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1. Introduction
Arthropod-borne viruses' potential to cause significant 

illness in the number of hosts has lately increased through 
a variety of pathways and mechanisms. Arboviruses such 
as West Nile virus (WNV), Japanese encephalitis virus 
(JEV), and (RVFV) are all carried by mosquito species 
such as Aedes aegypti, Aedes albopictus, and Culex pi-
piens [1]. Because RVFV is a very hazardous emerging 
disease and is considered a biological weapon, the World 
Health Organization added RVFV to its list of extremely 
dangerous emerging pathogens in 2015. 

RVFV belongs to the Phenuiviridae family, genus 
Phlebovirus. The infectious virion was made up of three 
segments: M segment encodes two glycoproteins Gn and 
Gc. The L segment encodes RNA-dependent-RNA poly-
merase. The N and NS proteins are encoded via an am-
bisense display in the S segment. The ribonucleoprotein 
complex is made up of viral RNA encapsidated by nucleo-
protein and RNA-dependent RNA polymerase [2]. The M 
and S segments each encode non–structure proteins NSm 
and NSs, respectively [3]. Several epizootics have been 
reported in Egypt, Saudi Arabia, Yemen, Sudan, Kenya, 

Tanzania, Madagascar, Somalia, Mauritania, and Senegal 
[4]. Severe epidemics occurred in Turkey and Iran [5, 6]. 
Severe diseases have lately struck Libya [7]. In humans, 
infections are acute with a 1-2 % fatality rate and the most 
common complications include encephalitis, hemorrhagic 
fever, liver disorders, blindness, and death [8, 9]. RVFV 
was recently identified as a possible cause of human abor-
tion [10]. RVFV propagation is aided by aerosol transfer 
and the eating of infected animals or animal products. 
RVFV survived on mosquito eggs during inter-epizootics 
due to the existence of RVFV maintenance and amplifying 
vectors[11]. Worldwide trade, travel, climatic change, and 
uncontrolled vectors are all considered risk factors for 
RVFV transmission to new populations such as those in 
America and Europe, where hosts are vulnerable to mos-
quito bites [12, 13]. 

Several outbreaks have been documented in Egypt re-
sulting in devastating morbidity in human and livestock 
losses [14]. Severe illnesses in cattle and sheep have been 
observed with substantial fatality rates in young animals. 
An abortion storm is the main sign of an outbreak explo-
sion [11]. Unfortunately, the locally produced Smithburn 
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RVF vaccine failed to introduce immunization against 
RVFV infection [15].

Natural antimicrobial peptides are produced by both 
prokaryotes and eukaryotes as part of their innate immune 
response to effectively protect against bacteria, fungi, 
viruses, and protozoa [16]. Small antimicrobial peptides 
(AMPs) have selective action by targeting a wide range 
of organisms without harming mammalian cells. This is 
a unique property of AMPs due to their high cholesterol 
levels and low anionic charge [17], in addition to rapid 
killing even after initial contact with the membrane [18]. 
AMPs are a novel and diverse collection of effective mole-
cules categorized according to their amino acids and struc-
ture [19, 20]. Cathelicidin is a significant human peptide 
that may be easily integrated into biological membranes 
due to the amphipathic α-helical structure [21]. LL-37 
exhibits direct microbicidal, immunomodulatory, and in-
flammatory activity [22]. LL-37 is a solo human cathelici-
din that was first identified and isolated from neutrophils 
in 1995 [23, 24], with the N-terminal domain responsible 
for proteolytic resistance and chemotaxis activity and the 
C-terminal domain producing mature peptide upon pro-
teolytic cleavage and mediating antibacterial, antiviral and 
anticancer activity [25]. 

The ease with which LL-37 may be manufactured and 
manipulated makes it one of the most promising therapies. 
Furthermore, peptide-based therapy has a low molecular 
weight, fewer adverse effects; is swiftly eliminated after 
delivery, and is a cost-effective therapeutic [26]. We aimed 
to investigate the antiviral activity of LL-37 against an 
RVFV cell culture-adapted strain isolated from an Egyp-
tian sheep at various infection points so that it could be 
used to treat RVFV infections during outbreaks, benefiting 
both economics and health. 

