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expression of a viral entry factor
Received for publication, June 20, 2022, and in revised form, August 21, 2022 Published, Papers in Press, September 8, 2022,
https://doi.org/10.1016/j.jbc.2022.102471

Jing Wang1,‡, Bingyan Jiang1,‡, Kezhen Wang1,‡, Jianfeng Dai1, Chunsheng Dong1, Yipeng Wang2, Peng Zhang3,
Min Li1, Wei Xu1,*, and Lin Wei1,*
From the 1Jiangsu Provincial Key Laboratory of Infection and Immunity, Institutes of Biology and Medical Sciences, Soochow
University, and 2Department of Biopharmaceutical Sciences, College of Pharmaceutical Sciences, Soochow University, Jiangsu,
3The Second Affiliated Hospital of Soochow University, Suzhou, China

Edited by Craig Cameron
Zika virus (ZIKV) is a re-emerging flavivirus that causes
conditions such as microcephaly and testis damage. The spread
of ZIKV has become a major public health concern. Recent
studies indicated that antimicrobial peptides are an ideal
source for screening antiviral candidates with broad-spectrum
antiviral activities, including against ZIKV. We herein found
that Hc-CATH, a cathelicidin antimicrobial peptide identified
from the sea snake Hydrophis cyanocinctus in our previous
work, conferred protection against ZIKV infection in host cells
and showed preventative efficacy and therapeutic efficacy in
C57BL/6J mice, Ifnar1−/− mice, and pregnant mice. Intrigu-
ingly, we revealed that Hc-CATH decreased the susceptibility
of host cells to ZIKV by downregulating expression of AXL, a
TAM (TYRO3, AXL and MERTK) family kinase receptor that
mediates ZIKV infection, and subsequently reversed the
negative regulation of AXL on host’s type I interferon response.
Furthermore, we showed that the cyclo-oxygenase-2/
prostaglandin E2/adenylyl cyclase/protein kinase A pathway
was involved in Hc-CATH-mediated AXL downregulation, and
Hc-CATH in addition directly inactivated ZIKV particles by
disrupting viral membrane. Finally, while we found Hc-CATH
did not act on the late stage of ZIKV infection, structure–
function relationship studies revealed that α-helix and
phenylalanine residues are key structural requirements for its
protective efficacy against initial ZIKV infection. In summary,
we demonstrate that Hc-CATH provides prophylactic and
therapeutic efficacy against ZIKV infection via downregulation
of AXL, as well as inactivating the virion. Our findings reveal a
novel mechanism of cathelicidin against viral infection and
highlight the potential of Hc-CATH to prevent and treat ZIKV
infection.

Zika virus (ZIKV) is a single-stranded, enveloped, and
positive-sense RNA virus belonging to the Flaviviridae family
(1). This group of approximately 70 viruses include members
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such as dengue virus, yellow fever virus, West Nile virus, Jap-
anese encephalitis virus, and tick-borne encephalitis virus (2, 3).
In all flaviviruses, the RNA genome encodes a polyprotein that
is processed into three structural proteins (core C, membrane
precursor prM, and envelope E) and seven nonstructural pro-
teins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) (1, 4).
The structural proteins form the virus particle and the
nonstructural proteins assist in replication and packaging of the
genome. Aedes mosquitoes are the main vectors for the trans-
mission of ZIKV (5). Besides, ZIKV can also be transmitted
through sexual, vertical, and blood transmission (6, 7). Initially,
ZIKV did not arouse widespread concern in society, and there
were few related cases of ZIKV (8). Recent epidemiological
studies have shown that ZIKV infection can cause a variety of
serious diseases, which can lead to microcephaly, congenital
malformations, brain calcification, fetal death, multiple organ
failure, thrombocytopenia, thrombocytopenic purpura, testis
damage, and male infertility (9, 10). In addition, ZIKV infection
can also cause blindness and a variety of eye abnormalities,
including retinal spots, lens subluxation, and optic neuritis (2,
11). Therefore, it is urgent to develop safe and effective drugs
for the prevention and therapy of ZIKV infection.

Many molecules expressed on the cell surface are involved
in viral infection, including the DC cell surface c-type lectin
receptor superfamily (DC-SING), DC-SING-related proteins
(L-SING) (12, 13), and phosphatidylserine (PS) receptors (11,
14). PS receptors play a critical role in flavivirus infection,
including members of the TIM (T-cell immunoglobulin and
mucin domain) family and TAM (TYRO3, AXL and MERTK)
family (15, 16). TAM receptors belong to the tyrosine receptor
family, a transmembrane protein that transmits signals from
the extracellular environment to the cytoplasm and nucleus.
TAM receptors regulate various cellular functions, including
clearance of apoptotic cells by macrophages, platelet aggre-
gation, and differentiation of natural killer cells (17). AXL
belongs to the TAM family and can be expressed in brain and
neural progenitor cells. It has been reported that AXL plays an
important role in ZIKV infection (18–21). On the one hand,
AXL can act as a cofactor for the entry of ZIKV to host cells
(15, 22, 23). On the other hand, AXL can regulate the innate
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Anti-ZIKV peptide derived from the sea snake cathelicidin
immune response of host cells by negatively regulating inter-
feron (IFN) signaling and the expression of inflammatory
factors, thus promoting ZIKV infection (22, 24, 25). These
molecules involved in viral infection are potential targets for
the prevention and therapy of ZIKV infection.

Antimicrobial peptides (AMPs), also called host defense
peptides, are a group of relatively small cationic peptides. They
are an important part of the innate immune system and play
an important role in fighting against bacterial infection (26).
Recently, more and more studies have shown that AMPs can
also exert antiviral effects by inhibiting virus adsorption, dis-
rupting virus envelope, and regulating host antiviral immune
response (27–29). AMPs have become an important source for
screening antiviral peptides with broad antiviral spectrum
against herpes simplex virus (30, 31), human immunodefi-
ciency virus (32), hepatitis C virus (33), and influenza A virus
(34). Therefore, AMPs can be used as new candidates for the
development of antiviral drugs. In mammals, the two major
AMP families are cathelicidins and defensins, among which
cathelicidins have direct antimicrobial activity against a variety
of microorganisms and actively participate in host’s immune
regulation (35). Cathelicidins are also found in the venom of
various snakes. Previous studies have shown that cathelicidins
derived from snakes have strong antibacterial activity with
broad spectrum, including clinically isolated drug-resistant
bacterial strains (36, 37). Besides, snake-derived cathelicidins
have extremely low cytotoxicity and hemolytic activity,
showing a high clinical application prospect. In our previous
study, we identified a novel cathelicidin peptide from the
venom of the sea snake, Hydrophis cyanocinctus, which is
designated as Hc-CATH (26). It showed a broad antibacterial
spectrum as well as potent anti-inflammatory activity with
high stability and low cytotoxicity (26). However, few attention
was paid to its antiviral activity. In this study, we tried to
evaluate the effects of Hc-CATH on ZIKV infection, including
its effect on ZIKV-caused cytopathic effect, ZIKV replication
in vitro, and ZIKV replication in vivo. The mechanism of ac-
tion against ZIKV infection was also investigated.
Results

Hc-CATH inhibits ZIKV infection in vitro

In order to explore whether Hc-CATH has antiviral activity
against ZIKV, Vero cells were infected with ZIKV in the
presence of Hc-CATH or PBS (solvent of peptide) as indicated
in Fig. 1A, and the effect of Hc-CATH on ZIKV-caused
cytopathic effect and ZIKV replication were detected. As
shown in Fig. 1, B and C, ZIKV infection obviously caused
cytopathic effect in Vero cells, and Hc-CATH markedly
reversed the cytopathic effect caused by ZIKV infection in a
dose-dependent manner. Hc-CATH also reduced the intra-
cellular ZIKV RNA (Fig. 1D), NS3 protein (Fig. 1E), E protein
(Fig. 1F), and extracellular ZIKV particles (Fig. 1, G and H) in a
dose-dependent manner. At concentration of 5 μM, Hc-CATH
reduced about 70.3% cytopathic effect, 52.7% ZIKV RNA,
67.4% NS3 protein, and 71.6% ZIKV particles. Besides, Hc-
CATH did not have cytotoxicity against mammalian cells at
2 J. Biol. Chem. (2022) 298(10) 102471
concentrations of 1.25, 2.5, and 5 μM (Fig. S1). The results
indicate that Hc-CATH shows inhibitory effect against ZIKV
infection in Vero cells.

