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ABSTRACT The emergence of clinically drua-r=sistant malaria parasites regires the
urgent developrirent of new drugs. Mosquitces zre vectors of multiple pathogens and
have developed resistance mechanisms against them, which often involva antimicro-
bial peptides (AMPs). An-cecB is an AMP o1 the malaria-transmitting mosguito genus
Anopheles, and we herein report its antimalarial activity against Plasmoai:'m falciparum
3D7, the artemisinin-resistant strain 803, and the chloroquine-resistant stiain Dd2 in vitro.
We also demonstrate its anti-parazite activity in vivo, using the rodent malaria parasite
Plasmodium berghei (ANKA). We shov that An-cecB displays poter.* artimalarial activity
and that its mechanism of action may occur through direct kiliing of the parasite or
through interaction with infected red blood cell membranes. Unfortunately, An-cecB was
found to be cytotoxic to mammalian cells and had poor aritimalarial activity in vivo.
However, its truncated peptide An-cecB-1 retained most of its antimalarial activity and
avoided its cytotoxicity in vitro. An-cecB-1 also showed wretter antimalarial activity in
vivo. Mosquito-derived /ANPs may provide new ideas for the development of antimalarial
drugs against drug-resistant parasites, and An-cecB i1as potential use as a template for
antimalarial peptioes.

KEYWORDS malaria, drug resistant, Anop’icles, antimicrobial peptides, antimalarial
peptides

alaria parasites are transmitted to mammalian host via the bites of infected

Anopheles mosquitoes. There were an estimated 249 million malaria cases in 2022
(1), the majority of which were of Plasmodium falciparum and occurred in Africa (2).
There are two vaccines currently aveilable for malaria [RTS,S/ASO1 (Mosquirix) and R21/
Matrix-M (R21/MM)], but their reiatively low to modest efficacy lessens their potential
as eradication tools (3, 4), anid their introduction is unlikely to reduce the demand for
antimalarial drugs.

At present, the antimalerial drugs used for clinical treatment are derived from three
drug classes: artemisinins, aminoquinolines, and antifolates, and Plasmodium falciparum
has evolved resistance to each of these (5). Artemisinin-based combination therapies Py R A S ————
(ACTs) have been offic2ily recommended as a first-line drug by the WHO since 2006 B e T o o
(6). Unfortunately the sensitivity of P. falciparum to artemisinin has declined in the by diawing straws.

Greater Mekong Subregion, and the emergence of multi-drug resistant strains has been
observed in South America and Southeast Asia (7). Artemisinin-resistant parasites have
been recordea from the entire Greater Mekong River Basin area, including Cambodia,
Laos, Myanmar, Thailand, Vietnam and other countries (8, 9). The development of new Reczived 1 March 2024
antimalarial drugs with distinct modes of action is urgently needed. bRaaizGe iy 2002
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It has been observed that particular Plasmodium strains are unable to develop in
certain refractory mosquito strains due to innate immune responses, especially some key ~ Copyright © 2024 Lou etal. This is an open-access

components of the mosquito complement-like system (10-13). Even in fully susceptible article distributed under the terms.Ofth? creative
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mosquito strains, large numbers of parasites are 1ost during sporogonic develcpment in
the mosquito (11-13). These losses are conclated with the transcriptionai activation of
mosquito immune genes (14-16). Antimicrobial peptides (AMPs), key factor: in fighting
infections in insects, are inextricably iinked to the body’s complement system and may
be involved in malaria parasite elimination (16-21). AMPs are smal-molecule active
peptides produced in a variety of arganisms and are important parts of natural immune
defense systems against exogenous pathogenic microorganisms 120-22). In addition to
immune defense, many peptidas have been demonstrated to hav= direct activity against
Plasmodium parasites in both mosquitoes and vertebrates (23-25). AMPs are less likely to
induce drug resistance in pathogenic microorganisms ther conventional drugs, as their
main mode of action is to form pores in membranes (22, 22. 26). Mosquito-derived AMPs
may offer a potent soiutca of potential antimalarial compounds.

The repertoire of mozquito AMPs includes defensins, gambicins, cecropins, atta<in,
diptericin, and holotricin (24, 26-28). Of them, dirtericin and holotricin are glycine-ricn
peptides with abcut 8 kDa in mass and thouant to have restricted activity tcwa.d
Gram-negative bacteria (27). Although attacins have been shown to be active ageinst
a range of micrebes including Gram-positive ard Gram-negative bacteria, fung:, and
protozoal parasites, compared with several other antimicrobial peptides, thcy have
a larger mass of 23 kDa (28). Defensins possess six conserved cysteine residues form-
ing three intramolecular disulfide bcnds, and gambicins have eight cysteine residues
forming four intramolecular disulfide onds. Cecropins are linear peptides lacking
cysteine residues with a low moiccular weight of about 4 kDa (22). £s the presence
of multiple disulfide bonds can compiicate synthesis and increasa cost of production,
especially in the case of multiple disulfide bonds, cecropins cie cheaper to synthe-
size compared with defensins ana gambicins. There are currenly few studies on the
antimalarial activities of mosquito-derived cecropins. There are three main cecropin
genes A, B, and C in Anopheies (30). In this study, one paptide from each of the three
cecropin genes of Anopheles arabiensis (A, B, and C) was syr.*hesized and their antimalar-
ial activities were analyzad.

RESULTS
Sequence and physicochemical propertics of the peptides

The sequences of all the studied peptides are from Anopheles arabiensis, and their
physicochemical properties, including molecular weight (MW), isoelectric point (PI), and
grand average of hydropathicity (GRAVY), analyzed using the ProtParam tool available
on the ExPASy website (Expasy - PretPa:am tool) are shown in Table 1. Their Pl ranged
from 10.47 to 12.02. In addition to the Pl values, their hydrophilicity and hydrophobicity
were analyzed using GRAVY value:. tiydrophilic peptides have GRAVY values lower than
0 and hydrophobic peptides values greater than 0. GRAVY score values of An-cecA,
An-cecB, An-cecC, and the truncated peptides An-cecB-1 and An-cecB-3 were more
hydrophilic with GRAVY values between —1.100 and —0.021. However, the truncated

TABLE 1 Sequences and physicochemical properties of peptides®

Name Ger;c:lv Sequence Net charge MW (Da;- PI GRAVY

An-cecA XP_040173531 GRLKKLGKKIEGAGKRVFKAA +8 3,782.61 10.79 —0.021
EKALPVVAGVKAL-NH2

An-cecB XP_040173530 APRWKFGKRLEKLGRNVFRAA +9 4,105.94 11.61 —-0.309
KKALPVIAGYKAL-NH2

An-cecC XP_040172706 RRFKKFLKKVEGAGRRVANAA +9 3,887.64 12.02 —-0.332
QKGLPLAAGVKGL-NH2

An-cecB-1 - APRWKFGKRLEKLGRNVF-NH2 +5 2,453.88 11.73 —-0.906

An-cecB-2 - RAAKKALPVIAGYKAL-NH2 +4 1,921.32 10.46 0.362

An-cecB-3 - GKRLEKLGRNVFRAAKK-NH2 +6 2,222.63 11.74 -1.100

MW, molecular weight; Pl, isoelectric point; GRAVY, grand average of hydropathicity; -, derived peptide, no Gene ID.
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peptide An-cecB-2 was hydrophobic with a GRAVY value of 0.362. All pept.des were
cationic peptides with positive charges.

Preliminary screening of the in vitro anitimalarial activity of AMPs

The in vitro antimalarial activities »f the three Anopheles mosatuio cecropin AMPs,
An-cecA, An-cecB, and An-cecC, were tested. At the concentratior o 50 uM, An-cecA
had weak activity against P. falciparum 3D7 strain with an inhibiuon rate of only 18.7%.
The inhibition rate of An-cecC wa3s 40.16% and that of An-cecR reached 100% (Fig. 1a).
Therefore, An-cecB was selected for further studies.

