic rule.

No reliable primary evidence was identified to support hypenducin, hyptextensin,
or Hyp as established mosquito AMP families; these terms are therefore not used in the
present classification. Likewise, scorpine, magainin, and human defensin 5 are excluded
from the endogenous classification. They are biologically relevant to mosquito-based
transmission-blocking experiments but originate from scorpion venom, amphibian skin,
and humans.

This classification provides a practical framework for the sections that follow, but
family membership should be viewed as a starting point rather than a complete predictor of
function. Mature-peptide length, charge, amphipathicity, disulfide connectivity, proteolytic
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processing, and local concentration can all shape activity, while mosquito species and target
organism determine the physiological context in which these properties are expressed.

2.1. Cecropins

Cecropins are short, usually cationic, cysteine-free peptides that adopt amphipathic
o-helical conformations in membrane-mimetic environments. Their precursors contain a
signal peptide, and mature mosquito cecropins are generally approximately 34—40 amino
acids long. The first purified Ae. aegypti cecropin A comprised 34 residues and differed
from several lepidopteran cecropins by lacking tryptophan and C-terminal amidation [10].
Cecropin copy number and inducibility differ among mosquito species; therefore, activity
reported for one paralog should not automatically be assigned to all cecropins.

Direct antibacterial evidence is available for selected mosquito cecropins. A synthetic
36-residue derivative of Ae. aegypti cecropin A, cecropin A2, inhibited clinical Pseudomonas
aeruginosa isolates at minimum inhibitory concentrations (MICs) of 3264 ug/mL and
other tested Gram-negative bacteria at 2-32 ug/mL [11]. An. gambiae synthetic cecropins
displayed activity against Gram-positive and Gram-negative bacteria, filamentous fungi,
and yeast, although potencies differed by organism [12]. Aedesin, a cecropin-like peptide
induced in dengue virus (DENV)-infected Ae. aegypti salivary glands, showed antibacterial
and antiviral activity in vitro [13,14]. These results support broad potential within the
family while also demonstrating why quantitative, peptide-specific reporting is necessary.

2.2. Defensins

Mosquito defensins are cysteine-rich peptides with the characteristic insect defensin
cysteine-stabilized oc/ fold. Mature peptides are typically approximately 40 amino acids
long and contain six conserved cysteines forming three disulfide bonds. Multiple de-
fensin paralogs occur in Ae. aegypti, and defensin expression is both tissue- and stage-
dependent [15,16]. Structural similarity does not guarantee identical target spectra, because
charge distribution, surface loops, and target-membrane composition influence activity.

The activity spectrum of recombinant An. gambiae defensin 1 (DEF1) is particularly well
defined. Most tested Gram-positive bacteria were sensitive at 0.1-0.75 uM; no activity was
detected against most Gram-negative bacteria, except selected Escherichia coli strains, and
growth inhibition was observed against some filamentous fungi but not yeast [17]. In vivo
RNA-interference experiments further showed that An. gambiae defensin was required
for resistance to Gram-positive bacteria but was not a major determinant of P. berghei
midgut-stage development under the tested conditions [18]. These findings argue against
describing mosquito defensins generically as broad-spectrum antiplasmodial peptides.

2.3. Gambicin

Gambicin was initially isolated from an An. gambiae immune-responsive cell culture.
Its precursor is processed to a 61-residue, 6.8 kDa mature peptide containing eight cysteines
and four disulfide bridges [19]. Purified gambicin killed both Gram-positive and Gram-
negative bacteria, altered the morphology of a filamentous fungus, and was only marginally
lethal to cultured P. berghei ookinetes [19]. Thus, gambicin is a mosquito-associated AMP
with direct activity against several target classes, but the original evidence does not support
describing it as uniquely or strongly antiplasmodial.

Gambicin orthologs are present beyond An. gambiae, including Ae. aegypti, where
promoter analysis in Aag2 cells demonstrated combinatorial regulation by Rell, Rel2, and
STAT [7]. This result supports pathway integration at the gambicin promoter in that cell
system; it should not be generalized to every mosquito tissue, pathogen, or AMP gene.
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2.4. Attacin, Diptericin, and Other Glycine-Rich Effectors

Attacins and diptericins are glycine-rich insect immune effectors that are distinct
families, although they are evolutionarily related. Ae. aegypti genome-based inventories
include one attacin and one diptericin in addition to cecropins, defensins, and gambicin [7].
Attacins from non-mosquito insects are best known for activity against Gram-negative
bacteria and effects on the outer membrane, but mosquito-specific biochemical characteri-
zation remains comparatively sparse [20]. For mosquito attacin and diptericin, much of the
available evidence concerns transcriptional induction or pathway regulation rather than
MIC values obtained with purified mature peptides [7,9]. Their inclusion as endogenous
mosquito AMPs is therefore justified by sequence and immune-regulation evidence, while
precise activity spectra remain a knowledge gap.

Holotricin-like transcripts and other predicted AMPs have been reported in Ae. aegypti
datasets [9], but nomenclature and functional validation remain less mature than for
cecropin, defensin, or gambicin. Future classifications should identify the genome build,
gene identifier, mature-peptide prediction, and experimental validation status rather than
treating every computationally annotated immune peptide as an established family.

2.5. Representative Quantitative and Functional Evidence

Table 1 intentionally combines quantitative biochemical data with explicitly labeled
functional observations. MIC, half-maximal inhibitory concentration (IC50), and half-
maximal effective dose (ED50) values are not interchangeable, and assay systems differ
substantially. The table should therefore be used to locate direct evidence, not to rank
peptide families across organisms.

Table 1. Representative endogenous mosquito AMPs and heterologous peptides tested in mosquitoes.

Mosquito or Test

Length and Structural

Quantitative or

Peptide/Origin System Characteristics Target Functional Result Evidence/Ref.
MIC: 32-64 ug/mL for
. . i . . - . Membrane
Ae. aegypti cecropin Purified peptide; P. 36 aa cationic, G . most clinical P. aeruginosa o
. . . . ram-negative - . permeability, LPS
A2 (endogenous aeruginosa and amphipathic «-helical ) isolates; 2-32 ug/mL for g
N . o . bacteria and DNA binding
derivative) other bacteria derivative of cecropin A other tested [11]
Gram-negative bacteria
Most tested
Approximately 40 aa Gram-positive bacteria:
An. gambiae DEF1 Recombinant mature peptlde,: S Bacteria and 0'1_0.' 75 uM; little Actvity  yirect peptide assay
(endogenous) eptide conserved cysteines, funei against Gram-negative [17]
8 pep three disulfide bonds, & bacteria; selected
CSaf3 fold filamentous fungi
inhibited
61 aa, 6.8 kDa mature Bacteria, fungus Ifttgidl?o()t?nci;crz?eﬂas;e; ’
An. gambiae gambicin Purified 61 aa peptide; eight cysteines - TUNgUS, "phog Direct peptide assay
. A P. berghei filamentous fungus;
(endogenous) mature peptide and four disulfide . . . [19]
ookinetes marginal ookinete

bridges

lethality

Cecropin B is a short,

Synthetic peptide; : - Drug-sensitive IC50: 9.89-12.81 uM;
. Cysteme—free, cationic .. .
Anopheles cecropin B cultured . . and cytotoxicity and weak In vitro and mouse
a-helical peptide; . .
(endogenous) blood-stage P. drug-resistant . mouse-model efficacy for study [21]
. full-length sequence ) .
falciparum tested falciparum full-length peptide
75 aa scorpion-venom

. . Purified peptide; peptlde with an P. berghei ED50: 0.7 uM (ookinetes) ' '

Scorpine (scorpion; - N-terminal cecropin-like - and 10 uM (gametes); Direct/paratransgenic
later engineered . ookinetes and . .
heterologous) ) . region and a engineered Asaia reduced [22-24]
Asaia delivery gametes

cysteine-rich C-terminal
region

mosquito oocyst burden
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Table 1. Cont.