The LL-37 effect was examined to discover the likely 
mechanism of action as a starting point for treating and 
preventing RVFV infections and transmission in Egypt, 
which may be applied to many other arboviruses.

2. Materials and Methods 
2.1. Cells, virus propagation, and titration

Vero E6 cells from African Green Monkeys' kidney 
cells were cultured in Dulbecco's Modified Eagle Medium 
(DMEM) from VACSERA, Egypt, with 10% fetal bovine 
serum (FBS) added as a dietary supplement at 37°C with 
5% CO₂. The RVFV cell culture adapted strain from an 
Egyptian sheep gifted by Dr. Eman Amen, working at 
VACSERA antiviral research Centre, was propagated on 
80% confluent Vero cells for 48 hours to demonstrate the 
maximum CPE effect (CPE+5). Amounts of the virus were 
gathered, separated, and kept at -80°C. A ten-fold serial 
dilution of RVFV was titrated on 80–90% confluent Vero 
cells using RVFV at MOI of 2 and a 96-well plate. One 
hour of viral adsorption was permitted. The inoculum was 
removed, washed with PBS, and a new medium was ad-
ded. After the cells had been cultured for 48 hours and the 
CPE effect had been recorded, The TCID 50 was calcula-
ted by using the Reed-Muench equation [27].

2.2. Peptide synthesis
LL-37 (LLGDFFRKSKEKIGKEFKRIVQRIKD-

FLRNLVPRTES), and scrambled LL-37 (GLKLRFEFS-
KIKGEFLKTPEVRDIKLKDNRISVQR), reported by 
[28], were purchased from Genescript (USA). Peptides 

were synthesized using the Fmoc solid-phase peptide 
method. Scrambling LL-37 was chosen for its size, overall 
hydrophilicity, and charge resemblance to LL-37, which 
has the same amino acid content but sequenced differently. 
Peptides were purified using preparative reversed-phase 
high-pressure liquid chromatography (RP-HPLC) with ≥ 
95 % purity validated by analytical RP-HPLC, and mass 
spectrometry was used to confirm the masses. The lyophi-
lized powder was reconstituted in endotoxin-free water at 
a stock concentration of 200 µg/ml and tested for endo-
toxin using a Limulus Amebocyte Lysate Gel-Clot Endo-
toxin Kit (Thermo Scientific, UK).

2.3. Viability assay 
The colorimetric MTT test was used to assess the 

maximum non-toxic concentration (MNTC) of LL-37 as 
a therapeutic that may be administered safely in the Vero 
cell line. Vero cells were seeded for 24 hours before being 
treated with LL-37 at two-fold serial dilution. After 24 
hours, cells were evaluated for morphological change, 
washed twice with 200 µl PBS (MP Biomedicals, USA), 
and incubated for 4 hours in the dark with 50 µl MTT dye 
(Sigma-Aldrich, Inc. St Loui, MO, USA). To dissolve the 
formazan crystals, dimethyl sulfoxide (DMSO) was uti-
lized (ADVENT, India), and the optical density (OD) of 
the surviving cells and control untreated cells were eva-
luated using a microtiter plate reader HIDEX multimode 
equipment at 570 nm [29, 30]. The viability % of LL-37 
was determined. The colorimetric assay was done in tri-
plicate. Under the same experimental settings, scrambling 
LL-37 was tested as a negative control.     

2.4. Direct inactivation of LL-37 on Vero cell line
An equivalent amount of cell culture-adapted strain of 

RVFV at MOI=2 was combined once with 5 µg/ml of LL-
37 and once with 5 µg/ml of scrambled LL-37 as the nega-
tive control, followed by an immediate ten-fold serial dilu-
tion in serum-free medium on Vero cells in 96-well plates 
to test the direct interaction between RVFV and LL-37. 
After 2 hours, infected Vero cells were washed twice with 
PBS (MP Biomedicals, USA) and incubated for 24 and 48 
hours in a fresh serum-free medium. The CPE effect was 
assessed daily. In addition to cell controls with medium 
alone, cells infected solely with RVFV were used as posi-
tive viral controls.