In order to explore the antimalarial activity of An-cocB, its active region was
studied further. An-cecE was truncated into three fragn:ens, An-cecB-1, An-cecB-2, and
An-cecB-3, and their in viiro antimalarial activities against 3D7 were analyzed. Among
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FIG 1 Preliminary screening of in vitro antimalarial activity of antimicrobial peptides. (a) In vitro antimalarial activity of An-cecA, An-cecB, and An-cecC at a

concentration of 50 uM against P. falciparum 3D7. (b) In vitro antimalarial activity of An-cecB at 50 pM and its truncated peptides An-cecB-1, An-cecB-2, and

An-cecB-3 at 200 uM against P. falciparum 3D7. (c) IC50s of An-cecB and its truncated peptide An-cecB-1 against P. falciparum 3D7. (d) IC50s of An-cecB against P.

falciparum-sensitive strain 3D7, artemisinin-resistant strain 803, and chloroquine-resistant strain Dd2. Data are individual replicates or means + SEM of 10,000 red

blood cells (RBCs) from two independent assays with three technical replicates.
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the three truncated peptides, An-cecB-1 showed the strongest antimalarial activity. At
200 uM concentration, the maximum inhibiion rate reached 83.67%, while the inhibition
rates of An-cecB-2 and An-cecB-3 were 12.14% and 24.74%, respectively. Thi: suggested
that An-cecB-1 contains the main antirnclarial active region of An-cecB (Fig. 1b). We then
analyzed the in vitro IC50s of An-ce<B and its truncated peptide An-ce.3-1 against 3D7.
An-cecB and An-cecB-1 inhibited 307 in a dose-dependent marine: in vitro, and their
IC50s were 12.4 and 68.63 uM, respectively (Fig. 1c).

To identify the antimalaria! aciivity of An-cecB against druy resistant P. falciparum
strains, the 1C50s of An-cecB against the artemisinin-resistanc strain 803 and the
chloroquine-resistant strain Dd2 were analyzed in vitro. An-cecB inhibited 803 and Dd2
in a dose-dependent manner with IC50s of 9.89 and Da2 12.31 puM, respectively, which
were not significantly aifferent from its IC50 against 3D7 (rig. 1d).

The stage spexificity of the antimalarial activity of An-cecB

The activity of An-cecB against different blood stave parasites was evaluated. Parasites
were exposed ta An-cecB at a lethal concertration of 40 uM for 12 hours at the ring
stage [5-7 hpi (hours post invasion)], trophozoite stage (17-29 hpi), and schizont stage
(29-41 hpi) (Fig. 2a). Morphological analyses showed that An-cecB treaivment signifi-
cantly disrupted the morphology (Fig. 2h) and strongly blocked asexual ¢evelopment of
parasites to the next cycle compared with control CM treatment at all stages (Fig. 2c).
Parasites were then washed and cultured for 4 days followed by 1:40 diluiion. The density
of parasites in each drug treatment group was significantly lower tinan that of the control
group treated with CM (Fig. 2d). All parasite stages were killed by A n-cecB and did not
reproduce in the next cycle (Fig 2< and d), with this effect beina perticularly strong in the

Antimicrobial Agents and Chemotherapy

analysisl analysis2
a - -
0-4 5 Treatmentl 17 Treatment2 20 Treatment3 41 50hpi  1:40 dilution 3cycles
————————— 'y . i i ot ot st | By o e St -
@ Ring @ Trenhozoite @ Schizont @. @
Ohpi 24hpi 36hpi re-invasion growth analysis
. N i“v *sn
CM An—cecB analysis 1 d analysis 2
g~ .)-..; /
Treatmentl ;;' O W . | s s o —
*%'ﬂ L e — « CM . ey Fer, L oM
17hpi [0S 8%y - r S| - Ances < "
QA.QO 1‘\'.‘ ¥ ¥ o6 § & = ¥ F +  An-cecB
4 © ©
TrcatmentZL » g% 2, q N E ‘E 1.57 :
. @ 0.4 @ | |
: © . ]
= g s
. 5 "% g %27 2 0.5 B | |
reatment3 | )
41k a 0.0-L; ,n r 0.0 '—! ,ﬁ ’
o 1 2 3 i 2 3

Treatment period

Treatment period

FIG 2 The antimalarial activity of An-cecB against different blood stages. (a) Schematic illustration of the experirantal design. A representative image has been

used to illustrate thz parasite development stages. (b) The morphology of parasites at the end point of treatment1, treatment2, and treatment3 was evaluated

by Giemsa'’s solution-staining smears. (c) Parasitemia of reinvasion at 50 hpi after each treatment was measured by Giemsa’s solution-stained blood smears.

(d) Parasites after each treatment were diluted by 1:40 after re-invasion at 50 hpi and cultured for 4 days while the third-cycle parasitemia was measured by

Giemsa’s solution-stained blood smears. Data in c and d are individual replicates of 10,000 RBCs from two independent assays with three technical replicates.

Statistical analyses between two groups were performed by Student’s t-tests, ***P < 0.001.
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schizonts . Therefore, An-cecB was shown to be active against all stages of Plcsmodium
and showed the strongest activity against the schizonts.

Cytotoxicity of An-cecB and the truincated peptides

To determine the cytotoxicity of /Arn-cacB to mammalian cells, the <ffects of An-cecB
on HepG2 and HEK293T cells were measured. An-cecB dose-derandently inhibited the
cell viability of HEK293T cells and was also toxic to HepG2 cells ar a high concentration
of 40 uM (Fig. 3a and b). An-cecE was toxic to HEK293T and HepG2 with CC50 values
of 57.33 and 60.43 uM (Fig. 3c and d), resulting in selectivity indices (SI) of 4.62 and
4.87, respectively. The ideal drug would be one that either is not toxic or produces
toxicity only at high concentrations but has the desired biological activity at very low
concentrations, resultirg in high Sl values. Although the SI values of An-cecB were
within the safe range under most criteria (>1) (31), siznificant cytotoxicity to mamn:a-
lian cells was obszrved at high concentrations (Fig. 3a and b). Therefore, in order to
explore the relationship between the cytotoxiciy ana antimalarial activity of the pept'de
and the region of cytotoxicity, three truncated peptides of An-cecB were assayed for
their cytotoxicity to HEK293T cells. The three truncated peptides had no taxicity to
HEK293T cells at various drug concentraticns (Fig. 3e through g). It is in*eresting that
although peptide An-cecB showed soine cytotoxicity to mammalian czlls, none of its
three truncated peptides was cytotoxic, *vhile An-cecB-1 retained most of its antimalarial
activity.

Antimicrobial activity

In addition to antimalarial activity, the antimicrobial activities of An-cecB and An-cecB-1
were analyzed. A disc diffusion assay showed that An-cecB had antibacterial activity
against both Gram-positive and Gram-negative bacteria rested and this Head2antibac-
terial activity was significantly stronger than that of /An-cecB-1 against all the tested
bacteria (Fig. 4a). MiC aind MIC50 also indicated that the antibacterial activities of
An-cecB against Staphylococcus aureus, Bacillus subtiis, and Escherichia coli were stronger
than that of An-cec®-1 (Fig. 4b).
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FIG 3 Cytotoxicity of An-cecB and its truncated peptides. Cytotoxicity of different concentrations of An-cecB to HEK 293T cells (a) and Hep G2 cells (b). CC50s

of An-cecB to HEK 293T cells (c) and Hep G2 cells (d). No cytotoxicity of truncated peptides An-cecB-1 (e), An-cecB-2 (f), and An-cecB-3 (g) at different

concentrations. Data are means + SEM from two independent assays with three technical replicates. Statistical analyses between two groups were performed by

Student’s t-tests,***P < 0.001; ns, not significant.
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peptide An-cecB (UM) An-cecB-1(uM)

bacterium MIC MICso MIC

MICso

S. aureus 30 7.314 >200
B. subtilis 3.75 0.85 25
E. coli 3.75 0.63 25

>200
18.94

12

FIG 4 Antimicrobial activity of An-cecB and An-cecB-1. (a) Disc difiusion assay showing the antimicrobial activity of Ain-cacB and An-cecB-1 against S. aureus,

B. subtilis, and E. coli. (b) Comparison of MIC and MIC50 of An-cec and An-cecB-1 against S. aureus, B. subtilis, and E. coli. Dat in b are means + SEM from two

independent assays vith three technical replicates.