Mosquito or Test Length and Structural Quantitative or

membrane dissolution

Peptide/Origin System Characteristics Target Functional Result Evidence/Ref.
L Aborted normal oocyst
. . Short, cationic .
. . Injected into . . . Plasmodium development and
Magainin (frog; . . amphipathic «-helical . . -
infected anopheline : o sporogonic prevented sporozoite Injection study [25]
heterologous) . peptide from amphibian L
mosquitoes skin stages formation in the tested
system
Cysteine-rich human . .
Human defensin 5 . 20.0 H g/.mL' a-defensin; . Reduced parasite density; Functional mosquito
microinjection into e ot P. yoelii effect weakened after
(heterologous) An. stephensi disulfide-stabilized MvD88 silencin study [26]
- step B-sheet fold Y &
3. Membrane-Targeting Mechanisms
3.1. General Models and Their Evidentiary Limits
Three conceptual models are commonly used to describe membrane permeabilization
by amphipathic AMPs: the carpet, barrel-stave, and toroidal-pore models (Figure 1) [27,28].
In the carpet model, peptides accumulate approximately parallel to the bilayer surface
and destabilize it after reaching a threshold surface density. In the barrel-stave model,
peptide helices form the wall of a transmembrane aqueous pore. In the toroidal-pore model,
peptides and continuously curved lipid monolayers jointly line the pore. These models are
useful mechanistic frameworks, but a schematic does not establish which model applies to
a particular mosquito peptide in a native pathogen membrane.
A Carpet Model B Barrel-Stave Model C Toroidal Pore Model
© ., e o Water
Extracellular milieu AMPs molecules AMPs Lip[d head groups
Z ooO / \ o °.° / \ AMP a-helices Iln?he pore
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Cytoplasm J — Positive curvature / inward bending
Pore lumen
Membrane thinning (~1-2nm)
and destabilization
l »
e
A\&§'\EA~~"¢E‘\~~(\ r"” pv ‘ <3
! A o0, ): i \:1’,'f-“‘ / 4 X
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e o e e P R 5. o ° LU
l . EALPPY SO -
Micellization and :

—

l 4-12a-helices ( 8 shown as example)
o ° 0°
; : * AMPs induce positive curvaturein
o ©O .
° ° AMPs |ns§ﬂ perpendicularly the membrane
° & . | = Oligomerize to form a transmembrane - Lipid head groups and AMPs line
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« Water-filled pore allows leakage ofions « Continuous with both leaflets of

L : \ and small molecules

° A thebilayer
o o
o
»
- AMP a-helix Hydrophilic head Hydrophobic tail
= (antimicrobial peptide) (phospholipid) (fatty acid) O Water molecule 5nm

Figure 1. Three conceptual mechanistic models of antimicrobial peptide (AMP)-mediated membrane
disruption. AMPs permeabilize microbial membranes through three principal mechanisms that differ
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in peptide orientation, oligomeric state, and the fate of the lipid bilayer. (A) The carpet model depicts
AMPs lying parallel to the membrane surface and accumulating to a threshold concentration that
thins and destabilizes the bilayer, ultimately leading to micellization and membrane dissolution
in a detergent-like manner. (B) The barrel-stave model shows AMPs inserting vertically into the
bilayer, where 4-12 helices oligomerize to form a transmembrane pore whose hydrophilic faces line
the aqueous lumen and whose hydrophobic faces contact the lipid acyl chains. (C) The toroidal pore
model illustrates AMPs inducing positive membrane curvature such that both peptide helices and
lipid headgroups line the pore lumen, producing a continuous structure between the two leaflets.
Color key: AMP «-helix (purple); phospholipid hydrophilic head (light blue); hydrophobic fatty-acid
tail (pale yellow); water molecules (light-blue circles). Scale bar: 5 nm.

3.2. Evidence from Individual Mosquito Cecropins

For Ae. aegypti cecropin A2, several observations support a multi-step antibacte-
rial mechanism against P. aeruginosa. The peptide bound lipopolysaccharide, increased
membrane permeability in a concentration-dependent assay, and interacted with bacterial
genomic DNA [11]. The MIC against strain PA14 was 32 pg/mL, and experiments at or
above the MIC showed rapid permeability changes. These results support membrane
damage plus intracellular access for this peptide-target combination; they do not prove a
stable barrel-stave pore or establish a family-wide mechanism.

Cecropin conformation and membrane behavior depend on lipid composition, peptide-
to-lipid ratio, salt concentration, and peptide sequence [27-29]. Consequently, claims about
pore size, oligomer number, or orientation require direct structural or electrophysiological
measurements for the specific peptide and membrane system. For most mosquito cecropins,
the available evidence supports membrane interaction and permeabilization more strongly
than it supports a unique named pore architecture.

3.3. Defensin Membrane Interactions

Mosquito defensins clearly inhibit susceptible bacteria, but their molecular targets
remain incompletely resolved. The An. gambine DEF1 study established target spectrum,
killing kinetics, and native peptide induction but did not demonstrate a universal voltage-
gated channel mechanism, lipid-II binding, or a specific pore geometry [17]. These mecha-
nisms have been described for selected defensins from other organisms, yet extrapolation
across divergent defensin sequences is not warranted. For mosquito defensins, the safest
conclusion is that the conserved disulfide-stabilized fold supports interaction with sus-
ceptible microbial surfaces, while the decisive molecular target remains peptide- and
organism-specific.

4. Intracellular, Regulatory, and Redox Effects
4.1. Mitochondrial Effects: Direct Observation in a Non-Microbial System

The most direct mitochondrial evidence for a mosquito AMP concerns synthetic
An. albimanus cecropin 3 tested on isolated rat cardiac mitochondria and in rats [30].
At nanomolar concentrations, the peptide uncoupled oxidative phosphorylation, altered
oxygen consumption and calcium transport, increased reactive oxygen species (ROS), in-
hibited superoxide dismutase, and promoted release of the pro-apoptotic protein Bax. This
is a clearly defined experimental observation, but it involves mammalian mitochondria
rather than a microbial or Plasmodium target. It therefore demonstrates potential mito-
chondrial bioactivity and possible host toxicity, not a general antimicrobial mechanism of
mosquito cecropins.

No equivalent evidence was identified showing that mosquito defensins, gambicin,
or attacin routinely localize to pathogen mitochondria. Statements about mitochondrial

https://doi.org/10.3390/cimb48090856


https://doi.org/10.3390/cimb48090856

Curr. Issues Mol. Biol. 2026, 48, 856

7 of 17

disruption should consequently specify cecropin 3, the rat cardiac-mitochondrial system,
the nanomolar exposure range, and the biochemical endpoints measured [30]. Whether
similar effects contribute to pathogen killing in mosquitoes remains an open question.

4.2. Nucleic-Acid Binding and Non-Antimicrobial Nuclear Functions

Cecropin A2 bound purified P. aeruginosa genomic DNA in electrophoretic assays
while also permeabilizing the bacterial envelope [11]. DNA interaction is therefore plau-
sible after cytoplasmic entry, although its quantitative contribution to bacterial killing
was not isolated from membrane damage. By contrast, Ae. aegypti cecropin B was de-
tected in pupal-cell nuclei and bound a motif in the AaPPO3 regulatory region, promoting
prophenoloxidase expression and normal cuticle formation [31]. This is a developmen-
tal gene-regulatory function, not evidence that cecropin B kills microbes by inhibiting
transcription or translation.