Hc-CATH decreases the susceptibility of host cells to ZIKV

To understand the anti-ZIKV mechanism of Hc-CATH, we
first investigated whether Hc-CATH decreases the suscepti-
bility of host cells. Vero cells were incubated with Hc-CATH
or PBS before ZIKV infection as indicated in Fig. 2A (Hc-
CATH-cell-pre). As shown in Fig. 2, B–G, the incubation of
Vero cells with Hc-CATH for 2 h significantly reduced the
intracellular ZIKV RNA (Fig. 2B), NS3 protein (Fig. 2, C and
D), E protein (Fig. 2E), and extracellular ZIKV particles (Fig. 2,
F and G) relative to PBS incubation. The incubation of Vero
cells with Hc-CATH reduced about 46.1% ZIKV RNA
(Figs. 2B), 50.1% ZIKV NS3 protein (Fig. 2, C and D), and
62.2% ZIKV particles (Fig. 2, F and G). The results indicate
that incubation of Vero cells with Hc-CATH decreases the
susceptibility of host cells to ZIKV.

Hc-CATH downregulates AXL in host cells

It is well known that several ZIKV entry factors, such as
AXL, TIM-1, and TYRO3, can change the susceptibility of host
cells to ZIKV (15). In order to identify whether Hc-CATH
decreases the susceptibility of host cells by downregulating
these factors, we performed experiment as indicated in Fig. 3A.
As shown in Fig. 3B, Hc-CATH reduced the level of AXL in
Vero cells relative to PBS after incubation for 24 h. Immu-
nofluorescence (IF) staining confirmed that Hc-CATH did
reduce the level of AXL in Vero cells after incubation for 24 h
(Fig. 3C). While Hc-CATH did not obviously influence the
other ZIKV entry factors (TYRO3 and TIM-1) at 6, 12, and
24 h post Hc-CATH addition (Fig. 3B). We next tested the
effect of Hc-CATH on AXL in Vero cells upon ZIKV infection
as indicated in Fig. 3D. At 24 h post Hc-CATH addition, Hc-
CATH also decreased the level of AXL in Vero cells relative to
PBS upon ZIKV infection (Fig. 3E). We then tested the effect
of Hc-CATH on AXL in A549 cells and U251 cells as indicated
in Fig. 4A and Fig. 5A, respectively. The results demonstrated
that Hc-CATH effectively decreased the level of AXL in
A549 cells (Fig. 4, B and C, E and F) and U251 cells (Fig. 5, B
and C, E and F). Besides, Hc-CATH also decreased the sus-
ceptibility of A549 cells (Fig. 4, E and G) and U251 cells (Fig. 5,
E and G) to ZIKV. The data suggest that Hc-CATH decreases
the susceptibility of host cells to ZIKV by downregulating
AXL.

Cyclo-oxygenase-2/prostaglandin E2/adenylyl cyclase/PKA
pathway is involved in Hc-CATH-mediated AXL
downregulation

As described previously, cycloo-xygenase-2 (COX-2) can
regulate the synthesis of prostaglandin E2 (PGE2), and PGE2
can activate the expression of downstream signal molecules
that make AXL stably express on cell surface (38). We were
interested to explore whether this signaling pathway is
involved in Hc-CATH-mediated AXL downregulation. We



A

B C

D E

F

G

H

Figure 1. Hc-CATH inhibits ZIKV infection in vitro. A, schematic diagram of B–H. B–H, protective effect of Hc-CATH on ZIKV infection in vitro. Vero cells
were seeded in 24-well plates (5 × 104 cells/well). Cells were infected with ZIKV (MOI = 1), and Hc-CATH (1.25, 2.5, and 5 μM), AC5 (2.5 and 5 μM), LL-37
(2.5 μM), or same volume of PBS (peptide solvent) was added and incubated at 37 �C for 2 h. Then the cells were washed with PBS and transferred with
fresh DMEM containing 2% FBS and the same concentration of peptides. After culture at 37 �C for 48 h, image of ZIKV-caused cytopathic effect was taken (B,
the scale bar represents 200 μm), the percentage of ZIKV-caused cytopathic effect was quantified by CCK-8 (C), intracellular ZIKV RNA (D), NS3 protein (E,
upper panel: immunoblots, lower panel: ratios analyzed by ImageJ), E protein (F, the scale bar represents 50 μm), and extracellular ZIKV titer (G and H) was
tested by qPCR, Western blot, immunofluorescence staining, and plaque-forming assay, respectively. The raw data files used in the creation of G are
presented in Fig. S3. *p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant. CCK-8, Cell Counting Kit-8; DMEM, Dulbecco’s modified Eagle’s medium; FBS,
fetal bovine serum; Hc-CATH, a cathelicidin antimicrobial peptide identified from the sea snake Hydrophis cyanocinctus; MOI, multiplicity of infection; qPCR,
quantitative PCR; ZIKV, Zika virus.

Anti-ZIKV peptide derived from the sea snake cathelicidin
found that Hc-CATH did not influence the expression of
COX-2 (Fig. 6A), but it significantly inhibited the enzyme ac-
tivity of COX-2 in a dose-dependent manner (Fig. 6B). At
concentration of 10 μM, the inhibitory rate of Hc-CATH
against COX-2 activity could reach about 80%. As expected,
the addition of Hc-CATH significantly reduced the synthesis
of PGE2 in a dose-dependent manner (Fig. 6C). It was reported
that PGE2 can lead to the activation of adenylyl cyclase (AC)
and an increase in the cAMP. Subsequently, cAMP can
activate PKA (39). To see if these downstream signal molecules
are involved in Hc-CATH-induced AXL downregulation, we
added forskolin (FSK, a specific activator of AC) to the cell
culture. As shown in Fig. 6D, the addition of FSK effectively
counteracted the Hc-CATH-induced AXL downregulation.
However, a specific PKA kinase inhibitor, H89, significantly
facilitated Hc-CATH-mediated AXL downregulation (Fig. 6E).
These results indicate that COX-2/PGE2/AC/PKA pathway is
involved in Hc-CATH-mediated AXL downregulation.
J. Biol. Chem. (2022) 298(10) 102471 3
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Figure 2. Hc-CATH decreases the susceptibility of Vero cells to ZIKV. A, schematic diagram of B–G (Hc-CATH-Vero-pre). B–G, pretreatment with Hc-CATH
before ZIKV infection decreases the susceptibility of Vero cells to ZIKV. Vero cells were seeded in 24-well plates (5 × 104 cells/well) and cultured in DMEM
containing 2% FBS. Hc-CATH (2.5 μM), AC5 (2.5 μM), LL-37 (2.5 μM), or same volume of PBS (peptide solvent) was added to cells and incubated at 37 �C for
2 h. Vero cells were washed three times with PBS, and ZIKV (MOI = 1) was added to cells. After incubation at 37 �C for 2 h, Vero cells were washed with PBS
and transferred with fresh DMEM containing 2% FBS. After culture for 48 h, intracellular ZIKV RNA (B), NS3 protein (C and D, C: immunoblots, D: ratio
analyzed by ImageJ), E protein (E, the scale bar represents 50 μm), and extracellular ZIKV titer (F and G) was tested by qPCR, Western blot, immunoflu-
orescence staining, and plaque-forming assay, respectively. The raw data files used in the creation of F are presented in Fig. S4. *p < 0.05, **p < 0.01, and
***p < 0.001. DMEM, Dulbecco’s modified Eagle’s medium; Hc-CATH, a cathelicidin antimicrobial peptide identified from the sea snake Hydrophis cya-
nocinctus; FBS, fetal bovine serum; MOI, multiplicity of infection; qPCR, quantitative PCR; ZIKV, Zika virus.