The antimaiarial mechanism of An-cecB

The main mechanism of action of AMPs is pore formation in cell membrane. In order
to explore whether An-cecB could cause heimolysis of healthy erythrocytes while killing
malaria parasites, its hemolytic activity on healthy erythrocytes was determined. The
hemolysis rate of An-cecB to healthy erythrocytes was less than 2% after incubation for
60 min at the concentration of 10 and 20 uM (data not shown), and less than 5% even at
the maximum concentration of 4C ¢\ (Fig. 5a).

As the above hemolysis rates were measured with uninfected erythrocytes, we
next sought to test the hemclysis rate of An-cecB against infected erythrocytes. To
do this, we use methyl-B-cycloaextrin treatment to deplete cholesterol simulating the
conditions in Plasmodium-iniected erythrocytes. After cholesterol depletion, hemolysis
of An-cecB-treated erythrocytes was significantly higher than that of controls (Fig. 5b).
This result was consistent with the fact that An-cecB displayed its strongest activity
against the schizont stages, which are the most cholesterol-depleting stages (32). Unlike
An-cecB, the truncated peptide An-cecB-1 had no hemolysis effect on cholesterol-deple-
ted erythrocytes (Fig. 5¢). This may be due to the fact that the structural changes alter the
physicochenical properties of peptides, leading to different antimalarial mechanisms.
To confirm this, schizonts were collected and the hemolytic activities of An-cecB and
An-cecB-1 to infected erythrocytes were also analyzed. We found that An-cecB specifi-
cally lysed infected erythrocytes, while An-cecB-1 did not (Fig. 5d).

The direct, erythrocyte membrane-independent, effects of An-cecB and An-cecB- 1
on parasites were also evaluated. Transmission electron microscopy was used to analyze
the changes in morphology and construction of parasites following exposure to the
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FIG 5 Hemolytic activity of An-cecB and An-cecB-1. (a) Hemoly:ic activities of 40 uM An-cecB on normal RBCs for different incubation times. Cholestero!
depletion increases susceptibility of RBC membranes to /n-cezB (b) but not to An- cecB-1 (c). (d) Hemolytic aciivity of An-cecB and An-cecB-1 to nBCs
infected by schizonts. Data are individual replicates or m~ans + SEM from two independent assays with three technical replicates. Statistical analyses between

methyl-B-cyclodextrin-treated and control groups were performed by Student’s t-tests, ***P < 0.001.

peptides. An-cecB induced disorientation (Fig. 6¢) and dissolution (Fig. 6¢ through f)
of parasite membrane and vacuole formation (Fig. 6g and h). Compared with normal
parasites (Fig. 6a and b), An-cec® =!sc caused shrinkage of the whole parasite body
making the internal organelles difficult to discern (Fig. 6¢c , e and g), and parasite
spill-over from erythrocytes anu disintegration were observed (Fig. 6i and j). Therefore,
An-cecB does not act only on infected erythrocytes but also directly affects parasites,
disrupting their morphology and structure. Abnormal morphologies were quantified for
each group (Fig. 6k) and show that in addition to causing parasite shrinkage, An-cecB
had further effects on parasite membranes, including the orientation and integrity of the
membrane, while An-cecB3-1 was more likely to induce vacuole from inside the parasites.

Assessment of antimalarial activity against Plasmodium berghei in mice

The in vivo antimalarial activity of An-cecB was evaluated using a 4-day suppressive test
in Plasmodium berghei-infected mice. Prior to testing for antimalarial activity in vivo, an
acute toxicity test of An-cecB was performed. The body weight of mice was continuously
monitored and recorded for 14 days (Fig. 7a). At an An-cecB dose of 500 mg/kg, one
mouse died on the Day8, while there were no deaths observed at 100 and 200 mg/kg
dosages (Fig. 7b). The body weight of mice treated with 200 and 500 mg/kg decreased
significantly compared with the control group (P < 0.01) on Day14 (Fig. 7b).

Month XXXX Volume 0 Issue O 10.1128/aac.00311-24 7

Downloaded from https://journals.asm.org/journal/aac on 16 June 2024 by 84.17.45.184.


https://doi.org/10.1128/aac.00311-24

Full-Length Text Antimicrobial Agents and Chemotherapy

Group Control (PES,  An-cecB An-cecB-1
Total 17 20 22
Normal 17 ) 7
Parasite shrunken 0 9 135
Parasite disoriented 0 4 0
Parasite membrane dissolution 0 7 2
Vacuole formation 0 3 7
Disintegration 0 3 0

FIG 6 Transmission electron micrograghs of Plasmodium falciparum after incubation with An-cecB. (a, b) Untreated control normal parasites; images are from
different views of the same slide and may contain some overlap. Abnormal parasites (¢, €, g, and i) treated by An-cecB or An-cect 1 treated and their magnified
art (d, f, h, and j). Treated group showed shrunken parasite bodics (c, ¢, and g), disoriented (green arrows in d) and dissolution parasite membranes (red
arrows in d and f), vacuoi ‘crmation (red arrows in h), and even paiazite spill-over of erythrocytes and disintegration (i, ;). () Statistics of the above abnormal
morphologies in each group.

The 4-day suppressive test showed that at tha concentrations of 25 mg/kg, An-cecB
inhibited the growth of P. berghei by iy 5.12%, whereas at concentrations up to
50 mg/kg, all infected mice died before the end of the experiment, 10 mg/kg chloro-
quine was used as the positive contro! (Fig. 7¢).

Since An-cecB-1 appears to have a different antimalarial mechanism, its in vivo
antimalarial activity was also testec. interestingly, although the antimalarial activity of
An-cecB-1 was not as effective as An-cecB in vitro, it was much stronger than that of
An-cecB in vivo. The results showed that An-cecB-1 inhibited the growth of P. berghei in
a dose-dependent manner. At the doses of 10, 25, and 50 mg/kg, the inhibition rates of
An-cecB-1 to P. berghei were 17.03%, 39.35%, and 54.19%, respectively (Fig. 7d).

DISCUSSION

Current control methoas for malaria are failing, mostly due to the emergence and spread
of mutant parasice: resistant to the commonly used antimalarial drugs (33, 34). New
drugs with novel artiparasitic modes of action are required. Given this, AMPs whose
modes of acticn involve perforation of cell membranes may offer interesting solutions.
Indeed, many bioad-spectrum AMPs from different sources show varying degrees of
antimalarial action. Such as ankyrin peptide (AnkP), which can be delivered to parasite-
infected RBCs, NK-2 can rapidly internalize parasite-infected RBCs and affect intracellular
parasite viability with little impact on healthy RBCs (33). As eukaryotes, Plasmodia may be
probably incompatible with the general notion that selective AMP preferentially targets
negatively charged prokaryote membranes. However, the phospholipid composition of
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FIG 7 Evaluation cf in vivo antimalarial effects of peptides. (a) Effect of An-cecB acute oral toxicity test
on body weight of mice. (b) Body weight on days 0, 7, and 14 and survival rates of mice in acute oral
toxicity test with An-czcB at doses of 0, 100, 200, and 500 mg/kg (n = 6). (c) Inhibitory activity of An-cecB
at doses of 10 and 25 mg/kg against Plasmodium berghei in vivo. (d) Inhibitory activity of different doses
of An-cecB-1 against P. berghei in vivo. Data are means + SEM from two independent assays with six mice
each time. Statistical analyses between two groups were done by Student’s t-tests, **P < 0.01.
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membranes frorn intraerythrocytic parasites is significantly different from thet of their
host RBCs, and, due to Plasmodia parasitism, the composition of the ho:t k83C mem-
branes is also different from that of healthy RBCs, which may explain that AMP exhibits
antimalarial activity through membrane mechanisms (33). Importantly, such a mode of
action would make these compounds less prone to the evolution of drug resistance than
traditional drugs.