Available mosquito-specific evidence is insufficient to conclude that cecropins, de-
fensins, gambicin, and attacins generally inhibit ribosomes, protein synthesis, DNA repli-
cation, or RNA transcription. Such mechanisms are established for some non-mosquito
AMPs, but they should be presented as hypotheses for mosquito peptides until direct
target-engagement and loss-of-function experiments are available.

4.3. ROS and Redox Context

AMPs operate within a redox-active immune environment, but association should not
be confused with a direct peptide mechanism. Cecropin 3 directly increased ROS in isolated
rat cardiac mitochondria [30]. Separately, Wolbachia infection of Ae. aegypti increased host
ROS, activated Toll signaling, and elevated several immune genes, including cecropins and
defensins [32]. The latter study supports a host signaling cascade—Wolbachia to ROS to
Toll-associated immune activation—rather than direct ROS production by each AMP.

The mosquito midgut also experiences oxidative stress after blood feeding and
infection, and ROS can act independently or in concert with immune effectors. At
present, evidence that endogenous mosquito AMPs act as physiologically important
antioxidants or ROS scavengers is limited. Proposed redox functions should be tested
using purified peptides, defined targets, physiological concentrations, and appropriate
ROS-specific controls.

5. Pathogen-Dependent Evidence

Pathogen class is only one source of variation. Cell-wall architecture, membrane
lipid composition, parasite developmental stage, tissue compartment, ionic conditions,
and peptide availability can each alter the apparent phenotype. For this reason, direct
biochemical activity, infection-associated expression, and genetic effects in the mosquito
should be read as complementary but non-equivalent forms of evidence.

Because assays differ in peptide preparation, target strain, medium, endpoint, and
exposure time, activity cannot be summarized reliably by assigning an entire AMP family

i

a universal label of “strong,” “moderate,” or “weak.” Figure 2 instead classifies the type
of evidence available for representative mosquito AMP families. “No direct evidence
identified” means that this review did not find a functional test for that family-target

combination; it does not mean that the peptide has been proven inactive.
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Evidence Map for Endogenous Mosquito AMP Families

Cecropin

Defensin

Gambicin

Attacin

Diptericin

Gram-positive Gram-negative Fungi Plasmodium

bacteria bacteria

--

Expression evidence N  No direct evidence

Codes indicate evidence type, not potency; N does not imply inactivity.

Figure 2. Evidence map for representative endogenous mosquito AMP families and four pathogen
classes. D, direct activity of a purified or synthetic mosquito peptide against the indicated target; F,
functional whole-organism or genetic evidence, including transgenic expression or gene perturbation;
E, expression or induction associated with exposure, without direct demonstration that the peptide
mediates target killing; N, no direct functional evidence identified in the studies evaluated. A cell can
contain more than one code when evidence types coexist. These categories describe evidence type,
not potency, and do not imply a common MIC threshold across assays [7,9-19,21-23,33,34].

5.1. Bacteria

Direct antibacterial evidence is strongest for individual cecropins, defensins, and
gambicin. Ae. aegypti cecropin A2 inhibited P. aeruginosa and other Gram-negative bacteria
with organism-dependent MICs [11]. An. gambiae DEF1 showed submicromolar activ-
ity against most tested Gram-positive bacteria but little activity against Gram-negative
species [17]. Purified gambicin killed representatives of both Gram classes [19]. These
differences demonstrate functional specialization at the peptide level.

In vivo and transcriptional studies provide complementary information. An. gambiae
defensin knockdown increased susceptibility to Gram-positive bacterial infection [18],
whereas comparative infection studies showed stronger induction of cecropin and defensin
transcripts in Ae. aegypti than in An. gambiae under the tested conditions [16]. In Ae. aegypti
Aag? cells, most AMP induction after Gram-negative bacterial challenge depended on the
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immune deficiency (IMD) pathway [7]. These findings connect AMP regulation to bacterial
defense but should not be converted into MIC-like potency statements.

Cecropin A2 and tetracycline reduced each other’s MIC against P. aeruginosa eightfold
and improved survival in an infected Galleria mellonella model [11]. This is evidence of
synergy between one mosquito-derived peptide and an antibiotic in a non-mosquito in vivo
model. Direct synergy among multiple endogenous mosquito AMPs remains less thor-
oughly quantified and requires checkerboard, time-kill, or genetic interaction experiments.

5.2. Plasmodium: Endogenous Mosquito AMPs

Endogenous mosquito AMPs can affect Plasmodium in specific experimental set-
tings. Immune activation and cecropin expression have long been associated with altered
sporogonic development in Anopheles mosquitoes [12,33]. Co-expression of Ae. aegypti
cecropin A and defensin A reduced P. gallinaceum infection, providing proof of principle
that engineered AMP combinations can influence parasite development [34]. However,
this transgenic experiment does not establish the effect of either peptide alone at its native
expression level.

Purified An. gambige gambicin was only marginally lethal to cultured P. berghei
ookinetes [19], whereas defensin knockdown did not significantly alter P. berghei devel-
opment in An. gambiae in one study [18]. More recently, synthetic Anopheles cecropin
B inhibited cultured blood-stage P. falciparum, with IC50 values of 9.89-12.81 uM across
drug-sensitive and drug-resistant strains, but full-length peptide showed cytotoxicity and
weak efficacy in a mouse malaria model [21]. Because the latter assays concern vertebrate
blood stages rather than sporogonic stages in mosquitoes, their principal relevance is
peptide-template development rather than native vector immunity.

5.3. Heterologous Antiplasmodial Peptides Tested in Mosquito Systems

Scorpine is a 75-residue peptide isolated from Pandinus imperator scorpion venom.
It inhibited P. berghei ookinetes and gametes with ED50 values of 0.7 and 10 puM, re-
spectively [22]. Engineered Asaia strains that secrete scorpine-containing fusion proteins
reduced P. berghei oocyst burdens in Anopheles mosquitoes [23,24]. Scorpine is there-
fore a potent heterologous effector for paratransgenesis, not an endogenous mosquito
AMP family.

Magainins originate from amphibian skin, and early injection experiments showed
that magainins and lepidopteran cecropins disrupted Plasmodium sporogonic develop-
ment in anopheline mosquitoes [25]. Human defensin 5 is another heterologous peptide:
microinjection at 200 ug/mL reduced P. yoelii infection in An. stephensi and increased
expression of Toll-associated genes; silencing MyD88 weakened the protective effect [26].
These studies are relevant to engineered delivery and immune stimulation but should not
be used to define the natural mosquito AMP repertoire.

5.4. Fungi

Evidence for antifungal activity includes both direct peptide assays and mosquito
infection studies. Recombinant An. gambiae DEF1 inhibited selected filamentous fungi
but not yeast [17], and purified gambicin caused a morphogenic effect on a filamentous
fungus [19]. Synthetic An. gambiae cecropins also showed activity against filamentous fungi
and yeast in vitro [12]. These results are peptide- and species-specific rather than proof that
every member of the corresponding family is antifungal.

Entomopathogenic fungal infection produces time-, tissue-, and fungal-strain-
dependent changes in mosquito AMP transcription [9,35]. In Ae. aegypti, simultaneous
silencing of multiple AMP genes altered susceptibility to entomopathogenic fungi more
consistently than some single-gene perturbations, supporting combinatorial defense [9].
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Environmental determinants of fungal-conidium stability, including UV-B exposure, fall
outside the present focus because they do not constitute direct mechanisms of mosquito
AMPs. A remaining knowledge gap is the concentration and localization of mature AMP
peptides at fungal infection sites in vivo.