Anti-ZIKV peptide derived from the sea snake cathelicidin
Hc-CATH-induced AXL downregulation reverses the negative
regulation of AXL on type I IFN signaling

Several studies have shown that AXL is an important
negative regulator of type I IFN signaling and facilitate ZIKV
infection by antagonizing type I IFN (40). We next tested
whether Hc-CATH-induced AXL downregulation reverses the
negative regulation of AXL on type I IFN as indicated (Fig. 7A).
We found that Hc-CATH significantly increased the levels of
type I IFN genes (Fig. 7B). Meanwhile, Hc-CATH also upre-
gulated the levels of type I IFN genes in response to ZIKV
infection (Fig. 7C). In contrast, type I IFN genes were only
slightly activated or, in some cases, downregulated in response
to ZIKV infection without Hc-CATH treatment (Fig. 7C). As
described previously, ZIKV has evolved multiple molecular
mechanisms to escape type I IFN production (41). Next, we
used Sendai virus (SeV) to amplify type I IFN signaling (42)
and verified the effect of Hc-CATH on type I IFN response
upon SeV stimulation as indicated in Fig. 7D. We found that
SeV markedly induced IFN-β expression, and Hc-CATH
treatment significantly increased IFN-β expression in
response to SeV stimulation as compared with PBS treatment
(Fig. 7E). To further explore the role of Hc-CATH in type I
4 J. Biol. Chem. (2022) 298(10) 102471
IFN response, we investigated its effect on IFN signaling
pathway by detecting the phosphorylation of TANK-binding
kinase 1 and interferon regulatory factor 3 (IRF3) in the
presence or the absence of SeV stimulation. As shown in Fig. 7,
F and G, Hc-CATH increased the phosphorylation of TANK-
binding kinase 1 and IRF3 relative to PBS, and it also enhanced
the phosphorylation of IRF3 (indicated by a triangle) in
response to SeV stimulation. The data suggest that Hc-CATH-
induced AXL downregulation reverses the negative regulatory
effect of AXL on type I IFN response.
Hc-CATH directly inactivates ZIKV particles by disrupting viral
membrane

It was reported that some anti-ZIKV peptides can directly
inactivate virions by disrupting virus particles (28, 43). To
investigate whether Hc-CATH exhibited direct effect on ZIKV,
ZIKV virions were incubated with PBS or peptide at 37 �C for
2 h, and the infectivity of ZIKV virions was tested as indicated
in Fig. 8A (Hc-CATH-virus-pre). As shown in Fig. 8, B–G, the
incubation of ZIKV with Hc-CATH significantly decreased the
intracellular ZIKV RNA (Fig. 8B), NS3 protein (Fig. 8, C and



A

B

C

D

E

Figure 3. Hc-CATH downregulates AXL in Vero cell. A, schematic diagram of B and C. B, Vero cells were seeded in 24-well plates (5 × 104 cells/well) and
cultured in DMEM containing 2% FBS. Hc-CATH (1.25, 2.5, and 5 μM), AC5 (2.5 μM), LL-37 (2.5 μM), or same volume of PBS (peptide solvent) was added to
cells. After culture at 37 �C for 6, 12, and 24 h, the levels of ZIKV entry factors, including AXL, TYRO3, and TIM-1, were tested by Western blot, respectively. C,
Vero cells were seeded in 8-well cover slip chambers (5 × 104 cells/well) and cultured in DMEM containing 2% FBS. Hc-CATH (1.25, 2.5, and 5 μM), AC5
(2.5 μM), LL-37 (2.5 μM), or same volume of PBS (peptide solvent) was added to cells. After culture at 37 �C for 24 h, the level of AXL was tested by
immunofluorescence staining. The scale bar represents 50 μm. D, schematic diagram of E. E, Vero cells were seeded in 24-well plates (5 × 104 cells/well) and
cultured in DMEM containing 2% FBS. Hc-CATH (1.25, 2.5, and 5 μM), AC5 (2.5 μM), LL-37 (2.5 μM), or same volume of PBS (peptide solvent) was added to
cells and incubated at 37 �C for 2 h. Cells were washed with PBS and incubated with ZIKV (MOI = 1). After incubation at 37 �C for 2 h, cells were washed with
PBS and cultured in DMEM containing 2% FBS. After culture for 24 h, the level of AXL was tested by Western blot. Ratio of AXL to β-actin was analyzed by
ImageJ. DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum; Hc-CATH, a cathelicidin antimicrobial peptide identified from the sea snake
Hydrophis cyanocinctus; MOI, multiplicity of infection; TIM, T-cell immunoglobulin and mucin domain.

Anti-ZIKV peptide derived from the sea snake cathelicidin
D), E protein (Fig. 8E), and extracellular ZIKV titer (Fig. 8, F
and G) relative to PBS incubation, indicating that the incu-
bation of Hc-CATH with ZIKV directly inactivated viral par-
ticles. To further determine the interaction of Hc-CATH with
ZIKV, we tested the binding of Hc-CATH to ZIKV by ELISA.
As shown in Fig. 8H, Hc-CATH had a stronger binding affinity
with ZIKV as compared with bovine serum albumin, which
proved that Hc-CATH could directly bind to ZIKV particles.
We next explored whether Hc-CATH disrupt ZIKV envelope
by testing the potential release of viral genomic RNA from
ZIKV after the incubation of ZIKV with Hc-CATH. As shown
in Fig. 8I, the genomic RNA of PBS-treated virions was pro-
tected from digestion by micrococcal nuclease, which was
determined as 100%. However, the genomic RNA of Hc-
CATH-treated virions was digested by micrococcal nuclease.
These data suggest that Hc-CATH can bind to ZIKV, disrupt
J. Biol. Chem. (2022) 298(10) 102471 5
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Figure 4. Hc-CATH downregulates AXL in A549 cell. A, schematic diagram of B and C. B, A549 cells were seeded in 24-well plates (5 × 104 cells/well) and
cultured in DMEM containing 2% FBS. Hc-CATH (1.25, 2.5, and 5 μM) or same volume of PBS (peptide solvent) was added to cells and incubated at 37 �C for
24 h. The level of AXL was tested by Western blot. C, A549 cells were seeded in 8-well cover slip chambers (5 × 104 cells/well) and cultured in DMEM
containing 2% FBS. Hc-CATH (1.25, 2.5, and 5 μM) or PBS was added to cells and incubated at 37 �C for 24 h. The level of AXL was tested by immuno-
fluorescence staining. The scale bar represents 50 μm. D, schematic diagram of E and G. E and G, A549 cells were seeded in 24-well plates (5 × 104 cells/well)
and cultured in DMEM containing 2% FBS. Hc-CATH (1.25, 2.5, and 5 μM) or PBS was added to cells and incubated at 37 �C for 2 h. Cells were washed with
PBS and incubated with ZIKV (MOI = 1). After incubation at 37 �C for 2 h, cells were washed with PBS and cultured in DMEM containing 2% FBS. After culture
for 24 h, AXL and ZIKV NS3 was tested by Western blot (E), ratio of AXL (F), and NS3 (G) to β-actin was analyzed by ImageJ. *p < 0.05, **p < 0.01, and ***p <
0.001. DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum; Hc-CATH, a cathelicidin antimicrobial peptide identified from the sea snake
Hydrophis cyanocinctus; MOI, multiplicity of infection; ZIKV, Zika virus.

Anti-ZIKV peptide derived from the sea snake cathelicidin
viral membrane, induce the leakage of viral genomic RNA, and
then inactivate ZIKV virions.