To maximize the assessment of LL-37’s direct impact 
on viral entry, 10 µg/ml LL-37 was combined with a 
concentrated RVFV concentration that produced 100% cell 
death, and scrambled LL-37 was employed as the negative 
control. A Virus-positive control, as well as a cell control, 
were employed. These experiments were employed in 
three biological replicates. The viral inhibition index (VII) 
was calculated using the formula VII= B - A, where B is 
the calculated virus titer in the untreated virus control, and 
A is the calculated virus titer after the peptide treatment 
[31]. The difference in viral titer before and after treatment 
was determined, and the depletion rate % was estimated as 
virus titer loss. Using the equation below, the results were 
also reported as a percentage of inhibition [32].

  

After 24 hours, the supernatant was collected for qRT-
PCR analysis to determine the reduction in RVFV mRNA 
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were monitored daily and scanned for any morphological 
change. The viral inhibition index (VII) was calculated 
[31]. The difference in viral titer before and after treatment 
was determined, and the depletion rate % was estimated as 
virus titer loss. The results were also provided as a percen-
tage of inhibition [32]. After 24 hours, the supernatant was 
collected for qRT-PCR analysis to determine the reduction 
in RVFV mRNA replication, and samples were collected 
after 48 hours for western blot examination. 

2.8. Virus titration  
The reduction in virus titer following several LL-37 

treatments was used to determine LL-37's potential anti-
viral effectiveness against RVFV at various stages of the 
virus life cycle. TCID50 endpoint test is a quantitative test 
designed to evaluate the morphological changes caused 
by RVFV infection and represents the CPE effect. Super-
natants from LL-37 treated cells were ten-fold serially 
diluted in 96-well plates and added to wells in triplicate. 
After 48 hours, the Reed Muench equation calculated the 
TCID50 values of tested LL-37 and untreated viral control 
[27]. The difference in TCID50 between the various LL-
37 treatments and the RVFV control was shown as a log 
reduction. Additionally, the percentage of inhibition and 
depletion rate % were determined.   

2.9. Quantification of RVFV by Real-Time Reverse-
Transcriptase Polymerase Chain Reaction (q RT-PCR)

The antiviral activity of LL-37 against RVFV at differ-
ent stages and infection points was evaluated using relative 
quantitative RT-PCR. Viral RNA was extracted from the 
supernatant using the Direct-zol RNA Miniprep Plus kit 
(ZYMO RESEARCH CORP., USA) following the manu-
facturer's instructions after the virus had infected the cells 
for 24 hours. The 50 µL of elution buffer used to extract 
the RNA was then kept at -80°C until usage. Quantitative 
RT-PCR utilizing SYBR green dye was carried out using 
the SuperScript IV One-Step RT-PCR kit (Thermo Fisher 
Scientific, Waltham, MA, USA) procedure using the for-
ward primer 5ʹ- GAAGGCAAAGCAACTGTGGA-3ʹ and 
the reverse primer 5ʹ- AAGCCACTCACTCAAGACGA-
3ʹ. Primers were created for amplifying 147 nucleotides of 
the conserved N protein of RVFV using the primer3 online 
tool. Relative quantification (RQ) (2-ΔΔCT), is automati-
cally calculated by the PCR instrument software package.

The following reaction conditions were used, using the 
applied Biosystem: reverse transcriptase activation at 55 
°C for 10 minutes, reverse transcriptase enzyme inactiva-
tion at 95 °C for 2 minutes, 40 times 95 °C for 10 seconds, 
55 °C for 15 seconds, and 72 °C for 30 seconds, and a final 
extension step at 72 °C for 5 minutes (Step One Applied 
Biosystem, Foster City, USA).