We have shown here that An-cecB, an AMP from Anopheles masquitoes, is able to
inhibit the growth of both drug-resistant and sensitive strains of £ falciparum develop-
ment. Hemolysis assays showed that An-cecB had minimal hernoiytic activity on normal
erythrocytes but did lyse erythrocytes infected with P. fuiciparum parasites and those
treated with methyl-B-cyclodextrin. The results show that An-cecB can specifically target
the membranes of infacted erythrocytes, a promising groperty when developing in
the development of naw antimalarial drugs. Besicles its hemolytic activity against £,
falciparum-infected erythrocytes, transmission electron rnicroscope analysis showed that
An-cecB seriously affected the morphology and structare of P. falciparum, indicating that
it not only hacl an effect on infected erythrocy*es but also had a direct effect on the
parasites themselves.

Anopheles mosquitoes have developed complex immune systems to defend
themselves from invading pathogens, and AMPs are an important part of ureir defense
systems. We have shown that three <eciopins from Anopheles arabiensi: ail exhibited
antimalarial activity in vitro, with the ceciopin B genes showing the strongest activity. In
addition to cecropin, there are many other peptides involved in the rnosquito defense
system. To overcome the burden & mosquito-borne diseases, multinle control strategies
are needed. Population replacerment with genetically modified v osquitoes carrying an
anti-pathogen effector gene nas been suggested as one such strategy (35). Genetic
engineering of malaria-resistant transgenic mosquitoes has been achieved through the
induction of expression of exogenous AMPs from other insects (36) or through the
overexpression of native AMPs (35).

An-cecB was showr: 10 be cytotoxic to mammalian cells. However, it seems likely that
this peptide would not be toxic to mosquito cells, as it is naturally produced by the
mosquitoes themsalves. The in vitro antimalarial aciivity of An-cecB raises the possibility
of using it as an antimalarial within mosquitoes uivough induction of its overexpression,
although this ramazins to be tested. One caveat *o thiis approach is that overexpression of
a protein with kriown antibacterial properties mzy affect the mosquito immune system
in complex ways through disruption of the insects’ natural microbiome.

Although An-cecB displayed minimal hemolytic activity against normal erythro-
cytes, it was shown to be toxic to rnaramalian cells. We truncated An-cecB into the
three peptides An-cecB-1, An-cecB-2, and An-cecB-3. An-cecB-1 retained most of the
antimalarial activity but not the cytctoxicity of An-cecB. Although the antimalarial
activity of An-cecB-1 was slightly inferior to An-cecB in vitro, its antimalarial activity in
vivo was far better than that of An-cecB. This may be due to structural changes in the
peptides leading to changes in their physicochemical properties and perhaps modes of
action. This hypothesis was supported by the fact that An-cecB-1 had minimal hemolytic
activity to erythrocytes treated by methyl-B-cyclodextrin or those infected by the P
falciparum parasite. In addition to its hemolytic activity, transmission electron micro-
scope analysis showed that An-cecB has further effects on the membrane of parasite,
including the orientation and integrity of the membrane, while An-cecB-1 was more
likely to result in vacusie formation within parasites.

An-cecB had stronger antimalarial activity in vitro but was much weaker in vivo than
that of An-cec-1 It is possible that in addition to direct parasite killing, An-cecB-1 may
also participate in immune regulation against parasites in vivo.

Through modification of the original peptide, we were able to produce a compound,
An-cecB-1, with reduced cytotoxicity and improved antimalarial activity, through the
simple strategy of truncating the original peptide into three fragments. Given this
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success, we hope that further modification and refinement may lead to more effective
and safer peptides.

In conclusion, the Anopheles mosquito-derived AMP An-cecB posseszes antimalarial
activity as well as cytotoxicity, while its t:uncated peptide An-cecB-1 reteined most of its
antimalarial activity without the cytotoxicity and displayed better antirnalarial activity in
vivo. The antimalarial activity in viiro suggests that it is highly like!v tc have antimalarial
activity in mosquitoes as wel!, but this remains to be verified A< veptides are highly
modifiable, they can be refined *o anhance activity and avoic to:icity. Because they act
in a different way than traditional small-molecule drugs, AMPs dare a potential tool to
address the problem of drug resistance in malaria parasitzs. and we contend that AMPs
in Anopheles mosquitoes constitute a promising resource for the development of new
antimalarial drugs.

MATERIALS AND METHODS
Animals

Female BALB/c mice (SPF grade) were purchased from SiPeiFu (Beijing) Eiowachnology
Co., Ltd. All animals were housed in a pathogen-free facility in accordance with the Guide
for the Care and Use of Medical Labo:atory Animals (Ministry of Health, Peopie’s Republic
of China, 1998).

Peptide selection, design, and synthesis

The peptides in this study ars three cecropins of Anoplele: arabiensis from the
NCBI database, with the accession numbers XP_040173531 (An-cecA), XP_040173530
(An-cecB), and XP_0401727G5 {(An-cecC). The peptides wr:re synthesized with the signal
peptides removed and ending with the predicted termi~al amino acid of the cecro-
pin region. Considering the number of amino acids, the number of charges, and the
position in the original peptide, the peptide was hisected to obtain An-cecB-1 and
An-cecB-2, and *the raiddle part of the original perniide was truncated to form An-cecB-3.
The truncated three peptides contain the anteriar, wosterior, and middle parts of the
peptide, respectively. For enhancing the stakility 2nd bioactivity of the peptides, each
peptide was synihesized with C-terminus amida’ion. All peptides were synthesized by
GL Biochem (Shanghai) Ltd. (Shanghai, China). The synthesized peptides were analyzed
by reversed-phase high performance liquid chromatography and mass spectrometry to
confirm purity higher than 98%. All the paptides are hydrosoluble and were dissolved in
PBS to make 20 mM stock solution.

Parasite strains, cells, and bacieriai strains

All the parasite strains used ir the study, including P. falciparum 3D7 (sensitive strain),
P. falciparum 803 (artemisinin-resistant strain), P. falciparum Dd2 (chloroquine-resistant
strain), and P. berghei (ANKA), were stored in our laboratory. HepG2 and HEK293T were
the preserved cells from our laboratory. Human erythrocytes were from Wuxi Blood
Center. The bacteriai strains including Gram-positive bacterium Staphylococcus aureus
(ATCC 6538), Bacillus sudtilis (ATCC), and Gram-negative bacteria Escherichia coli (ATCC
25922) were purcitasad from Guangdong Microbial Culture Collection Center.