Hc-CATH does not act on the late stage of ZIKV infection

To see if Hc-CATH act on ZIKV replication stage, we
conducted experiments as indicated in Fig. 9A (Hc-CATH-
maint). When Hc-CATH was maintained in the cell culture
after ZIKV infection, Hc-CATH did not reduce the intracel-
lular ZIKV RNA (Fig. 9B), NS3 protein (Fig. 9, C and D), E
protein (Fig. 9E), and extracellular ZIKV titer (Fig. 9, F and G)
in Vero cells relative to PBS. Hc-CATH also did not inhibit
ZIKV infection in A549 cells (Fig. 9H) and U251 cells (Fig. 9I)
6 J. Biol. Chem. (2022) 298(10) 102471
when Hc-CATH was added to the cell culture after ZIKV
infection. The results indicate that Hc-CATH does not act on
the late stage of ZIKV replication.

Helix and phenylalanine residues are key structural
requirements for Hc-CATH against ZIKV infection

In our previous study, Hc-CATH was demonstrated to
have helical structure, positively charged residues (five
arginine and seven lysine residues), and aromatic residues
(three phenylalanine residues) (26). In order to understand
the key structural requirements of Hc-CATH against ZIKV
infection, the helix of Hc-CATH was disrupted by
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Figure 5. Hc-CATH downregulates AXL in U251 cell. A, schematic diagram of B and C. B, U251 cells were seeded in 24-well plates (5 × 104 cells/well) and
cultured in DMEM containing 2% FBS. Hc-CATH (1.25, 2.5, and 5 μM) or same volume of PBS (peptide solvent) was added to cells and incubated at 37 �C for
24 h. The level of AXL was tested by Western blot. C, U251 cells were seeded in 8-well cover slip chambers (5 × 104 cells/well) and cultured in DMEM
containing 2% FBS. Hc-CATH (1.25, 2.5, and 5 μM) or PBS was added to cells and incubated at 37 �C for 24 h. The level of AXL was tested by immuno-
fluorescence staining. The scale bar represents 50 μm. D, schematic diagram of E–G. E–G, U251 cells were seeded in 24-well plates (5 × 104 cells/well) and
cultured in DMEM containing 2% FBS. Hc-CATH (1.25, 2.5, and 5 μM) or PBS was added to cells and incubated at 37 �C for 2 h. Cells were washed with PBS
and incubated with ZIKV (MOI = 1). After incubation at 37 �C for 2 h, cells were washed with PBS and cultured in DMEM containing 2% FBS. After culture for
24 h, AXL and ZIKV NS3 was tested by Western blot (E), ratio of AXL (F), and NS3 (G) to β-actin was analyzed by ImageJ. *p < 0.05, **p < 0.01, and ***p <
0.001. DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum; Hc-CATH, a cathelicidin antimicrobial peptide identified from the sea snake
Hydrophis cyanocinctus; MOI, multiplicity of infection; ZIKV, Zika virus.
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scrambling the amino acid sequence (Fig. 10A and S2), and
the arginine, lysine, or phenylalanine residues were
substituted with alanine residues (Fig. 10A), respectively. We
found that Hc-CATH was unable to downregulate AXL
(Fig. 10B) and decrease the susceptibility of Vero cells to
ZIKV (Fig. 10C) when the helix was disrupted. Besides, Hc-
CATH was unable to directly inactivate ZIKV when the
helix was disrupted, or phenylalanine residues were
substituted with alanine residues (Fig. 10D). The data indi-
cate that α-helix and phenylalanine residues are key struc-
tural requirements for Hc-CATH against ZIKV infection.
Hc-CATH shows preventive and therapeutic effect against
ZIKV infection in mice

Since Hc-CATH effectively inhibits ZIKV infection in vitro,
we were interested to test whether Hc-CATH can resist ZIKV
infection in vivo. We first evaluated whether Hc-CATH has
preventive efficacy against ZIKV infection. C57BL/6J mice,
IFNα/β receptor–deficient (Ifnar1−/−) mice, and pregnant
C57BL/6J mice were intravenously administrated with Hc-
CATH at 2 h before intravenous injection of ZIKV as indi-
cated in Fig. 11A. As shown in Fig. 11, B–D, intravenous in-
jection of Hc-CATH at 2 h before ZIKV infection significantly
J. Biol. Chem. (2022) 298(10) 102471 7
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Figure 6. Hc-CATH downregulates AXL via inhibiting COX-2/PGE2/AC/PKA pathway. A, effect of Hc-CATH on COX-2 protein level. A549 cells were
incubated with Hc-CATH (1.25, 2.5, or 5 μM) or PBS (solvent of Hc-CATH) at 37 �C for 24 h, COX-2 protein level was examined by Western blot (upper panel)
and analyzed by ImageJ (lower panel). B, effect of Hc-CATH on the enzymatic activity of COX-2. Hc-CATH (1.25, 2.5, 5, and 10 μM) or PBS was incubated with
COX-2. After incubation at 37 �C for 10 min, the enzymatic activity of COX-2 was detected by enzyme activity inhibitor screening kit. Celecoxib (COX-2
inhibitor, 100 nM) was used as positive control. C, effect of Hc-CATH on PGE2 production. A549 cells were incubated with Hc-CATH (5 μM) at 37 �C. After
incubation for 24 h, the level of PGE2 in the cell supernatant was detected by ELISA. D and E, effect of AC (D) and PKA (E) on Hc-CATH-induced AXL
downregulation. A549 cells were incubated with forskolin (FSK, agonist of AC, 10 μM) or H89 (inhibitor of PKA, 5 μM) at 37 �C. After incubation for 1 h, the
culture media were removed, cells were washed three times with PBS, and fresh culture media were added to cells in the presence of Hc-CATH (5 μM). After
incubation for 24 h, AXL protein level was examined by Western blot (upper panel of D and E) and analyzed by ImageJ (lower panel of D and E). ns, not
significant, **p < 0.01, and ***p < 0.001. AC, adenylate cyclase; COX-2, cyclo-oxygenase-2; Hc-CATH, a cathelicidin antimicrobial peptide identified from the
sea snake Hydrophis cyanocinctus; PGE2, prostaglandin E2.

Anti-ZIKV peptide derived from the sea snake cathelicidin
decreased ZIKV replication in C57BL/6J mice (Fig. 11B),
Ifnar1−/− mice (Fig. 11C), fetal placenta, and fetal mice
(Fig. 11D), implying that intravenous injection of Hc-CATH at
2 h before ZIKV challenge provides prophylactic efficacy
against ZIKV infection in mice.

We then evaluated whether Hc-CATH has therapeutic ef-
fect against ZIKV infection. C57BL/6J mice, Ifnar1−/− mice,
and pregnant C57BL/6J mice were intravenously adminis-
trated with Hc-CATH at 2 h after intravenous injection of
8 J. Biol. Chem. (2022) 298(10) 102471
ZIKV as indicated in Fig. 12A. As shown in Fig. 12, B–D,
intravenous injection of Hc-CATH at 2 h after ZIKV infection
significantly attenuated ZIKV replication in C57BL/6J mice
(Fig. 12B), Ifnar1−/− mice (Fig. 12C), fetal placenta, and fetal
mice (Fig. 12D), suggesting that intravenous injection of Hc-
CATH at 2 h after ZIKV challenge provides therapeutic effi-
cacy against ZIKV infection in mice. In addition, the anti-ZIKV
efficacy of Hc-CATH seemed to be weaker than that of AC5
and LL-37 in vitro (Fig. 1), but its anti-ZIKV efficacy was
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Figure 7. Hc-CATH-induced AXL downregulation reverses the negative regulation of AXL on type I IFN signaling. A, schematic diagram of B and C. B,
effect of Hc-CATH on type I IFN signaling. U251 cells were cultured in the presence of Hc-CATH (2.5 μM) or same volume of PBS (solvent of peptide). After
culture at 37 �C for 24 h, type I IFN genes were tested by qPCR. C, effect of Hc-CATH on type I IFN signaling upon ZIKV challenge. U251 cells were cultured in
the presence of Hc-CATH (2.5 μM) or PBS (solvent of peptide) at 37 �C for 2 h. Cells were washed with PBS and incubated with ZIKV (MOI = 1) at 37 �C for
2 h. Cell were washed with PBS again and cultured in DMEM containing 2% FBS at 37 �C for 24 h. Type I IFN genes were tested by qPCR. D, schematic
diagram of E–G. E and F, U251 cells were cultured in the presence of Hc-CATH (2.5 μM) or PBS (solvent of peptide) at 37 �C for 12 h. Cells were stimulated
with SeV (MOI = 1) at 37 �C for 12 h. Type I IFN gene was tested by qPCR (E). Type I IFN protein and AXL were tested by Western bolt (F), and the ratio was
analyzed by ImageJ (G). ns, not significant, *p < 0.05, **p < 0.01, and ***p < 0.001. DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum;
IFN, interferon; MOI, multiplicity of infection; qPCR, quantitative PCR; SeV, Sendai virus; ZIKV, Zika virus.