2.10. Western blotting
  Vero cells were subjected to LL-37 treatment in a 

variety of applications before being rinsed with new PBS 
pH 7.4 and then lysed in lysis buffer (PBS pH 7.4 with 
1% TritonX-100 and 1X protease inhibitor). SDS-PAGE 
analysis was carried out by utilizing a 20% denaturing 
gel and transferring the intracellular lysates and immu-
noprecipitated materials to a polyvinylidene difluoride 
(PVDF) membrane (Bio-Rad). A measurement of the pH 
revealed a value of 6.8. Each mixture was heated at 95 
°C for 5 minutes before loading on polyacrylamide gel 

replication, and samples were collected after 48 hours for 
western blot examination.

2.5. The viricidal activity of LL-37 on Vero cells 
Vero cells were treated with RVFV at MOI=2 equi-

valently mixed with 5 µg/ml of LL-37, and 5 µg/ml of 
scrambled LL-37 as the negative control. The mixture 
was incubated for 1 hour at 37 °C to imitate physiological 
conditions, followed by ten-fold serial dilution in serum-
free medium. Those infected with RVFV at MOI=2 were 
used as positive viral controls in addition to cells infected 
with medium alone. Vero cells infected with this mixture 
were washed twice with PBS (MP Biomedicals, USA) af-
ter 2 hours and grown in a fresh serum-free medium for 24 
and 48 hours with daily CPE assessment. To maximize the 
assessment of LL-37 inhibitory activity, 10 µg/ml LL-37 
was combined with a concentrated RVFV titer that induced 
100% cell death, and scrambled LL-37 was employed as 
the negative control. A virus-positive control as well as 
cell control were used. These experiments were employed 
in three biological replicates. The viral inhibition index 
(VII) was calculated [31]. The difference in viral titer be-
fore and after treatment was determined, and the depletion 
rate % was estimated as virus titer loss. The results were 
also provided as a percentage of inhibition [32]. After 24 
hours, the supernatant was collected for qRT-PCR analy-
sis to determine suppression of RVFV mRNA replication, 
and samples were collected after 48 hours for western blot 
assay. 

2.6. Prophylactic activity of LL-37 against RVFV in 
Vitro

The ability of LL-37 to be maintained and interna-
lized inside Vero cells to mediate prophylactic activity 
was assessed. Previously seeded Vero cells in 96-well 
plates were pre-incubated with LL-37 at concentrations 
of 1.25, 0.625 µg/ml for 4 hours, then washed twice with 
PBS and infected with RVFV at MOI=2 for 3 hours, with 
gentle shaking every 15 minutes to ensure uniform viral 
dispersion. The inoculum was removed and replaced with 
fresh medium, incubated for 24 and 48 hours at 37°C. 
Scrambling LL-37 was a negative control, while viral and 
uninfected cells were virus and cell controls respectively. 
Cells are examined and inspected daily for morphological 
change. CPE was detected and recorded. The viral inhi-
bition index (VII) was calculated [31]. The difference in 
viral titer before and after treatment was determined and 
the depletion rate percentage was measured as virus titer 
loss. The findings were expressed as a percentage of inhi-
bition [32]. After 24 hours, the supernatant was collected 
for qRT-PCR analysis to determine suppression of RVFV 
mRNA replication, and samples were collected after 48 
hours for the western blot test. 

2.7. Antiviral activity of LL-37 
The post-entry effect of LL-37 was studied in 96-well 

plates using a confluent monolayer of Vero cells infected 
with RVFV at MOI=2 for 90 minutes, with gentle shaking 
every 15 minutes to ensure uniform distribution of infec-
tion. The inoculum was removed and different concentra-
tions of LL-37 1.25, 0.625 µg/ml were added to cells. As 
a negative control, scrambling LL-37 was utilized, and 
viral and non-infected cells were used as virus and cell 
controls, respectively. As CPE is found and recorded, cells 
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electrophoresis to ensure protein denaturation. Primary 
mouse anti-RVFV N (R3-ID8; 1:2,000) (BEIResources, 
NIH, Manassas, VA, USA) was conjugated with the blots 
overnights. Anti-beta-actin monoclonal antibodies (1:200; 
Santa Cruz Biotechnology, Dallas, TX, USA) as beta-ac-
tin was used as a loading control after 1 hour of blocking 
with 0.1% Tween 20 and 3% bovine serum album. The 
membranes were then cleaned and incubated for 1 hour 
with a goat anti-mouse-HRP conjugated secondary anti-
body (1:5,000). Specific reactivity was determined using 
an enhanced chemiluminescent (ECL) detection system 
(Santa Cruz Biotechnology, Dallas, TX, USA) (GE Heal-
thcare, Buckinghamshire, UK).