Plasmodium culture

Blood stages of the laboratory clones P. falciparum 3D7 (sensitive strain), P. falciparum 803
(artemisinin-resistant strain), and P. falciparum Dd2 (chloroquine-resistant strain) were
cultured in vitro according to the method of Trager and Jensens with minor modifications
(37). Briefly, cultures were maintained in O-positive human erythrocytes (RBCs) as host
cells at 2% hematocrit and maintained in complete medium (CM) [RPMI-1640 culture
medium supplemented with NaHCO3 (2 mg/mL), hypoxanthine (50 pg/mL), HEPES
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(5.96 mg/mL), albumax Il (1%), and gentamicin (40 pug/mL)]. The cultures we.e diluted
to 1% parasitemia and 2% hematocrit in Cvi and incubated in a humidified' atinosphere
with 5% 02, 5% CO2, and 90% N2 at 37°C. Prior to experiments, the cu'tures were
highly synchronized for ring stages usiriy 5% sorbitol twice at a 40-h interval. Briefly, ring
stage cultures were centrifuged and the pellet was washed once in incumplete medium
(ICM, RPMI-1640 without addition). Ttien, the pellet was resuspendea in 5% sorbitol and
incubated at 37°C for 10 min. After incubation, the suspension wa< centrifuged and the
pellet was washed once and i=suspended in medium. The deveiapment of the parasite
was observed using light microscopy, and parasitemia was determined by counting at
least 10,000 RBCs on Giemsa's solution-stained thin blood smears.

Assessment of in vifre antimalarial activity of pepiides

Highly synchronous ring stage parasites were used to investigate the in vitro antimalarial
activity of the pepiides. For preliminary screening of in vitro antimalarial activity, a 3-day
inhibition assay wa: used to test the antimaiaiial activity of An-cecA, An-cecB, and
An-cecC. Briefly, after highly synchronization, on aiiquot of parasite inoculum {200 pL)
with 1% parasitemia and 2% hematocrit was arided into each well of a 96-well plate
followed by An-cecA, An-cecB, or An-cecC peptide (dissolved in PBS anci ailuted with
RPMI 1640) at final concentrations of 50 uM. For IC50 assay, a series of concantrations of
peptides were added to the parasite cufture. The concentrations of An-cecs were 5, 15,
20, 25, 30, 35, and 40 pM, while those of An-cecB-1 were 20, 30, 4C, 29, 60, 70, 80, and
90 uM. After 72 hours of incubation, the antimalarial effects of peptides were estimated.
Thin blood films stained with Gieinsa’s solution were counted under a microscope.
The parasitemia of cultures ireaied with peptides was comparad with that of control.
IC50 was calculated by GraphPad Prism. Two independent assavs with three technical
replicates each time were conducted.

Hemolytic activity

Hemolysis assays were performed using human RRCs according to previous reports
(38). Briefly, seriai dilutions of peptides were incubated with 2% hematocrit RBCs (in
PBS) at 37°C for tiree different time points (15, 30, and 60 min) in triplicates. After
incubation, the: RBCs were centrifuged for 1¢ min at 1,000 X g and the absorbance of
the supernatants at 540 nm was read by a spectrophotometer to assess the level of the
released hemoglobin. Maximum hemolysis was determined by substituting the sample
with 1% Triton X-100, which completely lyses the cells. PBS showed no hemolytic activity
and was used as a negative contro!. Hemolysis of peptides was calculated using the
following formula: Hemolysis (%) = (A540 of peptide- A540 of PBS) * 100/A540 of Triton
X-100. Two independent tests with, thrae technical replicates were performed for each
hemolysis assay.

Cholesterol is the main <omnonent of the RBC membrane and is important for
maintaining its stability (39). Fiasmodium falciparum infection efficiently depletes the
red blood cells of cholesternl, which renders parasite membranes susceptible to lysis (40).
Therefore, methyl-B-cyclodextrin treatment was used to simulate the RBC cholesterol
depletion caused by irfection with Plasmodium. RBCs were washed once and then
resuspended with PB5 2t (.5% hematocrit. After treatment with the indicated concentra-
tion (7.5 mM) of methyl-B-cyclodextrin (Sigma) in RPMI for 2 hours at 37°C, the treated
RBCs were wash=c, with PBS and hemolysis assays were performed as described above.
Two independent tests with five technical replicates were performed for each hemolysis
assay.

To test the hemolytic activity of the peptides against RBCs infected by Plasmodium,
schizonts of the P. falciparum 3D7 strain were collected. The parasite culture of mainly
schizonts was centrifuged and resuspended to 50% hematocrit. Then, the resuspended
culture was carefully laid on top of the gradient with 3 mL 70% and 3 mL 40% percoll-
sorbitol solution. After centrifugation at 2,300 x g for 20 min at 20°C, schizonts from
the 40/70% interface were collected and washed twice with 10x volume of ICM. The

Month XXXX Volume 0 Issue 0

Antimicrobial Agents and Chemotherapy

10.1128/aac.00311-2412

Downloaded from https://journals.asm.org/journal/aac on 16 June 2024 by 84.17.45.184.


https://doi.org/10.1128/aac.00311-24

Full-Length Text

collected parasites were resuspended in PBS to 2% hematocrit for hemolysic assay as
described above. Two independent tests with three technical replicates were performed
for each hemolysis assay.

Cytotoxicity

The mammalian cell lines HepG2 and HEK293T were used for cviutoxicity tests. The
cells were cultured in Dulbecrc s modified Eagle medium suppicniented with 10% fetal
bovine serum and 1% penicillin/streptomycin in an incubator a1 27°C with 5% CO2. Cells
were seeded at a density of 1 x 105 cells/mL per well into a 96-well plate overnight and
treated with different concentrations of peptides for 42 hours. To analyze the CC50 of
peptides, a series of concentrations of peptides (0, 5, 10, 20, 30, 40, 50, 60, and 70 uM)
were set to detect thei cytotoxic concentrations. Ther,, 10% CCK-8 solution was added
into each well anci incubated for another 2 hours. The absorbance was monitored by «
microplate reader at 450 nm. PBS was used as a negutive control and the inhibition »f
each drug was normalized to that of the PBS ccntrol. CC50 was calculated by Graph™ad
Prism. Two indep=ndent assays with three tezhnizal replicates each time were coriduc-
ted.

Stage-specific parasite inhibitior: assay

To analyze the stage-specific parasite inhibition, highly synchronized ring-stage parasites
of the 3D7 strain were cultured in 45-well plates with a starting parcsitemia of 0.5% ~
1% at a hematocrit of 2%. The tested peptide at a concentration of 40 uM was added to
ring stage parasites (5 hpi), trephozoites (17 hpi), and schizon®s (29 hpi). After treatment
for 12 hours, the parasites were washed three times to remove the peptide and the
re-invaded parasites (50 hpi) were analyzed. The parasitzmia (50hpi) was diluted 1:40
by new RBCs and cultured for a further 4 days. CM was usea as a blank control. Parasi-
temia was counted undjar a microscope. Two independent assays with three technical
replicates each time were performed.

Antimicrobial assays

Gram-positive bacteria S. aureus, B. subtilis, and Gram-negative E. coli were used in
antimicrobial assays. Bacteria were first grown iri LB (Luria-Bertani) broth to an absorb-
ance of 0.8 at 600 nm. The antibacteriai behavior of the peptides was studied via the
agar disc diffusion assay and broth microdilution method (41, 42). The agar plates were
made by pouring 20 mL of LB brotfi containing 1.5% agar into 60-mm Petri dishes.
Then, a 100-pL bacterial suspension (106 CFU/mL) was spread over the LB agar plate.
Ten microliters of the 2-mg/mL peptite sample was carefully dropped onto sterile 2-mm
diameter paper discs that had heer. previously attached to the plate. The plates were
carefully placed in an incukatar at 37°C for 24 hours. If an examined sample had
antimicrobial activity, a clear zcne was observed around the filter paper representing
inhibition of bacterial growth. The MIC was determined by the broth dilution method,
and the absorbance value was measured at an optical density at 600 nm (OD600)
to determine the inirthition rate of peptides at different concentrations against each
bacteria. Then, the MIC at which no visible growth occurred was recorded (38). The
MIC50 was calculated by GraphPad Prism. Two independent assays with three technical
replicates each tiimie were performed.