Anti-ZIKV peptide derived from the sea snake cathelicidin
comparable with or even better than that of AC5 and LL-37
in vivo (Figs. 11E and 12E).
Discussion

It has been shown that AMPs (also called host defense
peptides) not only have antibacterial and immunomodulatory
activities but also can be used as an important source of
antiviral drug development with broad antiviral spectrum (28,
29, 44, 45). In recent years, a series of AMPs/host defensive
peptides were shown to confer protection against ZIKV
infection, including human cathelicidin AMP (46) and defen-
sin AMP (47), bovine cathelicidin AMP (46), scorpion venom
peptides derived from Scorpio maurus palmatus (48) and
Euscorpiops validus (49), spider venom peptide from
Alopecosa nagpag (50), frog host defense peptide from Indo-
sylvirana aurantiaca (51), and snail antibacterial peptide from
Pomacea poeyana (52). We herein found that the snake
venom–derived cathelicidin AMP (Hc-CATH) from
H. cyanocinctus exhibited potent preventive and therapeutic
efficacy against ZIKV infection in vitro and in vivo, which
provides a novel anti-ZIKV peptide isolated from AMPs/hose
defense peptides. Compared with the antiviral drugs based on
small molecular compounds and antibodies, peptide-based
antiviral drugs have attracted more and more attention
because of their good safety and lower development cost and
better safety (43, 53).

Anti-ZIKV peptides from biological sources display multiple
antiviral mechanisms against ZIKV infection. Human cath-
elicidin LL-37 and its derived peptideGF-17,mouse cathelicidin
J. Biol. Chem. (2022) 298(10) 102471 9
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Figure 8. Hc-CATH directly inactivates ZIKV particles by disrupting viral membrane. A, schematic diagram of B–G (Hc-CATH-Vero-pre). B–G, direct
inactivation of ZIKV by Hc-CATH. ZIKVs (MOI = 1) were incubated with Hc-CATH (2.5 μM), AC5 (2.5 μM), LL-37 (2.5 μM), or PBS (peptide solvent) at 37 �C for 2 h,
and then the ZIKV–PBS mixture and ZIKV–peptide mixture were centrifugated at 100,000g for 70 min. The pellets were washed with PBS and centrifugated at
100,000g for 70 min again. The pellets were resuspended in PBS, added to Vero cells, and incubated for 2 h. Cells were washed with PBS and cultured in fresh
DMEM containing 2% FBS. After culture at 37 �C for 48 h, the intracellular ZIKV RNA (B), NS3 protein (C andD), E protein level (E, the scale bar represents 50 μm),
and extracellular ZIKV titer (F and G) were tested by qPCR, Western blot, immunofluorescence staining, and plaque-forming assay, respectively. The raw data
files used in the creation of F are presented in Fig. S5. H, binding of Hc-CATH to ZIKV. High-affinity binding plates were coated with 0.25 μM of Hc-CATH, BSA,
AC5, or LL-37. Then, 1 × 106 PFU of ZIKV was added and incubated. Wells were exposed to anti-ZIKV E protein antibody, HRP-labeled secondary antibody, and
TMB substrate in turn. Absorbance at 450 nmwasmeasured after reactions were stopped using 0.5 M sulfuric acid. I, leakage of ZIKV genomic RNA induced by
Hc-CATH. ZIKV (about 105 PFU)was incubatedwithHc-CATH (1, 20, and 40μM), PBS (solvent of peptide), or 1%TritonX-100 (positive control) at 37 �C for 2 h. The
released genomic RNA was digested by micrococcal nuclease at 37 �C for 4 h. After the residual RNase was inactivated, the undigested genomic RNA in the
intact ZIKV particles was extracted and quantified by testing the genes of PrM, E, and Cap proteins, respectively. **p< 0.01 and ***p< 0.001. BSA, bovine serum
albumin; FBS, fetal bovine serum; Hc-CATH, a cathelicidin antimicrobial peptide identified from the sea snake Hydrophis cyanocinctus; HRP, horseradish
peroxidase; MOI, multiplicity of infection; PFU, plaque-forming unit; qPCR, quantitative PCR; ZIKV, Zika virus.

Anti-ZIKV peptide derived from the sea snake cathelicidin
CRAMP, bovine cathelicidin–derived peptide BMAP-18, Bun-
garus fasciatus cathelicidin-derived peptide ZY13, host defense
peptide Yodha from I. aurantiaca, and Z2 from the stem region
of ZIKV envelope protein are virucidal to ZIKV by disrupting
the integrity of the viralmembrane (28, 43, 46, 51, 54), which can
directly inactivate ZIKV virion and comprise the major antiviral
mechanism against ZIKV infection. Human cathelicidin–
derived peptide GF-17, bovine cathelicidin–derived peptide
10 J. Biol. Chem. (2022) 298(10) 102471
BMAP-18, B. fasciatus cathelicidin–derived peptide ZY13, and
scorpion venom peptide Smp76 can inhibit ZIKV infection by
enhancing type I IFN response (46, 48, 54). Scorpion venom
peptide Ev37 from scorpion E. validus can alkalize acidic or-
ganelles to prevent low pH-dependent fusion of the viral
membrane–endosomal membrane (49). Spider venom peptide
An1a from A. nagpag restricts ZIKV infection by inhibiting
NS2B–NS3 protease (50).
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Figure 9. Hc-CATH does not act on ZIKV replication stage. A, schematic diagram of B–I (Hc-CATH-maint). B–I, Vero (B–G), A549 (H), or U251 (I) cells were
incubated with ZIKV (MOI = 1) at 37 �C for 2 h, washed with PBS, and transferred with fresh DMEM containing 2% FBS and Hc-CATH (2.5 μM), AC5 (2.5 μM),
LL-37 (2.5 μM), or PBS (solvent of peptide). After culture at 37 �C for 48 h, intracellular ZIKV RNA (B), NS3 protein (C, D, H, and I), E protein level (E, the scale
bar represents 50 μm), and extracellular ZIKV titer (F and G) were detected by qPCR, Western blot, immunofluorescence staining, and plaque-forming assay,
respectively. The raw data files used in the creation of F are presented in Fig. S6. ns, not significant, *p < 0.05, **p < 0.01, and ***p < 0.001. DMEM,
Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum; Hc-CATH, a cathelicidin antimicrobial peptide identified from the sea snake Hydrophis
cyanocinctus; MOI, multiplicity of infection; qPCR, quantitative PCR; ZIKV, Zika virus.