2.11. Statistical analysis
  Graph pad Prism 9 was used to evaluate statistical 

significance to examine the variation in response values 
between LL-37 treated and untreated controls. A one-way 
analysis of variance (ANOVA) was utilized to establish 
the significant difference between the group means of dif-
ferent LL-37 tests, and Bonferroni post hoc comparisons 
followed a one-way analysis of variance (ANOVA). A sta-
tistically significant P - value should be ≤ 0.001.

3. Results
3.1. Viability assessment 

Visual examination and tracking of morphological 
changes in the Vero cell line after treatment with various 
dosages of LL-37 and scrambling LL-37 revealed that 
viability varied. The number of metabolically active Vero 
cells was counted. The maximum non-toxic LL-37 concen-
tration that can be utilized was calculated (Fig. 1). In Vero 
cells, the computed IC 50% as the half-maximum response 
at 50 µg/ml as a starting dilution was 34.29 and 31.87 for 
LL-37 and scrambled LL-37, respectively. To ensure that 
LL-37 was sequence-specific as a therapy, scrambling LL-
37 was utilized as a negative control. 

3.2. LL-37 directly inhibited RVFV particles
  To determine the maximum inhibitory impact of LL-37 

against RVFV, it was evaluated at 5 µg/ml against RVFV 
TCID50 virus titer and at 10 µg/ml against a concentrated 
viral stock. Using a TCID50 endpoint assay, LL-37 at 5 
µg/ml efficiently reduced RVFV titer resulting in a 2 log 
reduction after 24 hours and a 1.33 log reduction after 48 
hours (Fig. 2a). After 24 and 48 hours, LL-37 at 10 µg/ml 
reduced the concentrated viral titer by one and 0.5 logs, 
respectively (Fig. 2b). There was no difference between 
RVFV-infected viral control cells and Scrambling LL-
37-treated cells, indicating that LL-37's inhibitory activity 
against RVFV in the Vero cell line is sequence-specific. 
RVFV N mRNA expression was measured by qRT-PCR 
after 24 hours of viral infection. The RQ of viral expres-
sion in LL-37-treated cells was computed and compared 
to untreated cells and standardized to a reference control. 
When LL-37 was pre-incubated with TCID50 virus titer, 
it directly inhibited viral entrance to cells by 48.4% at 2.5 
µg/ml, and even at low concentrations of 0.25 and 0.025 
µg/ml, it inhibited RVFV by 44% and 40%, respectively 
(p < 0.001) ( Fig.2c). LL-37 consistently suppressed the 
concentrated viral stock by 46 % and 41 % at dosages of 
0.5 and 0.05 µg/ml (p< 0.001) (Fig. 2d). These findings 
demonstrated the specificity of LL-37 sequence activity 
against RVFV and revealed direct contact as the primary 

mode of action of LL-37. After 48 hours of RVFV infec-
tion, whole-cell lysates were examined by western immu-
noblot (Fig. 5), demonstrating that LL-37 may disrupt the 
RVFV envelope for an extended period. These findings 
demonstrated that the efficacy of LL-37 against RVFV 
declined with time. Time and dose have an inverse rela-
tionship with LL-37.

3.3. Simultaneous activity of LL-37 against RVFV 
To determine whether LL-37's antiviral activity against 

RVFV required prior interaction between virus particles 

Fig. 1. Viability assay of LL-37, and Scrambling LL-37 by MTT as-
say on Vero cell line.