Transmission e'ectron microscope analysis

3D7 strain parasites with parasitemia of 3% ~ 5% at a hematocrit of 2% were planted in
12-well plates, 3 mL/well. A 40-uM concentration of An-cecB or 200 uM An-cecB-1 was
added and incubated for 30 min or 60 min. PBS was used as a control.

After incubation, the parasites were washed three times with ICM, and the electron
microscope fixative solution (provided by the company) was added to keep the parasites
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clumped for 2 hours at room temperature. Finally, the samples were sent to a ccmmercial
company at 4°C for transmission electron microscope analysis.

Acute toxicity test

Mice were housed under standarc conditions at a temperatur2 cf 24 + 2°C and a
humidity of 50%-80%. Lighting was alternated between day arnia niynt every 12 hours.
All mouse groups consisted ¢i zix animals per cage, and thesz erc fed ad libitum with
SPF-grade stock diet and watei. All the experimental mice were adapted to the animal
room for 1 to 2 weeks befora the experiment.

For the acute toxicity test, the mice were divided into four groups. Each group
contained six mice. Mice were fasted for 2 hours beicre feeding with a single oral
dose of peptide. The niice in each group were fed with peptide at a single oral dosc
of 500, 200, and 100 mg/kg body weight. Normal saiine (1 mL) was used as contro.
The general behavicr of each mouse was observed continuously for the first 7 hour,
then intermittently every 4 hours, and thereai*ter over a period of 24 hours (43). The
mice were observed for up to 14 days, and *he Yody weight changes were reco:ded.

Four-day suppressive test

The in vivo antimalarial activity of pepiides was evaluated using a 4-day suppressive
test in P. berghei-infected mouse model mice (44). The mice were divided into five
groups of six mice. Donor mice ware infected with 200 pL of P. tergei parasite inocu-
lum by intraperitoneal injection. Parasitized blood was collecteo from the tail vein of
donor mice and diluted with 0.9% sodium chloride solution Niice were then infected
with saline suspension of 1 x 107 parasitized erythrocytes (0.2 mL) by intraperitoneal
injection (Day0). Four hours after infection, each of the three groups of mice was treated
with peptide by intraperitoneal injection at daily doses of 19, 25, and 50 mg/kg for 4
consecutive days. Positive control mice were treated with chloroquine at daily doses
of 10 mg/kg and negative control mice with normal saline. On day 4 (96 hours post
infection), the parasitemia of each mouse was det=rmiried under a light microscope by
examination of Ciemsa’s solution-stained thin hlood smears prepared from mouse tail
blood (28). The: mean parasitemia in each group of mice was used to calculate the %
suppression for each dose using the following forriula:

%suppression = (parasitemia of negative control — parasitemia of test) * 100/
parasitemia of negative control.

The antimalarial activity of the peptides was determined from the ratio of the
percentage of parasite reduction in tieaied and negative control groups (44). Results
were expressed as median (range) values.

ACKNOWLEDGMENTS

This work was supported by the National Key R&D Program of China (No.
2023YFA1801004) and the 1{ational Natural Science Foundation of China (82320108014,
82172302, 82372275, 82302562, 82102424, and 32002311).

The authors wish to acknowledge Professor Richard Culleton of Division of Molecular
Parasitology Proteo-Scienze Centre, Ehime University, Japan, for his help in proofreading
the language of ti.e rmanuscript and giving valuable suggestions for revisions.

AUTHOR AFFILIATIONS

'School of Public Health, Nanjing Medical University, Nanjing, Jiangsu, China

“National Health Commission Key Laboratory of Parasitic Disease Control and Prevention,
Jiangsu Provincial Key Laboratory on Parasite and Vector Control Technology, Jiangsu
Institute of Parasitic Diseases, Wuxi, China

*Kunming Institute of Zoology, Chinese Academy of Sciences, Kunming, Yunnan, China

Month XXXX Volume 0 Issue 0

Antimicrobial Agents and Chemotherapy

10.1128/aac.00311-2414

Downloaded from https://journals.asm.org/journal/aac on 16 June 2024 by 84.17.45.184.


https://doi.org/10.1128/aac.00311-24

Full-Length Text Antimicrobial Agents and Chemotherapy

AUTHOR ORCIDs

Jingyao Wu & http://orcid.org/0000-0001-79z8-6505
Xiaoqin He @ http://orcid.org/0000-C(32-9840-5238
Jun Cao  http://orcid.org/0000-0001-52¢8-9234

FUNDING

Funder Grani(s, Author(s)
MOST | National Natural Science Foundation of China 82172302 Jianxia Tang
(NSFQ)

MOST | National Natural Science Foundation of China 52002311 Yaqun Fang
(NSFQ)

MOST | National Naturai Science Foundation of China 82320108014  Jun Cao
(NSFQ)

MOST | National Natural Science Foundation of Ciina 82302562 Jun Ceo
(NSFQ)

MOST | National Natural Science Foundation of Clina 82102424 Jun Cao
(NSFQ)

MOST | National Natural Science Foundation of China 82372275 sun Cao
(NSFQ)

MOST | National Key Research and Development 2023YFA1821,04 Jun Cao

Program of China (NKPs)

AUTHOR CONTRIBUTIONS

Junchao Lou, Formal analysis, Project administration | Dongving Zhang, Data curation,
Project administration | Jingyao Wu, Investigation | Methva Zhang, Formal analysis |
Jianxia Tang, Funding acquisition | Yaqun Fang, Funding acquisition | Xiaogin He, Writing
- original draft.

ETHICS APPROVAI.

Animal experiment procedures were approved hv the Animal Care and Use Committee
as well as the Etihical Committee of Jiangsu Institur 2 of Parasitic Diseases (JIPD-2021-003).

REFERENCES
1. World Health Organization. 2023. Wer'a m:alaria report 2023. Geneva, molecular marker. Lancet Infect Diz 15:415-421.
Switzerland Global Malaria Program https://doi.org/1 0.1016/51473-3099(15)70032-0
2. Kalinjuma AV, Darling AM, Mugusi £, Abioye Al, Okumu FO, Aboud S, 8. Hanboonkunupakarn B, White NJ. 2022. Advances and roadblocks in the
Masanja H, Hamer DH, Hertzmark F, Fawzi WW. 2020. Factors associated treatment of malaria. Br J Clin Pharmacol 88:374--352. https://doi.org/10.
with sub-microscopic placental malaria and its association with adverse 1111/bcp.14474
pregnancy outcomes among H!\'- negative women in Dar es Salaam, 9.  Stokes BH, Ward KE, Fidock DA. 2022. Evidence of artemisinin-resistant
Tanzania: a cohort study. BMC hifect Dis 20:796. https://doi.org/10.1186/ malaria in Africa. N Engl J Med 386:1385-1325. https://doi.org/10.1056/
$12879-020-05521-6 NEJMc2117480
3. Stanisic DI, Good MF. 2023. Malaria vaccines: progress to date. BioDrugs 10.  Collins FH, Sakai RK, Vernick KD, Paskewiiz S. Seeley DC, Miller LH, Collins
37:737-756. https://doi.org/10.1007/s40259-023-00623-4 WE, Campbell CC, Gwadz RW. 1986. Genetic selection of a Plasmodium-
4. Arora N, Anbalagan CL, Pannu AK. 2021. Towards eradication of malaria: refractory strain of the malaria vector Anopheles gambiae. Science
is the WHO's RTS,5/~501 vaccination effective enough? Risk Manag 234:607-610. https://doi.org/10.1i%6/:cience.3532325
Healthc Policy 14:1033-1939. https://doi.org/10.2147/RMHP.5219294 11.  Blandin S, Shiao S-H, Moita LF, Jarise: C, Waters AP, Kafatos FC, Levashina
5. Asua V, Conrast MD, Aydemir O, Duvalsaint M, Legac J, Duarte E, EA. 2004. Complement-like wrotein TEP1 is a determinant of vectorial
Tumwebaze F, Cihirn DM, Cooper RA, Yeka A, Kamya MR, Dorsey G, capacity in the malaria vecto: Anopheles gambiae. Cell 116:661-670.
Nsobya SL, Bailey J, Rosenthal PJ. 2021. Changing prevalence of https://doi.org/10.1016/s0092-8574(04)00173-4
potentiai medietors of aminoquinoline, antifolate, and artemisinin 12.  Eldering M, Morlais |, van Gemert G-J, van de Vegte-Bolmer M, Graumans
resistance across Uganda. J Infect Dis 223:985-994. https://doi.org/10. W, Siebelink-Stoter R, Vos iV}, Abate L, Roeffen W, Bousema T, Levashina
1093/infdis/jina687 EA, Sauerwein RW. 2016. Variation in susceptibility of African Plasmo-
6.  World Health Organization. 2021. World malaria report 2021. Geneva, dium falciparum malaria parasites to TEP1 mediated killing in Anopheles
Switzerland Global Malaria Program gambiae mosquitoes. Sci Rep 6:20440. https://doi.org/10.1038/
7. Tun KM, Imwong M, Lwin KM, Win AA, Hlaing TM, Hlaing T, Lin K, Kyaw srep20440
MP, Plewes K, Faiz MA, et al. 2015. Spread of artemisinin-resistant 13- Molina-Cruz A, Delong RJ, Ortega C, Haile A, Abban E, Rodrigues J,
Plasmodium falciparum in Myanmar: a cross-sectional survey of the K13 Jaramillo-Gutierrez G, Barillas-Mury C. 2012. Some strains of Plasmodium
falciparum, a human malaria parasite, evade the complement-like
Month XXXX Volume 0 Issue 0 10.1128/aac.00311-2415