5.5. Arboviruses

RNA interference (RNAI) is a central antiviral defense in mosquitoes, and AMP re-
sponses represent one component of a broader network rather than the dominant universal
antiviral mechanism [36]. Aedesin provides direct peptide-level evidence: synthetic ma-
ture and precursor-containing forms showed anti-DENV and anti-chikungunya activity
in cell-based assays [13,14]. The Ras/ERK pathway has also been linked genetically to
AMP-dependent restriction of DENV in Aedes mosquitoes [37]. These studies support
antiviral roles for specific peptides and contexts.

Wolbachia-infected Ae. aegypti can show ROS-dependent Toll activation and increased
cecropin and defensin expression; RNAi depletion of selected AMPs weakened DENV
restriction in that laboratory system [32]. Nevertheless, Wolbachia-mediated pathogen
blocking is multifactorial and can involve cellular resource competition, lipid metabolism,
immune priming, tissue distribution, and Wolbachia density. Field effectiveness of Wolbachia
releases therefore does not demonstrate that increased AMP expression is the principal
causal mechanism.

6. Regulation of Mosquito AMP Expression

AMP function in vivo depends not only on intrinsic peptide activity but also on when,
where, and to what concentration the peptide is produced. Signaling pathways integrate
microbial recognition with tissue state and physiological cues, thereby determining whether
an AMP reaches a biologically relevant compartment at the appropriate stage of infection.

6.1. Toll and IMD Are NF-xB Pathways; JAK-STAT Is Distinct

Toll and IMD are the two principal NF-«kB-associated pathways that regulate
mosquito immune genes, while JAK-STAT is a separate cytokine-signaling pathway
(Figure 3) [7,36,38]. Toll signaling proceeds through Spatzle, Toll, MyD88, Tube, Pelle,
degradation of Cactus, and nuclear activity of Rell-family transcription factors. IMD signal-
ing can be initiated by peptidoglycan-recognition proteins such as PGRP-LC and proceeds
through IMD, FADD, DREDD, TAK]1, the IKK complex, and Rel2. PGRP-LC is therefore a
pattern-recognition receptor associated with IMD signaling, not an “IMD receptor.”

Mosquito pathway specificity is not identical to the simplified Drosophila model. In
An. gambiae, PGRP-LC activates REL2-dependent responses and influences both bacterial
homeostasis and Plasmodium infection [39]. In Ae. aegypti, forced REL2 expression induces
several defensin and cecropin genes and increases resistance to tested Gram-positive
and Gram-negative bacteria [40]. Conversely, experiments in Aag? cells indicate that
pathway responsiveness depends on experimental conditions and that the Toll pathway
may not respond uniformly to exogenous stimuli [41]. Figure 3 therefore shows conserved
architecture and representative outputs, not rigid pathogen-to-pathway assignments.

JAK-STAT contributes to antiviral defense and other immune responses but does
not signal through NF-«B. Engineered activation of Dome or Hop in the Ae. aegypti
fat body reduced infection by several DENV serotypes, while effects differed for other
arboviruses [42]. At the AMP level, the clearest mosquito-specific connection is the STAT-
binding site in the Ae. aegypti gambicin promoter demonstrated in Aag2 cells [7]. It is not
appropriate to use the Drosophila genes Virl and TotM as representative mosquito AMPs.
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Figure 3. Mosquito Toll, immune deficiency (IMD), and Janus kinase-signal transducer and activator
of transcription (JAK-STAT) signaling pathways involved in the regulation of immune effectors. Toll
and IMD signaling culminate in the activation of the NF-kB-family transcription factors Rell and Rel2,
respectively. JAK-STAT represents a distinct cytokine-signaling pathway in which a cytokine-like
ligand activates the Domeless receptor, Hop kinase, and STAT. The downstream immune-gene and
AMP outputs shown are representative and may vary according to mosquito species, tissue, infection
type, and experimental context. In Aedes aegypti Aag? cells, gambicin promoter activity is regulated
combinatorially by Rell, Rel2, and STAT, whereas AMP induction following Gram-negative bacterial
challenge is predominantly associated with IMD signaling [7].

6.2. Physiological and Environmental Modulation

AMP expression is integrated with development, nutrition, reproduction, and tissue
physiology. A mosquito juvenile-hormone-binding protein influences hemocyte devel-
opment and infection-induced immune responses, linking endocrine state to immune
competence [43]. Blood feeding changes microbial load, redox conditions, and gene expres-
sion in the gut, so post-blood-meal AMP profiles can reflect multiple inputs rather than a
single pathogen signal [4,44].

Environmental stress can also change mosquito fitness and antiviral immunity. Nu-
tritional stress in Ae. aegypti altered immune-gene expression and increased susceptibility

https://doi.org/10.3390/cimb48090856


https://doi.org/10.3390/cimb48090856

Curr. Issues Mol. Biol. 2026, 48, 856

12 of 17

to DENV in the tested laboratory conditions [45]. Temperature and insecticide-selection
studies have reported changes in AMP transcripts, but effects vary among strains, species,
developmental histories, and experimental designs. These data support environmental
modulation of immunity; they do not yet justify deterministic predictions that a particular
climate scenario will increase a specific AMP or reduce transmission in the field.

7. Translational Potential and Constraints

Translational strategies can exploit mosquito AMPs in fundamentally different ways:
by increasing an endogenous effector within the mosquito, by delivering a heterologous
peptide through a transgene or symbiont, or by developing an AMP-inspired therapeutic
outside the vector. These routes should not be evaluated by a single standard, because their
efficacy endpoints, exposure pathways, ecological footprints, and regulatory requirements
differ substantially.

7.1. Transgenic and Paratransgenic Delivery

Transgenic expression can place effector peptides at parasite-exposed tissues and
developmental windows. Co-expression of cecropin A and defensin A in Ae. aegypti
reduced P. gallinaceum infection in laboratory experiments [34]. Translation to population-
level control would additionally require a safe and stable genetic system, acceptable fitness
costs, resistance management, and governance appropriate to deliberate mosquito release.

Paratransgenesis modifies mosquito-associated microorganisms to deliver antipathogen
effectors. Asaia is attractive because transformable strains can colonize mosquito tissues and
spread horizontally, vertically, and transstadially in experimental systems [23,46]. Engineered
Asaia secreting scorpine fusions reduced P. berghei oocyst burdens, although recombinant ex-
pression imposed bacterial fitness costs and performance depended on the fusion partner [24].
These results establish laboratory proof of concept, not field-ready efficacy.

Environmental release of engineered symbionts raises distinct biosafety and regula-
tory questions. Required evaluations include host range, persistence outside the target
mosquito, genetic stability, horizontal gene transfer, reversibility or recall, effects on resi-
dent microbiota and food webs, evolution of parasite resistance, occupational exposure,
community engagement, and post-release surveillance [47]. Chromosomal integration and
biological containment may reduce some risks compared with mobile plasmids, but they
do not eliminate ecological uncertainty. Regulatory requirements will vary by jurisdiction
and should be addressed before semi-field or open-release studies.

7.2. Wolbachia-Based Control Is Not an AMP-Specific Intervention

Population replacement with wMel-infected Ae. aegypti has strong epidemiological
evidence for dengue control. In the cluster-randomized AWED trial in Yogyakarta, releases
reduced virologically confirmed dengue with a protective efficacy of 77.1% (95% confidence
interval, 65.3-84.9%) [48]. This field result validates Wolbachia population replacement as
a vector-control approach in that setting, but it does not identify AMP induction as the
principal mechanism.