Fig. 2. LL-37 direct inhibitory effect on RVFV particles. (a) Repre-
sents the log decrease caused by LL-37 at 5 µg/ml pre-mixed with 
TCID50 of RVFV at MOI=2, and evaluated by endpoint assay. While 
(b) represents the log decrease produced by 10 µg/ml LL-37 pre-mixed 
with a concentrated viral stock of RVFV at MOI=2, and assessed by 
endpoint assay. Scrambling LL-37 was pre-mixed with RVFV as a 
control peptide * P ˂ 0.001 in comparison to control groups. ** P ˂ 
0.001 in comparison to groups treated with LL-37 for 24 hours. No 
statistically significant difference existed between untreated controls 
and cells treated with scrambled LL-37. (c) Relative Quantification 
RT-PCR of LL-37 pre-mixed with TCID50 of RVFV administered to 
Vero cells in triplicate and extracted 24 hours later. *P ˂ 0.001 in 
comparison to the corresponding control groups. ** P ˂ 0.001 in com-
parison to a group treated with LL-37 at a concentration of 2.5 µg/ml. 
*** P ˂ 0.001 compared to a group treated with LL-37 at a 0.25 µg/
ml concentration. (d) LL-37 pre-mixed with concentrated RVFV was 
administered to Vero cells in triplicate and extracted 24 hours later. 
* P ˂ 0.001 in comparison to the corresponding control groups. ** P 
˂ 0.001 in comparison to group treated with LL-37 at concentration 
0.5 µg/ml. Under the same experimental circumstances, there was no 
significant difference between RVFV control cells and cells infected 
with RVFV and scrambling LL-37.



5

Cathelicidin, LL-37 antiviral therapeutic for RVF.                                                                                                                                             
                 

              Cell. Mol. Biol. 2024, 70(8): 1-9

and LL-37 under the same physiological conditions during 
infections, simultaneous exposure to the virus and LL-37 
mixture after a 1-hour incubation at 37 °C resulted in a 
significant reduction (p < 0.001) in infectivity. When the 
TCID 50 endpoint assay measured the virus titer after 24 
and 48 hours, LL-37 resulted in 1.5 and 0.5 log decreases, 
respectively (Fig.3a). LL-37 induced a 0.7 and 0.5 log re-
duction in concentrated viral stock after 24 and 48 hours, 
respectively (Fig. 3b). The number of infectious virions 
in treated Vero cells with LL-37 was compared to non-
treated cells and standardized to a reference control using 
qRT-PCR. Simultaneous exposure of LL-37 with TCID 50 
virus titer directly inhibited virus entry to cells by 36 % at 
concentrations of 2.5 µg/ml. Even at small concentrations 
such as 0.25 and 0.025 µg/ml, LL-37 inhibited RVFV by 
33.7 % and 31 % respectively (p< 0.001) compared to 
virus control (Fig.3d). Compared to virus control, LL-37 
consistently suppressed the concentrated virus by 33% and 
31% at dosages of 0.5 and 0.05µg/ml (p< 0.001) (Fig.3c). 
These data strengthen the hypothesis that LL-37's primary 

mode of action is direct interference with the viral enve-
lope. A scrambled LL-37 had no antiviral activity. After 48 
hours of RVFV infection, immunoblot examined whole-
cell lysates (Fig. 5), and RVFV N protein was expressed. 
LL-37 is inversely related to time and dosage.

3.4. The protective effect of LL-37 against cell death
Pre-treatment of Vero cells with various dosages of 

LL-37 may protect against RVFV infection and viral dis-
semination. Delaying RVFV infection up to 4 hours after 
LL-37 treatment and after several washing steps indicated 
the capacity of LL-37 to be maintained in cells, with consi-
derable protection (P <0.001). When LL-37 was pre-incu-
bated with cells for 4 hours before viral infection and the 
supernatant was collected after 24 to measure the decrease 
in virus titer by TCID50 endpoint assay. LL-37 at concen-
trations of 1.25 µg/ml and 0.6 µg/ml resulted in 0.5 and 0.3 
log reduction, respectively (P <0.001) when compared to 
non-treated control groups (Fig. 4a). Relative quantifica-
tion of RVFV N mRNA expression by qRT-PCR in pre-in-
cubated cells with LL-37 indicated a significant reduction 
(P <0.001) in virus replication in a dose-dependent manner 
with about 47 % reduction at 1.25 µg / ml, and about 37 
% reduction at 0.6 µg / ml when compared to non-treated 