Downloaded from https://journals.asm.org/journal/aac on 16 June 2024 by 84.17.45.184.


https://doi.org/10.1186/s12879-020-05521-6
https://doi.org/10.1007/s40259-023-00623-4
https://doi.org/10.2147/RMHP.S219294
https://doi.org/10.1093/infdis/jiaa687
https://doi.org/10.1016/S1473-3099(15)70032-0
https://doi.org/10.1111/bcp.14474
https://doi.org/10.1056/NEJMc2117480
https://doi.org/10.1126/science.3532325
https://doi.org/10.1016/s0092-8674(04)00173-4
https://doi.org/10.1038/srep20440
https://doi.org/10.1128/aac.00311-24

Full-Length Text

20.

21.

22,

23.

24,

25.

26.

27.

28.

Month XXXX Volume 0

system of Aropheles gambiae mosquitoes. Proc l.atl Acad Sci USA
109:E1957-62. https://doi.org/10.1073/pnas 1121183109
Garcia-Longoria L, Ahrén D, Berthomieu A, ialbskopf V, Rivero A,
Hellgren O. 2023. Immune gene expres=ior. in the mosquito vector Culex
quinquefasciatus during an avian malaria ir:fection. Mol Ecol 32:904-919.
https://doi.org/10.1111/mec.16799

Mohammed M, Dziedziech A, Sekar '/, Ernast M, Alves E Silva TL, Balan B,
Emami SN, Biryukova |, Friedlarder MR, Jex A, Jacobs-Lorena M,
Henriksson J, Vega-Rodriguez J, Ankarklev J. 2023. Single-cell transcrig-
tomics to define Plasmodium ¥ ziciuaium stage transition in the mosquitc
midgut.  Microbiol Spectr |!:€0367122. https://doi.org/10.1122/
spectrum.03671-22

Vizioli J, Bulet P, Hoffmann JA, Kafatos FC, Muller HM, Dimorgoulos G.
2001. Gambicin: a novel immune responsive antimicrobial pepiide trom
the malaria vector Anopheles gambiae. Proc Natl Acad Sci USA 2R:1.630-
12635. https://doi.org/10.1073/pnas.221466798

Buonocore F, Fausto AM, Della Pelle G, Roncevic T, Gerdoi i\A. Picchietti S.
2021. Attacins' a promising class of insect antimicrokial peptides.
Antibiotics (Bazel) 10:212. https://doi.org/10.3390/antiviotic 310020212
Yi H-Y, Chowdhury M, Huang Y-D, Yu X-Q. 2014. Inse~t antimicrobial
peptides aind their applications. Appl Microbiol 3iotechnol 98:5807-
5822. https://doi.org/10.1007/s00253-014-5792-6

Marxer M, Vollenweider V, Schmid-Hempel P. 2016. Insect antimicrobial
peptides act synergistically to inhibit a typar osome parasite. Philos
Trans R Soc Lond B Biol Sci 371:201502(2.. https://doi.org/10.1098/rstb.
2015.0302

Umnyakova ES, Zharkova MS, Berlov MN, Shamova OV, Kokryakov VN.
2020. Human antimicrobial pepticics in autoimmunity. Autoimmunity
53:137-147. https://doi.org/10.102C,/0£516934.2020.1711517

Krenev IA, Umnyakova ES, Eliseev IE, Dubrovskii YA, Gorbunov NF,
Pozolotin VA, Komlev AS, Paniesy PV, Balandin SV, Ovchinnikova T/
Shamova OV, Berlov MN. 2C:0. Antimicrobial peptide arenicii:-1
derivative Ar-1-(C/A) as complement system modulator. Mar Drugs
18:12. https://doi.org/10.3320/md 18120631

Luo Y, Song Y. 2021. Mechanism of antimicrobial peptides: antimicrc!ial,
anti-inflammatory and antibiofilm activities. Int J Mol Sci 22:21. h:tps://
doi.org/10.3390/ijms.222111401

Gelhaus C, Jacobs T, Anaia J, Leippe M. 2008. The antimi:vobial peptide
NK-2, the core ragtion of mammalian NK-lysin, kills intrae.ythrocytic
Plasmodium fcleiparum. Antimicrob Agents Chemotirer 52:1713-1720.
https://doi.org/10.1128/AAC.01342-07

Gwadz RW. Kaslow D, Lee JY, Maloy WL, Zasloi® v, Miller LH. 1989.
Effects of magainins and cecropins on the sporogonic development of
malaria parasites in mosquitoes. Infect Immun 57:2628-2633. https://
doi.org/10.1128/iai.57.9.2628-2633.1989

Jaynes JM, Burton CA, Barr SB, Jeffers GV, Julian GR, White KL, Enright
FM, Klei TR, Laine RA. 1988. In vitro cytccicial effect of novel lytic peptides
on Plasmodium falciparum and Trypancsor::a cruzi. FASEB J 2:2878-2883.
https://doi.org/10.1096/fasebj.2.13 3049204

Manniello MD, Moretta A, Salvia R, scieuzo C, Lucchetti D, Vogel H,
Sgambato A, Falabella P. 2021. Inseci antimicrobial peptides: potential
weapons to counteract the antibiotic resistance. Cell Mol Life Sci
78:4259-4282. https://doi.org/1N.1067/s00018-021-03784-z

Ramirez JL, Hampton KJ, Rosaies AM, Muturi EJ. 2022. Multiple mosquito
AMPs are needed to potentiate their antifungal effect against
entomopathogenic fungi. Front Microbiol 13:1062383. https://doi.org/
10.3389/fmicb.2022.1062383

Waterhouse RM, Krivenizeva EV, Meister S, Xi Z, Alvarez KS, Bartholomay
LC, Barillas-Mury C, bien G, Blandin S, Christensen BM, et al. 2007.
Evolutionary dvnamics of immune-related genes and pathways in
disease-vector masanitoes. Science 316:1738-1743. https://doi.org/10.
1126/science.1132862

Issue 0

29.