Laboratory studies support several nonexclusive mechanisms of Wolbachia-mediated
pathogen blocking, including immune activation, ROS signaling, altered lipid availability,
intracellular competition, and density-dependent effects [32,49]. The relative contribution
of these processes differs among Wolbachia strains, mosquito backgrounds, tissues, temper-
atures, and viruses. Wolbachia should therefore be discussed as an established or emerging
biological-control platform whose relationship to AMPs is mechanistically informative but
not singular.
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Implementation also requires entomological and epidemiological surveillance, quality
control during mass rearing, monitoring of Wolbachia frequency and phenotype, assessment
of local acceptability, and plans for unexpected ecological or operational outcomes. The
WHO is updating its evidence assessment and guidance for Wolbachia population replace-
ment, underscoring the importance of context-specific evaluation and governance [50].

7.3. Peptide and Drug-Template Development

Mosquito-derived AMPs can serve as templates for anti-infective design, but native
peptides are rarely ready-made drugs. Barriers include proteolytic instability, binding to
serum or tissue components, salt sensitivity, short half-life, manufacturing cost, delivery
to the relevant compartment, immunogenicity, and cytotoxicity. The Anopheles cecropin
B study illustrates the trade-off: the full-length peptide had promising in vitro antimalar-
ial activity but also mammalian-cell toxicity and weak in vivo performance, whereas a
truncated derivative reduced cytotoxicity and improved efficacy in a mouse model [21].

Rational truncation, residue substitution, cyclization, terminal modification, formula-
tion, and targeted delivery may improve the therapeutic index. Each engineered peptide
nevertheless requires quantitative comparison with the parent sequence, including activity,
hemolysis, mammalian-cell toxicity, stability, pharmacokinetics, and resistance selection.
Evidence from a cultured pathogen or insect model should not be described as clinical
potential without these intermediate steps.

8. Knowledge Gaps and Research Priorities
8.1. Classification and Reproducible Nomenclature

Genome annotations and AMP names should be linked to stable gene identifiers,
species and strain, genome assembly, precursor sequence, predicted cleavage site, and
mature peptide. This is especially important for attacin-, diptericin-, holotricin-, and other
glycine-rich candidates whose names can shift among annotations. Curated cross-species
inventories should distinguish biochemical validation, genetic validation, transcript-only
evidence, and computational prediction.

8.2. Mechanism at Physiological Concentrations

Mechanistic studies should report peptide purity and folding, target strain or parasite
stage, buffer composition, salt and serum conditions, concentration, exposure time, and
orthogonal endpoints. Membrane leakage, microscopy, electrophysiology, binding assays,
and target-specific rescue or resistance experiments can then distinguish primary targets
from downstream damage. For claims involving mitochondria, nucleic acids, ribosomes, or
redox pathways, target engagement should be demonstrated in the biologically relevant
pathogen or mosquito tissue rather than inferred from another peptide or organism.

8.3. From Transcript to Functional Peptide In Vivo

Many mosquito studies quantify AMP mRNA, while fewer measure the processed
mature peptide at its site of action. Time-resolved peptidomics, targeted mass spectrometry,
spatial imaging, and genetic replacement with activity-deficient mutants could clarify
when transcription produces a functional peptide concentration. Such approaches are also
needed to determine how AMPs shape commensal microbiota without causing pathological
dysbiosis [4,44].

8.4. Translational Safety, Durability, and Causality

For transgenic or paratransgenic control, efficacy should be evaluated together with
containment, genetic stability, horizontal transfer, fitness costs, resistance evolution, and
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effects on non-target organisms. For Wolbachia, mediation analyses and experimentally
tractable biomarkers are needed to determine how much pathogen blocking is attributable
to AMPs relative to metabolism, intracellular competition, and other immune pathways.
Longitudinal field surveillance remains essential because ecological and evolutionary
responses may emerge after deployment.

9. Conclusions

Mosquito AMPs are a diverse set of endogenous immune effectors whose composition
varies among species. Cecropins, defensins, gambicin, attacin, and diptericin are well-
supported families in Ae. aegypti, while Anopheles and Culex repertoires differ. Scorpine,
magainin, and human defensin 5 are heterologous peptides tested in mosquitoes and
should not be classified as natural mosquito AMPs.

The strongest mechanistic evidence is peptide-specific. Selected cecropins bind and
permeabilize microbial membranes, An. gambiae DEF1 shows a defined target spectrum
dominated by Gram-positive bacteria, and gambicin has directly measured but target-
dependent activity. Evidence for mitochondrial, nucleic-acid, protein-synthesis, and redox
mechanisms is narrower than previously stated and must be tied to the exact peptide
and assay. Toll and IMD are NF-«kB pathways; JAK-STAT is a distinct pathway that can
converge on some immune promoters, including gambicin in Ae. aegypti Aag?2 cells.

Engineered AMP expression, paratransgenesis, Wolbachia, and peptide optimization
offer complementary translational possibilities, but their evidentiary bases are different.
Wolbachia field efficacy does not prove AMP-mediated causality, and engineered symbionts
require rigorous assessment of biosafety, ecological effects, horizontal gene transfer, reg-
ulation, and durability. Progress will depend on quantitative, reproducible studies that
connect sequence and expression to mature-peptide concentration, molecular target, in vivo
function, and safe deployment.

Author Contributions: Conceptualization, Y.X., L.G. and L.W.; methodology, Y.X. and J.L.; software,
Y.X. and H.Q,; validation, X.L.; formal analysis, Y.X.; investigation, X.L.; resources, L.W.; data curation,
Y.X.; writing—original draft preparation, Y.X.; writing—review and editing, X.L., H.Q.,].L., ZM.,, X.S.,
L.G. and L.W,; visualization, Y.X. and Z.M.; supervision, L.W.; project administration, L.W.; funding
acquisition, L.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable. This review did not collect or analyze human
data, samples, or subjects and did not involve original animal experiments.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: During the preparation of this manuscript, the authors used DeepSeek-R1
(DeepSeek, https:/ /chat.deepseek.com/) for the purposes of translation and language polishing.
The authors have reviewed and edited the output and take full responsibility for the content of
this publication.

Conflicts of Interest: The authors declare no conflict of interest.

References
1.  World Health Organization. World Malaria Report 2025: Addressing the Threat of Antimalarial Drug Resistance; WHO: Geneva,
Switzerland, 2025.

2. World Health Organization. Dengue and Severe Dengue. Available online: https://www.who.int/news-room/fact-
sheets/detail /dengue-and-severe-dengue (accessed on 12 August 2026).

https://doi.org/10.3390/cimb48090856


https://chat.deepseek.com/
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/10.3390/cimb48090856

Curr. Issues Mol. Biol. 2026, 48, 856 15 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

World Health Organization. WHO Guidelines for Malaria, 13 August 2025; WHO: Geneva, Switzerland, 2025.

Hixson, B.; Chen, R.; Buchon, N. Innate Immunity in Aedes Mosquitoes: From Pathogen Resistance to Shaping the Microbiota.
Philos. Trans. R. Soc. B 2024, 379, 20230063. [CrossRef] [PubMed]

Waterhouse, R.M.; Kriventseva, E.V.; Meister, S.; Xi, Z.; Alvarez, K.S.; Bartholomay, L.C.; Barillas-Mury, C.; Bian, G.; Blandin, S.;
Christensen, B.M.; et al. Evolutionary Dynamics of Immune-Related Genes and Pathways in Disease-Vector Mosquitoes. Science
2007, 316, 1738-1743. [CrossRef] [PubMed]

Yassine, H.; Osta, M.A. Anopheles gambiae Innate Immunity. Cell. Microbiol. 2010, 12, 1-9. [CrossRef] [PubMed]

Zhang, R.; Zhu, Y.; Pang, X.; Xiao, X.; Zhang, R.; Cheng, G. Regulation of Antimicrobial Peptides in Aedes aegypti Aag?2 Cells.
Front. Cell. Infect. Microbiol. 2017, 7, 22. [CrossRef] [PubMed]