Anti-ZIKV peptide derived from the sea snake cathelicidin
Hc-CATH can disrupt ZIKV particle, induce the leakage of
genomic RNA, and finally inactivate virion. The direct inacti-
vation of ZIKV by Hc-CATH is reminiscent of the mechanism
of action of other biological peptides like LL-37 (28), CRAMP
(28), GF-17 (46), BMAP-18 (46), ZY13 (54), Yodha (51), and
Z2 (43), which exhibit the same anti-ZIKV mechanism as that
of Hc-CATH. AMPs usually form helical structure that has
both hydrophobic and amphiphilic domains, which can
J. Biol. Chem. (2022) 298(10) 102471 11
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Figure 10. Helix and phenylalanine residues are key structural requirements for Hc-CATH against ZIKV infection. A, Hc-CATH and its mutant
peptides. B, downregulation of AXL by Hc-CATH and its mutant peptides. Left panel, immunoblots. Right panel, ratio of AXL to β-actin analyzed by ImageJ. C,
decrease of the susceptibility of Vero cells to ZIKV. Upper panel, immunoblots. Lower panel, ratio of NS3 to β-actin analyzed by ImageJ. D, inactivation of ZIKV
by Hc-CATH and its mutant peptides. Upper panel, immunoblots. Lower panel, ratio of NS3 to β-actin analyzed by ImageJ. The α-helix of Hc-CATH was
disrupted by scrambling the amino acid sequence, and the arginine, lysine, or phenylalanine residues of Hc-CATH were substituted with alanine residues,
respectively. Downregulation of AXL, decrease of the susceptibility of Vero cells to ZIKV, and inactivation of ZIKV by Hc-CATH and its mutant peptides were
assayed. ns, not significant, ***p < 0.001. Hc-CATH, a cathelicidin antimicrobial peptide identified from the sea snake Hydrophis cyanocinctus; ZIKV, Zika
virus.

Anti-ZIKV peptide derived from the sea snake cathelicidin
interact with lipid membranes, resulting in instability, trans-
location, pore formation, or cleavage of lipid membranes (43).
Therefore, viral envelope can be an important target for AMPs.
To verify whether such structure is essential for the direct
inactivation of ZIKV by Hc-CATH, the helix of Hc-CATH was
disrupted by scrambling the amino acid sequence. We found
that scrambled Hc-CATH did not directly inactivate ZIKV
virion, suggesting that the helical structure is a key structural
requirement for the direct inactivation of ZIKV by Hc-CATH.
In addition to helical structure, aromatic residue (phenylala-
nine) was also shown to be critical for the direct inactivation of
ZIKV by Hc-CATH. Our previous studies have shown that
helical structure and aromatic residue are essential for the
AMPs to directly kill bacteria by disrupting bacterial mem-
brane (26, 55). These indicate that helical structure and aro-
matic residues may be common structural requirements for
inactivating enveloped virus and bacteria by disrupting mi-
crobial membrane. However, the substitution of positively
charged residues with alanine does not inhibit the Hc-CATH-
mediated direct inactivation of ZIKV. While the substitution of
12 J. Biol. Chem. (2022) 298(10) 102471
arginine/lysine with alanine markedly attenuates the direct
antibacterial activity of Hc-CATH (26).

Intriguingly, Hc-CATH effectively downregulates AXL in
host cells. AXL is a member of TAM receptors that play an
important role in ZIKV infection (22, 40). AXL exhibits dual
role during ZIKV infection. On the one hand, AXL acts as a
cofactor that mediates ZIKV entry (40). TAM receptors can
recognize PS. Similar to other flaviviruses, the envelope of
ZIKV contains PS, which facilitates the adsorption and inter-
nalization of TAM receptors. As described previously, AXL
can promote ZIKV entry in human Sertoli cells (25) and hu-
man skin cells (11). On the other hand, AXL promotes ZIKV
infection by antagonizing type I IFN signaling (22, 40). AXL
plays a pivotal role in maintaining the immunosuppressive
milieu of the testis, enhancing ZIKV infection by negatively
regulating antiviral immune response (25). Consistent with
these findings, Hc-CATH-mediated AXL downregulation
effectively decreases the susceptibility of host cells to ZIKV
and reverses the negative regulation of AXL on type I IFN
signaling. In addition, COX-2//PGE2/AC/PKA pathway is
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Figure 11. Hc-CATH shows prophylactic efficacy against ZIKV infection in mice. A, schematic diagram of B–E. B–E, C57BL/6J mice (B and E), Ifnar1−/−

mice (C), and pregnant C57BL/6J mice (D) were intravenously administrated with peptide at 2 h before intravenous injection of ZIKV (106 PFU/mouse). At 4,
8, and 3 days post ZIKV inoculation, C57BL/6J mice, Ifnar1−/− mice, and pregnant C57BL/6J mice were sacrificed, respectively. Tissues and fetal mice were
collected for testing ZIKV RNA by qPCR. ns, not significant, *p < 0.05, **p < 0.01, and ***p < 0.001. Hc-CATH, a cathelicidin antimicrobial peptide identified
from the sea snake Hydrophis cyanocinctus; PFU, plaque-forming unit; qPCR, quantitative PCR; ZIKV, Zika virus.

Anti-ZIKV peptide derived from the sea snake cathelicidin
involved in Hc-CATH-mediated AXL downregulation. Our
findings reveal another possible mechanism of biological
peptides against ZIKV infection, providing new insight into the
mechanism of action of anti-ZIKV peptides isolated from
AMPs/host defense peptides.

Innate immune response is the first line for host defense
against invading viruses. In general, the innate immune
response is initiated by identifying pathogen-associated mo-
lecular patterns accumulated during infection. Pathogen-
associated molecular patterns bind to pattern recognition re-
ceptors in the nucleus or in the cytoplasm, resulting in the
activation of intracellular cascade signals and the upregulation
of a variety of innate immune molecules and cytokines (56).
Type I IFNs are important cytokines for host defense against
viruses. They are responsible for coordinating the antiviral
state in infected cells and adjacent cells and controlling virus
infection by guiding the activation or transportation of im-
mune cells (41). Our findings have shown that Hc-CATH can
reverse the negative regulation of AXL on type I IFN response,
which seems to be an important antiviral mechanism of Hc-
CATH against ZIKV infection. However, Hc-CATH still pos-
sesses strong antiviral efficacy against ZIKV in Ifnar1−/− mice,
implying that the anti-ZIKV effect of Hc-CATH does not
depend on the production of type I IFNs induced by Hc-
J. Biol. Chem. (2022) 298(10) 102471 13
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Figure 12. Hc-CATH shows therapeutic efficacy against ZIKV infection in mice. A, schematic diagram of B–E. B–E, C57BL/6J mice (B and E), Ifnar1−/− mice
(C), and pregnant C57BL/6J mice (D) were intravenously administrated with peptide at 2 h after intravenous injection of ZIKV (106 PFU/mouse). At 4, 8, and
3 days post ZIKV inoculation, C57BL/6J mice, Ifnar1−/− mice, and pregnant C57BL/6J mice were sacrificed, respectively. Tissues and fetal mice were collected
for testing ZIKV RNA by qPCR. ns, not significant, *p < 0.05, **p < 0.01, and ***p < 0.001. Hc-CATH, a cathelicidin antimicrobial peptide identified from the
sea snake Hydrophis cyanocinctus; PFU, plaque-forming unit; qPCR, quantitative PCR; ZIKV, Zika virus.

Anti-ZIKV peptide derived from the sea snake cathelicidin
CATH. It is more likely that Hc-CATH has multiple antiviral
mechanism, including direct inactivation of ZIKV, induction of
AXL downregulation, and enhancement of type I IFN
response, and the protective efficacy of Hc-CATH in Ifnar1−/−

mice may be attributed to Hc-CATH-mediated ZIKV inacti-
vation and AXL downregulation. In this study, we claimed that
Hc-CATH enhanced type I IFN response of host cells by
downregulating AXL, but we cannot exclude the direct regu-
latory effect of Hc-CATH on type I IFN response of host cells,
which need to further elucidated in future.
14 J. Biol. Chem. (2022) 298(10) 102471
In summary, Hc-CATH, cathelicidin AMP identified from
sea snake H. cyanocinctus, was shown to inhibit ZIKV infec-
tion in vitro and provide preventive and therapeutic efficacy
against ZIKV infection in vivo. Intriguingly, Hc-CATH
downregulated AXL in host cells, thus decreased the suscep-
tibility of host cells to ZIKV. Hc-CATH also acted as an
inactivator of ZIKV by disrupting viral membrane and
inducing the leakage of genomic RNA. Helical structure and
phenylalanine residues are key structural requirements for Hc-
CATH against ZIKV infection. Our findings provide a new



Anti-ZIKV peptide derived from the sea snake cathelicidin
peptide candidate for anti-ZIKV drug development and new
insight into the cathelicidin AMPs against ZIKV infection.