Fig 3. The viricidal activity of LL-37 against RVFV particles. (a) Re-
presents the log reduction caused by LL-37 at 5 µg/ml pre-incubated 
with TCID50  of RVFV at MOI=2 for 1 hour at 37°C, supernatant 
was extracted at different time intervals to be determined by TCID50 
endpoint assay. While (b) Represents the log reduction caused by LL-
37 at 10 µg/ml pre-incubated with a concentrated viral stock of RVFV 
at MOI=2, for 1 hour at 37°C, the supernatant was extracted at dif-
ferent time intervals to be determined by TCID50 endpoint assay. * P 
˂ 0.001 in comparison to control groups. * * P ˂ 0.001 in comparison 
to groups treated with LL-37 for 24 hours. No significant difference 
existed between non-treated controls and cells treated with scrambling 
LL-37. (c) Relative Quantification of LL-37's Simultaneous effect on 
RVFV N mRNA expression by RT-PCR, LL-37 was pre-mixed with 
TCID50 of RVFV and ten-fold serially diluted after a 1-hour incuba-
tion at 37°C, added to Vero cells in triplicates, and collected 24 hours 
later. *P ˂ 0.001 in comparison to the corresponding control groups. 
** P ˂ 0.001 in comparison to a group treated with LL-37 at a concen-
tration of 2.5 µg/ml. *** P ˂ 0.001 compared to a group treated with 
LL-37 at a 0.25 µg/ml concentration. (d) qRT-PCR determination of 
the simultaneous effect of pre-mixed LL-37 with concentrated RVFV 
at MOI=2, incubated for 1 hour, applied to Vero cells in triplicates 
after ten-fold serial dilution, and harvested 24 hours later. * P ˂ 0.001 
in comparison to the corresponding control groups. ** P ˂ 0.001 in 
comparison to group treated with LL-37 at concentration 0.5 µg/ml. 
Under the same experimental circumstances, there was no significant 
difference between RVFV control cells and cells infected with RVFV 
and scrambling LL-37.

Fig 4. LL-37 protective and antiviral effect against RVFV particles on 
Vero cell line. (a) Illustration of the protective effect of LL-37 against 
TCID 50 of RVFV at MOI=2, as a substantial reduction in the virus 
titer was detected in a dose-dependent manner by TCID50 endpoint 
assay after 24 hours of RVFV infection. * P ˂ 0.001 in comparison 
to control groups. ** P ˂ 0.001 in comparison to groups treated with 
LL-37 at 1.25 µg/ml. (b) qRT-PCR measured the prophylactic effect 
mediated by LL-37 in a dose-dependent manner when compared 
to non-treated control groups. * P ˂ 0.001 in comparison to control 
groups. ** P ˂ 0.001 in comparison to groups treated with LL-37 at 
1.25 µg/ml. (c) The antiviral impact of LL-37 against TCID 50 RVFV 
at MOI=2, as a substantial decrease in virus titer was assessed dose-
dependently by TCID50 endpoint test after 24 hours of virus infec-
tion.* P ˂ 0.001 in comparison to control groups. ** P ˂ 0.001 in 
comparison to groups treated with LL-37 at 1.25 µg/ml. (d) Antiviral 
activity mediated by LL-37 was assessed by qRT-PCR and compared 
to non-treated control groups. * P ˂ 0.001 in comparison to control 
groups. ** P ˂ 0.001 in comparison to groups treated with LL-37 at 
1.25 µg/ml. There was no discernible difference between untreated 
controls and LL-37 scrambled cells.
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control groups (Fig. 4b). These findings support the hy-
pothesis that LL-37 can promote protective antiviral acti-
vity in Vero cells. The whole-cell lysates were analyzed 
by western immunoblot after 48 hours of RVFV infection 
(Fig. 5), with the expression of RVFV N protein showing 
the incapacity of LL-37 to provide long-term protection 
against RVFV infection.