Christophides, G.K.; Zdobnov, E.; Barillas-Mury, C.; Birney, E.; Blandin, S.; Blass, C.; Brey, P.T.; Collins, EH.; Danielli, A.;
Dimopoulos, G.; et al. Immunity-Related Genes and Gene Families in Anopheles gambiae. Science 2002, 298, 159-165. [CrossRef]
[PubMed]

Ramirez, J.L.; Hampton, K.J.; Rosales, A.M.; Muturi, E.]. Multiple Mosquito AMPs Are Needed to Potentiate Their Antifungal
Effect Against Entomopathogenic Fungi. Front. Microbiol. 2023, 13, 1062383. [CrossRef] [PubMed]

Lowenberger, C.; Charlet, M.; Vizioli, J.; Kamal, S.; Richman, A.; Christensen, B.M.; Bulet, P. Antimicrobial Activity Spectrum,
c¢DNA Cloning, and mRNA Expression of a Newly Isolated Member of the Cecropin Family from the Mosquito Vector Aedes
aegypti. J. Biol. Chem. 1999, 274, 20092-20097. [CrossRef] [PubMed]

Zheng, Z.; Tharmalingam, N.; Liu, Q.; Jayamani, E.; Kim, W.; Fuchs, B.B.; Zhang, R.; Vilcinskas, A.; Mylonakis, E. Synergistic
Efficacy of Aedes aegypti Antimicrobial Peptide Cecropin A2 and Tetracycline Against Pseudomonas aeruginosa. Antimicrob. Agents
Chemother. 2017, 61, €00686-17. [CrossRef] [PubMed]

Vizioli, J.; Bulet, P.; Charlet, M.; Lowenberger, C.; Blass, C.; Miiller, H.; Dimopoulos, G.; Hoffmann, J.; Kafatos, F.; Richman, A.
Cloning and Analysis of a Cecropin Gene from the Malaria Vector Mosquito, Anopheles gambiae. Insect Mol. Biol. 2000, 9, 75-84.
[CrossRef] [PubMed]

Luplertlop, N.; Surasombatpattana, P.; Patramool, S.; Dumas, E.; Wasinpiyamongkol, L.; Saune, L.; Hamel, R.; Bernard, E.; Sereno,
D.; Thomas, F.; et al. Induction of a Peptide with Activity Against a Broad Spectrum of Pathogens in the Aedes aegypti Salivary
Gland, Following Infection with Dengue Virus. PLoS Pathog. 2011, 7, e1001252. [CrossRef] [PubMed]

Godreuil, S.; Leban, N.; Padilla, A.; Hamel, R.; Luplertlop, N.; Chauffour, A.; Vittecoq, M.; Hoh, F.; Thomas, E,; Sougakoff, W.;
et al. Aedesin: Structure and Antimicrobial Activity Against Multidrug Resistant Bacterial Strains. PLoS ONE 2014, 9, e105441.
[CrossRef] [PubMed]

Chalk, R.; Albuquerque, C.M.R.; Ham, PJ.; Townson, H. Full Sequence and Characterization of Two Insect Defensins: Immune
Peptides from the Mosquito Aedes aegypti. Proc. R. Soc. Lond. B 1995, 261, 217-221. [CrossRef] [PubMed]

Coggins, S.A.; Estévez-Lao, T.Y.; Hillyer, ].F. Increased Survivorship Following Bacterial Infection by the Mosquito Aedes aegypti
as Compared with Anopheles gambiae Correlates with Increased Transcriptional Induction of Antimicrobial Peptides. Dev. Comp.
Immunol. 2012, 37, 390-401. [CrossRef] [PubMed]

Vizioli, J.; Richman, A.M.; Uttenweiler-Joseph, S.; Blass, C.; Bulet, P. The Defensin Peptide of the Malaria Vector Mosquito
Anopheles gambiage: Antimicrobial Activities and Expression in Adult Mosquitoes. Insect Biochem. Mol. Biol. 2001, 31, 241-248.
[CrossRef] [PubMed]

Blandin, S.; Moita, L.E,; Kocher, T.; Wilm, M.; Kafatos, F.C.; Levashina, E.A. Reverse Genetics in the Mosquito Anopheles gambiae:
Targeted Disruption of the Defensin Gene. EMBO Rep. 2002, 3, 852-856. [CrossRef] [PubMed]

Vizioli, J.; Bulet, P.; Hoffmann, J.A.; Kafatos, E.C.; Miiller, H.-M.; Dimopoulos, G. Gambicin: A Novel Immune Responsive
Antimicrobial Peptide from the Malaria Vector Anopheles gambiae. Proc. Natl. Acad. Sci. USA 2001, 98, 12630-12635. [CrossRef]
[PubMed]

Buonocore, F.; Fausto, A.M.; Della Pelle, G.; Roncevic, T.; Gerdol, M.; Picchietti, S. Attacins: A Promising Class of Insect
Antimicrobial Peptides. Antibiotics 2021, 10, 212. [CrossRef] [PubMed]

Lou, J.; Zhang, D.; Wu, J.; Zhu, G.; Zhang, M,; Tang, ].; Fang, Y.; He, X.; Cao, J. Antimalarial Activity of Cecropin Antimicrobial
Peptides Derived from Anopheles Mosquitoes. Antimicrob. Agents Chemother. 2024, 68, €00311-24. [CrossRef] [PubMed]

Conde, R.; Zamudio, FZ.; Rodriguez, M.H.; Possani, L.D. Scorpine, an Anti-Malaria and Anti-Bacterial Agent Purified from
Scorpion Venom. FEBS Lett. 2000, 471, 165-168. [CrossRef] [PubMed]

Grogan, C.; Bennett, M.; Moore, S.; Lampe, D. Novel Asaia bogorensis Signal Sequences for Plasmodium Inhibition in Anopheles
stephensi. Front. Microbiol. 2021, 12, 633667. [CrossRef] [PubMed]

Grogan, C.; Bennett, M.; Lampe, D.J. An Evaluation of Fusion Partner Proteins for Paratransgenesis in Asaia bogorensis. PLoS ONE
2022, 17, €0273568. [CrossRef] [PubMed]

Gwadz, RW,; Kaslow, D.; Lee, ].Y.; Maloy, W.L.; Zasloff, M.; Miller, L.H. Effects of Magainins and Cecropins on the Sporogonic
Development of Malaria Parasites in Mosquitoes. Infect. Immun. 1989, 57, 2628-2633. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/cimb48090856