Experimental procedures

Key resource table
Reagent type (species)
or resource Designation Source/reference Identifiers Additional information

Cell line (Homo
sapiens)

A549 National Collection of
Authenticated Cell
Cultures

CSTR: 19375.09.3101HUMSCSP503 https://www.cellbank.org.cn/

Cell line (Homo
sapiens)

U251 National Collection of
Authenticated Cell
Cultures

CSTR: 19375.09.3101HUMTCHu58 https://www.cellbank.org.cn/

Cell line (Chlorocebus
aethiops)

Vero National Collection of
Authenticated Cell
Cultures

CSTR: 19375.09.3101MONSCSP520 Cells were identified by flow
cytometry

Commercial assay or
kit

Cell Counting Kit-8 Dojindo Catalog no.: CK04-500T

Commercial assay or
kit

Human PGE2 ELISA
Kit

Nanjing Jiancheng
Bioengineering
Institute

Catalog no.: H099-1

Commercial assay or
kit

Cyclo-oxygenase 2 In-
hibitor Screening Kit

Beyotime
Biotechnology

Catalog no.: S0168

Commercial assay or
kit

Trizol reagent Life Technologies Catalog no.: 15596018

Commercial assay or
kit

PrimeScript RT re-
agent kit

Takara Catalog no.: RR037A

Antibody Rabbit polyclonal anti-
ZIKV NS3

Gene Tex Catalog no.: GTX133309 WB (1:2000 dilution)

Antibody Rabbit polyclonal anti-
ZIKV E

Gene Tex Catalog no.: GTX133314 IF (1:500 dilution)

Antibody Rabbit monoclonal
anti-TYRO3

abcam Catalog no.: ab109231 WB (1:1000 dilution)

Antibody Rabbit polyclonal anti-
TIM-1

abcam Catalog no.: ab47635 WB (1:1000 dilution)

Antibody Rabbit monoclonal
anti-AXL

Cell Signaling
Technology

Catalog no.: 8661S WB (1:1000 dilution)

Antibody Rabbit monoclonal
anti–TANK-binding
kinase 1

Cell Signaling
Technology

Catalog no.: 38066S WB (1:1000 dilution)

Antibody Rabbit monoclonal
anti-Phospho-
TANK-binding ki-
nase 1

Cell Signaling
Technology

Catalog no.: 5483S WB (1:1000 dilution)

Antibody Rabbit monoclonal
anti-IRF3

Cell Signaling
Technology

Catalog no.: 11904S WB (1:1000 dilution)

Antibody Rabbit monoclonal
anti-Phospho-IRF3

Cell Signaling
Technology

Catalog no.: 29047S WB (1:1000 dilution)

Antibody Rabbit monoclonal
anti-COX-2

Beyotime
Biotechnology

Catalog no.: AF1924 WB (1:200 dilution)

Antibody Mouse monoclonal
anti-β-actin

Abmart Catalog no.: T40104 WB (1:5000 dilution)

Chemical compound,
drug

FSK Beyotime
Biotechnology

Catalog no.: S1612

Chemical compound,
drug

H89 Beyotime
Biotechnology

Catalog no.: S1643

Abbreviation: WB, Western blot.
Cell, virus, and peptide

African green monkey kidney epithelial cell line (Vero E6
cells), human pulmonary epithelial cell line (A549 cells), and
human astrocyte cell line (U251 cells) were grown and main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% heat-inactivated fetal bovine serum (FBS)
and antibiotics (100 U/ml penicillin and 100 mg/ml strepto-
mycin) at 37 �C with 5% CO2. Fluorescent quantitative PCR
(qPCR; forward primer, 50-GGGAGCAAACAGGATTAGA-
TACCCT-30, reverse primer, 50-TGCACCATCTGTCACTCT
GTTAACCTC-30) was performed to confirm that the cell lines
were negative for mycoplasma contamination.
ZIKV strain PRVABC59 (GenBank number: KU501215) was
originally obtained from Dr Feifei Yin at Hainan Medical
College. ZIKV was propagated in Vero cells and stored at −80
�C. The virus titer was determined in Vero cells using plaque-
forming assay.
Synthetic peptides, including Hc-CATH, LL-37 (positive
peptide, human cathelicidin), and AC5 (positive peptide, anti-
ZIKV peptide from Aedes aegypti), are listed in Table S1 and
purchased from SynPeptide Co Ltd. The crude peptide was
purified by reversed-phase high performance liquid chroma-
tography and analyzed by mass spectrometry to confirm the
purity higher than 98%.

Mice

C57BL/6J mice, pregnant C57BL/6J mice, and Ifnar1−/−

mice were housed in specific pathogen-free conditions. The
C57BL/6J mice and pregnant C57BL/6J mice were ordered
J. Biol. Chem. (2022) 298(10) 102471 15
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from Shanghai SLAC Laboratory Animal Co Ltd. Ifnar1−/−

mice were gifted by Dr Chunsheng Dong’s laboratory at Soo-
chow University and bred in our laboratory. Animal experi-
ments were performed in accordance with the Institutional
Animal Care and Use Committee of Soochow University, and
all research protocols were approved by the Animal Ethical
Committee of Soochow University. All surgeries of mice were
performed under pentobarbital sodium anesthesia with mini-
mum fear, anxiety, and pain.

Antiviral activity of Hc-CATH against ZIKV in vitro

Vero cells were seeded in 24-well plates (5 × 104 cells/well).
After cells were adhered to plates, cells were incubated with
ZIKV (multiplicity of infection [MOI] = 1) in the presence of
noncytotoxic concentration of Hc-CATH, AC5 (positive
control), LL-37 (positive control), or PBS (solvent of peptide).
After incubation at 37 �C for 2 h, the culture media were
removed, cells were washed with PBS and transferred with
fresh culture media containing 2% FBS, and Hc-CATH, AC5,
LL-37, or PBS was supplemented to each well. After incuba-
tion at 37 �C for 48 h, cytopathic effect was observed by mi-
croscopy, and Cell Counting Kit-8 was applied to determine
the percent of cytopathic effect. The percent of cytopathic
effect was calculated as (Asham –Atreatment)/Asham × 100 (where
Asham represents the absorbance of uninfected cells, Atreatment

represents the absorbance of PBS- or peptide-treated cells post
ZIKV infection). The intracellular ZIKV RNA, NS3 protein, E
protein, and extracellular ZIKV titer were tested by qPCR, WB,
IF, and plaque-forming assay, respectively (28). Primers used
for qPCR are listed in Table S2.

Effect of Hc-CATH on the susceptibility of host cells to ZIKV

Vero, A549, or U251 cells were incubated with peptide or
PBS at 37 �C for 2 h. The cells were washed three times with
PBS and incubated with ZIKV (MOI = 1) at 37 �C for 2 h. The
culture media were replaced with fresh DMEM containing 2%
FBS. After incubation at 37 �C for 48 h, intracellular ZIKV
RNA, NS3 protein, E protein, and extracellular ZIKV titer were
detected by qPCR, WB, IF, and plaque-forming assay,
respectively (28).

Effect of Hc-CATH on ZIKV entry factors in host cells

Vero cells were incubated with Hc-CATH (1.25, 2.5, and
5 μM), AC5 (2.5 μM), LL-37 (2.5 μM), or PBS (solvent of
peptide). After incubation at 37 �C for 6, 12, or 24 h, the cells
were lysed with radioimmunoprecipitation assay lysis buffer
after washing with PBS. The levels of ZIKV entry factors,
including AXL, TYRO3, and TIM-1, were detected by WB
analysis. The level of AXL was confirmed by IF after Vero cells
were incubated with Hc-CATH (1.25, 2.5, and 5 μM), AC5
(2.5 μM), LL-37 (2.5 μM), or PBS at 37 �C for 24 h.