30.

31.

32

33.

34.

35.

37.

38.

39.

40.

41.

42.

43.

44,

Antimicrobial Agents and Chemotherapy

Wei L, Yang Y, Zhou Y, Li M Yang H, Mu L, Qian Q, Wu J, Xu W. 20186. Anti-
irflan.matory activities of Aedes aegypti cecropins and thcir protection
aZanst murine endotoxin shock. Parasit Vectors 11:470. https://doi.org/
10.1186/513071-018-3000-8

Zheng XL, Zheng AL. 2002. Genomic organizatior. ar.o iegulation of
three cecropin genes in Anopheles gambiae. Insect Mol Biol 11:517-525.
https://doi.org/10.1046/j.1365-2583.2002.00360..¢

Indrayanto G, Putra GS, Suhud F. 2021. Validaiion of in-vitro bioassay
methods: application in herbal drug researcii. Profiles Drug Subst Excip
Relat Methodol 46:273-307. https://doi.org/i2.1216/bs.podrm.2020.07.
005

Junqueira C, Polidoro RB, Castro G, Absalon S, Liang Z, Sen Santara S,
Crespo A, Pereira DB, Gazzinelli RT, Dvorin JD, Lieberman J. 2021.
Gammadelta T cealls suppress Plasmodium falciparum blood-stage
infection by direct killing and phagncytosis. Nat Immunol 22:347-357.
https://doi.org/10.1078/541590-02C -C0347-4

Vale N, Aguiar ' . Gomes P. 2014. Antimicrobial peptides: a new class or
antimalarial drugs? Front rharmacol 5:275. https://doi.org/10.53529/
fphar.2014.00275

Teixeira C, \7le N, Pérez B, Gomes A, Gomes JRB, Gomes F 20'4.
“Recycling” classical drugs for malaria. Chem Rev 114:11164--11220.
https://doi.org/10.1021/cr500123g

Kokc7a V, Ahmed A, Woon Shin S, Okafor N, Zou Z, Raikhel AS. 2010.
Rlgcking of Plasmodium transmission by cooperative action ¢f Cecropin
A ar.d Defensin A in transgenic Aedes aegypti mosquitoes. Proc Natl Acad
Sci USA 107:8111-8116. https://doi.org/10.1073/pnas.1293056107
Snahabuddin M, Fields |, Bulet P, Hoffmann JA, Mi'ler LH. 1998.
Plasmodium gallinaceum: differential killing of sarne mosquito stages of
the parasite by insect defensin. Exp Parasitol $2:103-112. https://doi.
org/10.1006/expr.1998.4212

Trager W, Jenson JB. 1978. Cultivation of ma!arial parasites. Nature
273:621-622. https://doi.org/10.1038/2736Z1a(

He X, Yang S, Wei L, Liu R, Lai R, Rong M. 2013. Antimicrobial peptide
diversity in the skin of the torrent frog, Ainolops jingdongensis. Amino
Acids 44:481-487. https://doi.org/10.1007/s00726-012-1358-z

Bernecker C, Kofeler H, Pabst G, Trotzmuller M, Kolb D, Strohmayer K,
Trajanoski S, Holzapfel GA, Schierkzs P, Dorn I. 2019. Cholesterol
deficiency causes impaired osmotic stability of cultured red blood celis.
Front Physiol 10:1529. https://ici.org/10.3389/fphys.2019.01529
Hernadndez-Castafieda MA, Lavergne M, Casanova P, Nydegger B, Merten
C, Subramanian BY, Matthey P, Lannes N, Mantel P-Y, Walch M. 202, A
profound membrane reorganization defines susceptibility ot ’lasmo-
dium falciparum infected red blood cells to lysis by granulysir and
perforin. Front Immunoi 12:643746. https://doi.org/10.3389/fimmu.
2021.643746

Saher U, Ovais Omer M, Javeed A, Ahmad Anjum A, Rehman K, Awan T.
2023. Soluble laticifer proteins from Calotropis procera as an effective
candidates for antimicrobial therapeutics. Saudi J Bioi 5ci 30:103659.
https://doi.org/10.1016/j.sjbs.2023.103659

Bamunuarachchi NI, Khan F, Kim YM. 2021. Antirniciobial properties of
actively purified secondary metabolites isolated from different marine
organisms. Curr Pharm Biotechnol 22:920 -944. https://doi.org/10.2174/
1389201021666200730144536

Twaij HA, Kery A, Al-Khazraji NK. 1983. Some pharmacological,
toxicological and phytochemical investigations on Centaurea phylloce-
phala. J Ethnopharmacol 9:299-314. https://doi.org/10.1016/0378-
8741(83)90037-5

Peters W. 1965. Drug resistance 'ty Flasmodium berghei Vincke and Lips
1948. I. chloroquine resistance. Exp Parasitol 17:80-89. https://doi.org/
10.1016/0014-4894(65)90012-2

10.1128/aac.00311-2416

Downloaded from https://journals.asm.org/journal/aac on 16 June 2024 by 84.17.45.184.


https://doi.org/10.1073/pnas.1121183109
https://doi.org/10.1111/mec.16799
https://doi.org/10.1128/spectrum.03671-22
https://doi.org/10.1073/pnas.221466798
https://doi.org/10.3390/antibiotics10020212
https://doi.org/10.1007/s00253-014-5792-6
https://doi.org/10.1098/rstb.2015.0302
https://doi.org/10.1080/08916934.2020.1711517
https://doi.org/10.3390/md18120631
https://doi.org/10.3390/ijms222111401
https://doi.org/10.1128/AAC.01342-07
https://doi.org/10.1128/iai.57.9.2628-2633.1989
https://doi.org/10.1096/fasebj.2.13.3049204
https://doi.org/10.1007/s00018-021-03784-z
https://doi.org/10.3389/fmicb.2022.1062383
https://doi.org/10.1126/science.1139862
https://doi.org/10.1186/s13071-018-3000-8
https://doi.org/10.1046/j.1365-2583.2002.00360.x
https://doi.org/10.1016/bs.podrm.2020.07.005
https://doi.org/10.1038/s41590-020-00847-4
https://doi.org/10.3389/fphar.2014.00275
https://doi.org/10.1021/cr500123g
https://doi.org/10.1073/pnas.1003056107
https://doi.org/10.1006/expr.1998.4212
https://doi.org/10.1038/273621a0
https://doi.org/10.1007/s00726-012-1358-z
https://doi.org/10.3389/fphys.2019.01529
https://doi.org/10.3389/fimmu.2021.643746
https://doi.org/10.1016/j.sjbs.2023.103659
https://doi.org/10.2174/1389201021666200730144536
https://doi.org/10.1016/0378-8741(83)90037-5
https://doi.org/10.1016/0014-4894(65)90012-3
https://doi.org/10.1128/aac.00311-24

	Antimalarial activity of cecropin antimicrobial peptides derived from Anopheles mosquitoes
	RESULTS
	Sequence and physicochemical properties of the peptides
	Preliminary screening of the in vitro antimalarial activity of AMPs
	The stage specificity of the antimalarial activity of An-cecB
	Cytotoxicity of An-cecB and the truncated peptides
	Antimicrobial activity
	The antimalarial mechanism of An-cecB
	Assessment of antimalarial activity against Plasmodium berghei in mice

	DISCUSSION
	MATERIALS AND METHODS
	Animals
	Peptide selection, design, and synthesis
	Parasite strains, cells, and bacterial strains
	Plasmodium culture
	Assessment of in vitro antimalarial activity of peptides
	Hemolytic activity
	Cytotoxicity
	Stage-specific parasite inhibition assay
	Antimicrobial assays
	Transmission electron microscope analysis
	Acute toxicity test
	Four-day suppressive test