https://doi.org/10.1098/rstb.2023.0063
https://www.ncbi.nlm.nih.gov/pubmed/38497256
https://doi.org/10.1126/science.1139862
https://www.ncbi.nlm.nih.gov/pubmed/17588928
https://doi.org/10.1111/j.1462-5822.2009.01388.x
https://www.ncbi.nlm.nih.gov/pubmed/19804484
https://doi.org/10.3389/fcimb.2017.00022
https://www.ncbi.nlm.nih.gov/pubmed/28217557
https://doi.org/10.1126/science.1077136
https://www.ncbi.nlm.nih.gov/pubmed/12364793
https://doi.org/10.3389/fmicb.2022.1062383
https://www.ncbi.nlm.nih.gov/pubmed/36687607
https://doi.org/10.1074/jbc.274.29.20092
https://www.ncbi.nlm.nih.gov/pubmed/10400619
https://doi.org/10.1128/AAC.00686-17
https://www.ncbi.nlm.nih.gov/pubmed/28483966
https://doi.org/10.1046/j.1365-2583.2000.00164.x
https://www.ncbi.nlm.nih.gov/pubmed/10672074
https://doi.org/10.1371/journal.ppat.1001252
https://www.ncbi.nlm.nih.gov/pubmed/21249175
https://doi.org/10.1371/journal.pone.0105441
https://www.ncbi.nlm.nih.gov/pubmed/25162372
https://doi.org/10.1098/rspb.1995.0139
https://www.ncbi.nlm.nih.gov/pubmed/7568275
https://doi.org/10.1016/j.dci.2012.01.005
https://www.ncbi.nlm.nih.gov/pubmed/22326457
https://doi.org/10.1016/S0965-1748(00)00143-0
https://www.ncbi.nlm.nih.gov/pubmed/11167093
https://doi.org/10.1093/embo-reports/kvf180
https://www.ncbi.nlm.nih.gov/pubmed/12189180
https://doi.org/10.1073/pnas.221466798
https://www.ncbi.nlm.nih.gov/pubmed/11606751
https://doi.org/10.3390/antibiotics10020212
https://www.ncbi.nlm.nih.gov/pubmed/33672685
https://doi.org/10.1128/aac.00311-24
https://www.ncbi.nlm.nih.gov/pubmed/38874346
https://doi.org/10.1016/S0014-5793(00)01384-3
https://www.ncbi.nlm.nih.gov/pubmed/10767415
https://doi.org/10.3389/fmicb.2021.633667
https://www.ncbi.nlm.nih.gov/pubmed/33664722
https://doi.org/10.1371/journal.pone.0273568
https://www.ncbi.nlm.nih.gov/pubmed/36048823
https://doi.org/10.1128/iai.57.9.2628-2633.1989
https://www.ncbi.nlm.nih.gov/pubmed/2759705
https://doi.org/10.3390/cimb48090856

Curr. Issues Mol. Biol. 2026, 48, 856 16 of 17

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Liu, T.; Wang, J.; Li, X;; Yu, S.; Zheng, D.; Liu, Z.; Yang, X.; Wang, Y. Human Defensin 5 Inhibits Plasmodium yoelii Development in
Anopheles stephensi by Promoting Innate Inmune Response. Trop. Med. Infect. Dis. 2024, 9, 169. [CrossRef] [PubMed]

Brogden, K.A. Antimicrobial Peptides: Pore Formers or Metabolic Inhibitors in Bacteria? Nat. Rev. Microbiol. 2005, 3, 238-250.
[CrossRef] [PubMed]

Wimley, W.C. Describing the Mechanism of Antimicrobial Peptide Action with the Interfacial Activity Model. ACS Chem. Biol.
2010, 5, 905-917. [CrossRef] [PubMed]

Sato, H.; Feix, ].B. Peptide-Membrane Interactions and Mechanisms of Membrane Destruction by Amphipathic «-Helical
Antimicrobial Peptides. Biochim. Biophys. Acta 2006, 1758, 1245-1256. [CrossRef] [PubMed]

Pavén, N.; Buelna-Chontal, M.; Herndndez-Esquivel, L.; Herndndez, S.; Chévez, E.; Condé, R.; Lanz-Mendoza, H. Mitochondrial
Inactivation by Anopheles albimanus Cecropin 3: Molecular Mechanisms. Peptides 2014, 53, 202-209. [CrossRef] [PubMed]

Liu, W.-T.; Tu, W.-C.; Lin, C.-H.; Yang, U.-C.; Chen, C.-C. Involvement of Cecropin B in the Formation of the Aedes aegypti
Mosquito Cuticle. Sci. Rep. 2017, 7, 16395. [CrossRef] [PubMed]

Pan, X.; Zhou, G.; Wu, J.; Bian, G.; Lu, P; Raikhel, A.S.; Xi, Z. 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-E31. [CrossRef] [PubMed]

Lowenberger, C.A.; Kamal, S.; Chiles, J.; Paskewitz, S.; Bulet, P.; Hoffmann, J.A.; Christensen, B.M. Mosquito—Plasmodium
Interactions in Response to Immune Activation of the Vector. Exp. Parasitol. 1999, 91, 59-69. [CrossRef] [PubMed]

Kokoza, V.; Ahmed, A.; Shin, S.W.; Okafor, N.; Zou, Z.; Raikhel, A.S. Blocking of Plasmodium Transmission by Cooperative
Action of Cecropin A and Defensin A in Transgenic Aedes aegypti Mosquitoes. Proc. Natl. Acad. Sci. USA 2010, 107, 8111-8116.
[CrossRef] [PubMed]

Ramirez, J.L.; Dunlap, C.A.; Muturi, E.J.; Barletta, A.B.E; Rooney, A.P. Entomopathogenic Fungal Infection Leads to Temporospa-
tial Modulation of the Mosquito Immune System. PLoS Negl. Trop. Dis. 2018, 12, €0006433. [CrossRef] [PubMed]

Sim, S.; Jupatanakul, N.; Dimopoulos, G. Mosquito Immunity Against Arboviruses. Viruses 2014, 6, 4479-4504. [CrossRef]
[PubMed]

Liu, W.-Q.; Chen, S.-Q.; Bai, H.-Q.; Wei, Q.-M.; Zhang, S.-N.; Chen, C.; Zhu, Y.-H.; Yi, T.-W.; Guo, X.-P; Chen, X.-Y,; et al. The
Ras/ERK Signaling Pathway Couples Antimicrobial Peptides to Mediate Resistance to Dengue Virus in Aedes Mosquitoes. PLoS
Negl. Trop. Dis. 2020, 14, e0008660. [CrossRef] [PubMed]

Kumar, A ; Srivastava, P; Sirisena, P.; Dubey, S.K.; Kumar, R.; Shrinet, J.; Sunil, S. Mosquito Innate Immunity. Insects 2018, 9, 95.
[CrossRef] [PubMed]

Meister, S.; Agianian, B.; Turlure, F; Relégio, A.; Morlais, 1.; Kafatos, EC.; Christophides, G.K. Anopheles gambiae PGRPLC-
Mediated Defense Against Bacteria Modulates Infections with Malaria Parasites. PLoS Pathog. 2009, 5, e1000542. [CrossRef]
[PubMed]

Antonova, Y.; Alvarez, K.S.; Kim, Y.J.; Kokoza, V.; Raikhel, A.S. The Role of NF-«B Factor REL2 in the Aedes aegypti Immune
Response. Insect Biochem. Mol. Biol. 2009, 39, 303-314. [CrossRef] [PubMed]

Russell, T.A.; Ayaz, A.; Davidson, A.D.; Fernandez-Sesma, A.; Maringer, K. Imd Pathway-Specific Inmune Assays Reveal NF-«B
Stimulation by Viral RNA PAMPs in Aedes aegypti Aag?2 Cells. PLoS Negl. Trop. Dis. 2021, 15, €0008524. [CrossRef] [PubMed]
Jupatanakul, N.; Sim, S.; Angler6-Rodriguez, Y.I.; Souza-Neto, J.; Das, S.; Poti, K.E.; Rossi, S.L.; Bergren, N.; Vasilakis, N.;
Dimopoulos, G. Engineered Aedes aegypti JAK/STAT Pathway-Mediated Immunity to Dengue Virus. PLoS Negl. Trop. Dis. 2017,
11, e0005187. [CrossRef] [PubMed]

Kim, L.LH.; Castillo, ].C.; Aryan, A.; Martin-Martin, I.; Nouzova, M.; Noriega, F.G.; Barletta, A.B.E; Calvo, E.; Adelman, Z.N.;
Ribeiro, ] M.C.; et al. A Mosquito Juvenile Hormone Binding Protein (mJHBP) Regulates the Activation of Innate Immune
Defenses and Hemocyte Development. PLoS Pathog. 2020, 16, e1008288. [CrossRef] [PubMed]