The effect of Hc-CATH on AXL was then tested by WB
upon ZIKV challenge. Vero cells were incubated with Hc-
CATH (1.25, 2.5, and 5 μM), AC5 (2.5 μM), LL-37 (2.5 μM),
or PBS at 37 �C for 2 h. Vero cells were then washed with PBS
and challenged with ZIKV (MOI = 1). After Vero cells were
16 J. Biol. Chem. (2022) 298(10) 102471
cultured for 6, 12, and 24 h, AXL level was tested by WB
analysis.

The effect of Hc-CATH on AXL was further confirmed in
A549 and U251 cells. A549 or U251 cells were incubated with
Hc-CATH (1.25, 2.5, and 5 μM) or PBS at 37 �C for 24 h, and
the level of AXL was detected by WB and IF, respectively.
Upon ZIKV challenge, A549 or U251 cells were incubated with
Hc-CATH (1.25, 2.5, and 5 μM) or PBS at 37 �C for 2 h. A549
and U251 cells was then washed with PBS and challenged with
ZIKV (MOI = 1). After A549 and U251 cells were cultured for
24 h, AXL and NS3 protein level was tested by WB analysis.

Effect of COX-2/PGE2/AC/PKA pathway on Hc-CATH-induced
AXL downregulation

A549 cells were cultured with Hc-CATH (1.25, 2.5, and
5 μM) or PBS at 37 �C for 24 h, cells were harvested for
detecting the level of COX-2 by WB analysis, and the cell
supernatant was collected for detecting the level of PGE2 by
ELISA.

The effect of Hc-CATH on the enzymatic activity of COX-2
was detected by enzyme activity inhibitor screening kit. Hc-
CATH (1.25, 2.5, 5, and 10 μM) or PBS was incubated with
COX-2. After incubation at 37 �C for 10 min, the enzymatic
activity of COX-2 was detected by the kit. Celecoxib (COX-2
inhibitor, 100 nM) was used as positive control.

To assay the effect of adenylate cyclase (AC) and PKA on
Hc-CATH-induced AXL downregulation, we added FSK
(agonist of AC, 10 μM) and H89 (inhibitor of PKA, 5 μM) to
A549 cells and incubated at 37 �C. After incubation for 1 h, the
culture media were removed, cells were washed three times
with PBS, and fresh culture media containing 2% FBS were
added to cells in the presence of Hc-CATH (5 μM). After
incubation for 24 h, AXL protein level was examined by WB.

Effect of Hc-CATH on the negative regulation of AXL on type I
IFN signaling

U251 cells were cultured with Hc-CATH (2.5 μM) or PBS at
37 �C for 24 h, and cells were collected for testing type I IFN
signaling gene and protein by qPCR and WB, respectively.
Upon ZIKV challenge, U251 cells were incubated with Hc-
CATH (2.5 μM) or PBS at 37 �C for 2 h and washed three
times with PBS. Cells were then incubated with ZIKV (MOI =
1) for 2 h and washed with PBS. After culture for 24 h, type I
IFN signaling genes were tested by qPCR. Upon SeV challenge,
U251 cells were incubated with Hc-CATH (2.5 μM) or PBS at
37 �C for 12 h, cells were then stimulated with SeV or same
volume of PBS for 12 h, and type I IFN signaling gene and
protein were tested by qPCR and WB, respectively.

Effect of Hc-CATH on ZIKV particles

For assay of the direct inactivation of ZIKV by Hc-CATH,
ZIKV (MOI = 1) was incubated with Hc-CATH (2.5 μM),
AC5 (2.5 μM), LL-37 (2.5 μM), or same volume PBS at 37 �C
for 2 h. ZIKV–PBS mixture and ZIKV–peptide mixture were
centrifugated at 100,000g for 70 min. The pellets were washed
with PBS and centrifugated at 100,000g for 70 min again. The
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pellets were resuspended in PBS and added to Vero cells. The
cells were incubated at 37 �C for 2 h, washed with PBS, and
transferred with fresh DMEM containing 2% FBS. Then the
cells were cultured at 37 �C for 48 h. The intracellular ZIKV
RNA, NS3 protein, E protein, and extracellular ZIKV titer were
tested by qPCR, WB, IF staining, and plaque-forming assay,
respectively (28).

For assay of the binding of Hc-CATH to ZIKV, high-affinity
binding plates were coated with 0.25 μM of Hc-CATH, bovine
serum albumin, AC5, or LL-37. Then 1 × 106 plaque-forming
unit (PFU) of ZIKV was added and incubated. Wells were
exposed to anti-ZIKV E protein antibody, horseradish
peroxidase–labeled secondary antibody, and TMB substrate in
turn. Absorbance at 450 nm was measured after reactions were
stopped using 0.5 M sulfuric acid (28).

For assay of the disruption of viral membrane by Hc-CATH,
ZIKV (about 105 PFU) was incubated with Hc-CATH (1, 20,
and 40 μM), PBS, or 1% Triton X-100 (positive control) at 37
�C for 2 h. The released genomic RNA was digested by
micrococcal nuclease at 37 �C for 4 h. The residual RNase was
inactivated, the undigested genomic RNA in the intact ZIKV
particles was extracted and quantified by testing viral genes
encoding membrane protein (PrM), E protein, and capsid
(Cap) protein, respectively (43).

Effect of Hc-CATH on ZIKV replication stage

Vero cells were incubated with ZIKV (MOI = 1) at 37 �C for
2 h, washed three times with PBS, and transferred with fresh
DMEM containing 2% FBS and Hc-CATH (2.5 μM), AC5
(2.5 μM), LL-37 (2.5 μM), or PBS. After culture at 37 �C for
48 h, intracellular ZIKV RNA, NS3 protein, E protein, and
extracellular ZIKV titer were detected by qPCR, WB, IF, and
plaque-forming assay, respectively. The effect of Hc-CATH on
ZIKV replication stage was further tested in A549 and
U251 cells under the same condition, and intracellular ZIKV
NS3 protein was detected by WB.

Structure–function relationship study

To investigate the role of helical structure of Hc-CATH in
its anti-ZIKV activity, the amino acid sequence of Hc-CATH
was scrambled to disrupt the α-helix. To investigate the role
of aromatic residues of Hc-CATH in its anti-ZIKV activity,
phenylalanine residues of Hc-CATH were substituted with
alanine residues. To investigate the role of positively charged
residues of Hc-CATH in its anti-ZIKV activity, arginine or
lysine residues of Hc-CATH were substituted with alanine
residues. The anti-ZIKV activity of each mutant peptide was
tested and compared with that of Hc-CATH, respectively.

Antiviral activity of Hc-CATH against ZIKV in vivo

To evaluate the prophylactic efficacy of Hc-CATH against
ZIKV infection, C57BL/6J mice, Ifnar1−/− mice, and pregnant
C57BL/6J mice were intravenously administrated with Hc-
CATH at 2 h before intravenous injection of ZIKV
(106 PFU/mouse). C57BL/6J mice, Ifnar1−/− mice, and preg-
nant C57BL/6J mice were sacrificed at 4, 8, and 3 days post
ZIKV inoculation, respectively. Tissues and fetal mice were
collected for testing ZIKV RNA level by qPCR.

To evaluate the therapeutic efficacy of Hc-CATH against
ZIKV infection, C57BL/6J mice, Ifnar1−/− mice, and pregnant
C57BL/6J mice were intravenously administrated with Hc-
CATH at 2 h after intravenous injection of ZIKV (106 PFU/
mouse). C57BL/6J mice, Ifnar1−/− mice, and pregnant C57BL/
6J mice were sacrificed at 4, 8, and 3 days post ZIKV inocu-
lation, respectively. Tissues and fetal mice were collected for
testing ZIKV RNA level by qPCR.

Statistical analysis

Data were represented as mean ± SD. Statistical significance
was determined by an unpaired two-tailed Student’s t test for
two-group comparison and was determined by ANOVA fol-
lowed by Bonferroni post hoc analysis for multiple-group
comparison. All statistical analyses were performed using
GraphPad Prism software, version 5.0 (GraphPad Software,
Inc).

Data availability

All data are contained within the article.

Supporting information—This article contains supporting informa-
tion (Tables S1 and S2 and Fig. S1–S6).
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