Ramirez, ].L.; Souza-Neto, J.; Torres Cosme, R.; Rovira, J.; Ortiz, A.; Pascale, ].M.; Dimopoulos, G. Reciprocal Tripartite Interactions
between the Aedes aegypti Midgut Microbiota, Innate Immune System and Dengue Virus Influences Vector Competence. PLoS
Negl. Trop. Dis. 2012, 6, e1561. [CrossRef] [PubMed]

Yan, J.; Kim, C.-H.; Chesser, L.; Ramirez, J.L.; Stone, C.M. Nutritional Stress Compromises Mosquito Fitness and Antiviral
Immunity, While Enhancing Dengue Virus Infection Susceptibility. Commun. Biol. 2023, 6, 1123. [CrossRef] [PubMed]

Mancini, M.V.; Spaccapelo, R.; Damiani, C.; Accoti, A.; Tallarita, M.; Petraglia, E.; Rossi, P.; Cappelli, A.; Capone, A.; Peruzzi, G.;
et al. Paratransgenesis to Control Malaria Vectors: A Semi-Field Pilot Study. Parasit. Vectors 2016, 9, 140. [CrossRef] [PubMed]
Ratcliffe, N.A.; Furtado Pacheco, ].P; Dyson, P; Castro, H.C.; Gonzalez, M.S.; Azambuja, P.; Mello, C.B. Overview of Paratransge-
nesis as a Strategy to Control Pathogen Transmission by Insect Vectors. Parasit. Vectors 2022, 15, 112, Erratum in Parasit Vectors.
2024, 17, 405. https://doi.org/10.1186/513071-024-06492-2. [CrossRef] [PubMed]

Utarini, A.; Indriani, C.; Ahmad, R.A.; Tantowijoyo, W.; Arguni, E.; Ansari, M.R,; Supriyati, E.; Wardana, D.S.; Meitika, Y.; Ernesia,
I; et al. Efficacy of Wolbachia-Infected Mosquito Deployments for the Control of Dengue. N. Engl. |. Med. 2021, 384, 2177-2186.
[CrossRef] [PubMed]

https:/ /doi.org/10.3390/cimb48090856


https://doi.org/10.3390/tropicalmed9080169
https://www.ncbi.nlm.nih.gov/pubmed/39195607
https://doi.org/10.1038/nrmicro1098
https://www.ncbi.nlm.nih.gov/pubmed/15703760
https://doi.org/10.1021/cb1001558
https://www.ncbi.nlm.nih.gov/pubmed/20698568
https://doi.org/10.1016/j.bbamem.2006.02.021
https://www.ncbi.nlm.nih.gov/pubmed/16697975
https://doi.org/10.1016/j.peptides.2013.07.010
https://www.ncbi.nlm.nih.gov/pubmed/23880546
https://doi.org/10.1038/s41598-017-16625-6
https://www.ncbi.nlm.nih.gov/pubmed/29180688
https://doi.org/10.1073/pnas.1116932108
https://www.ncbi.nlm.nih.gov/pubmed/22123956
https://doi.org/10.1006/expr.1999.4350
https://www.ncbi.nlm.nih.gov/pubmed/9920043
https://doi.org/10.1073/pnas.1003056107
https://www.ncbi.nlm.nih.gov/pubmed/20385844
https://doi.org/10.1371/journal.pntd.0006433
https://www.ncbi.nlm.nih.gov/pubmed/29684026
https://doi.org/10.3390/v6114479
https://www.ncbi.nlm.nih.gov/pubmed/25415198
https://doi.org/10.1371/journal.pntd.0008660
https://www.ncbi.nlm.nih.gov/pubmed/32866199
https://doi.org/10.3390/insects9030095
https://www.ncbi.nlm.nih.gov/pubmed/30096752
https://doi.org/10.1371/journal.ppat.1000542
https://www.ncbi.nlm.nih.gov/pubmed/19662170
https://doi.org/10.1016/j.ibmb.2009.01.007
https://www.ncbi.nlm.nih.gov/pubmed/19552893
https://doi.org/10.1371/journal.pntd.0008524
https://www.ncbi.nlm.nih.gov/pubmed/33591970
https://doi.org/10.1371/journal.pntd.0005187
https://www.ncbi.nlm.nih.gov/pubmed/28081143
https://doi.org/10.1371/journal.ppat.1008288
https://www.ncbi.nlm.nih.gov/pubmed/31961911
https://doi.org/10.1371/journal.pntd.0001561
https://www.ncbi.nlm.nih.gov/pubmed/22413032
https://doi.org/10.1038/s42003-023-05516-4
https://www.ncbi.nlm.nih.gov/pubmed/37932414
https://doi.org/10.1186/s13071-016-1427-3
https://www.ncbi.nlm.nih.gov/pubmed/26965746
https://doi.org/10.1186/s13071-024-06492-2
https://doi.org/10.1186/s13071-021-05132-3
https://www.ncbi.nlm.nih.gov/pubmed/35361286
https://doi.org/10.1056/NEJMoa2030243
https://www.ncbi.nlm.nih.gov/pubmed/34107180
https://doi.org/10.3390/cimb48090856

Curr. Issues Mol. Biol. 2026, 48, 856 17 of 17

49. Lindsey, A.R.L Sensing, Signaling, and Secretion: A Review and Analysis of Systems for Regulating Host Interaction in Wolbachia.
Genes 2020, 11, 813. [CrossRef] [PubMed]

50. World Health Organization. WHO Update on the Assessment of Wolbachia Population Replacement for the Control of Aedes-
Borne Diseases. Available online: https:/ /www.who.int/news/item/11-06-2026-who-update-on-the-assessment-of-wolbachia-
population-replacement-for-the-control-of-aedes-borne-diseases (accessed on 12 August 2026).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cimb48090856


https://doi.org/10.3390/genes11070813
https://www.ncbi.nlm.nih.gov/pubmed/32708808
https://www.who.int/news/item/11-06-2026-who-update-on-the-assessment-of-wolbachia-population-replacement-for-the-control-of-aedes-borne-diseases
https://www.who.int/news/item/11-06-2026-who-update-on-the-assessment-of-wolbachia-population-replacement-for-the-control-of-aedes-borne-diseases
https://doi.org/10.3390/cimb48090856

	Introduction 
	Global Burden of Mosquito-Borne Diseases 
	Scope 

	Classification and Diversity of Endogenous Mosquito AMPs 
	Cecropins 
	Defensins 
	Gambicin 
	Attacin, Diptericin, and Other Glycine-Rich Effectors 
	Representative Quantitative and Functional Evidence 

	Membrane-Targeting Mechanisms 
	General Models and Their Evidentiary Limits 
	Evidence from Individual Mosquito Cecropins 
	Defensin Membrane Interactions 

	Intracellular, Regulatory, and Redox Effects 
	Mitochondrial Effects: Direct Observation in a Non-Microbial System 
	Nucleic-Acid Binding and Non-Antimicrobial Nuclear Functions 
	ROS and Redox Context 

	Pathogen-Dependent Evidence 
	Bacteria 
	Plasmodium: Endogenous Mosquito AMPs 
	Heterologous Antiplasmodial Peptides Tested in Mosquito Systems 
	Fungi 
	Arboviruses 

	Regulation of Mosquito AMP Expression 
	Toll and IMD Are NF-B Pathways; JAK–STAT Is Distinct 
	Physiological and Environmental Modulation 

	Translational Potential and Constraints 
	Transgenic and Paratransgenic Delivery 
	Wolbachia-Based Control Is Not an AMP-Specific Intervention 
	Peptide and Drug-Template Development 

	Knowledge Gaps and Research Priorities 
	Classification and Reproducible Nomenclature 
	Mechanism at Physiological Concentrations 
	From Transcript to Functional Peptide In Vivo 
	Translational Safety, Durability, and Causality 

	Conclusions 
	References