 
3.5. Antiviral effect of LL-37 against RVFV

The capacity of LL-37 to suppress the release of new 
RVFV infectious particles was assessed by challenging 
cells with TCID 50 RVFV at MOI =2 and then treating 
cells with various doses of LL-37. The infectivity of the 
supernatant collected after 24 hours was determined by 
TCID50 endpoint test as LL-37 at 1.25 µg/ml and 0.6 
µg/ml concentrations, significantly caused 2 and 1.3 log 
reduction, respectively (P <0.001) (Fig.4c). When compa-
red to non-treated control groups, relative quantification 
of RVFV N mRNA expression in response to antiviral 
treatment with LL-37 revealed a significant (P < 0.001) 
reduction in virus replication in a dose-dependent man-
ner, with an approximately 75% reduction in viral mRNA 
expression obtained at1.25 µg/ml, and approximately 68% 
reduction obtained at 0.6 µg/ml (Fig. 4d). The whole-cell 
lysates were examined by western immunoblot after 48 
hours of RVFV infection (Fig. 5). The lack of RVFV N 
protein expression was found as LL-37 showed unique 
antiviral efficacy against RVFV infections and suppressed 
the formation of new virus particles. 

4. Discussion
RVFV is a serious growing intimidation and etiologi-

cal agent for humans and livestock which is transmitted 
by several vectors and exacerbated by animal commerce 
in particular. Camels influence transmission and introduce 
the virus to new populations [33]. RVFV was proclaimed 
as a possible bioterror virus in 2010 [34]. Ribavirin, Favi-
piravir, and benzavir-1 were tested as antiviral candidates 
against RVFV infection in cell-based assays and animal 
models but were not authorized for use [35]. Egypt suf-
fered from many outbreaks. The most severe occurred 
in 1977 followed by outbreaks in 1993, 1994, 1997, and 
2003 [14]. Camel exports to repay the Egyptian market de-
mand continue to introduce RVFV to Egypt. Warm climate 
conditions, the endemicity of numerous mosquitoes that 
transmit the virus in Egypt, as well as a lack of immuni-
zation, contribute to an increase in RVFV infections  [36]. 
Some circulating antibodies were detected in the absence 
of a surveillance system or diagnostic instruments, indica-
ting the possibility of future outbreaks. [37]. 

There are two main families of Antimicrobial peptides 
(AMPs) in mammalian cells as a part of the neutral im-
mune response [38], defensin and cathelicidin. In humans, 
there are multiple defensin genes and one cathelicidin gene 
that is mainly found in neutrophils [39]. The sole human 
cathelicidin (LL-37) helical structure induces membrane 
toxicity by electrostatic force and creates a net positive 
charge, resulting in the quick death of numerous species 
[40]. Therefore, the competence of LL-37 as a prospective 
antiviral therapy against RVFV as one member of arbovi-
ruses was determined to find the possible mechanism of 
action and antiviral potentialities. Furthermore, to distin-
guish between any non-specific impact and to guarantee 
that the antiviral activity was related to the LL-37 amino 

acid sequence, scrambling LL-37 was employed as a nega-
tive peptide control. 

Different quantitative assays were used. The genomic 
RNA of the N protein in the S segment was quantified by 
RT-PRC in comparison to viral control. The Western blot 
technique is used to assess the quantity of N protein expres-
sion in response to various LL-37 treatment protocols. The 
TCID50 endpoint test was used to measure the viral CPE 
impact and to identify the morphological alterations asso-
ciated with RVFV infections. A titer of RVFV that caused 
50% cell death and a concentrated viral stock was utilized 
to explore the connection between LL-37 and the RVFV 
envelope. LL-37 exerted a significant antiviral activity at 
both titers and its effectiveness was negatively related to 
infection time. It was also observed that the LL-37 effect 
is dose-dependent. These data show that one of the mecha-
nisms of action of LL-37 against RVFV is interfering with 
viral entry as an early event. The viricidal effect of LL-37 
after incubation in the same physiological conditions sup-
ports the hypothesis that LL-37 disrupts the membrane in a 
single and potent attachment to the virus membrane rather 
than stepwise degradation in a detergent-like manner, as 
previously reported [41, 42]. Natural and synthetic LL-37 
and LL-37 derivatives were evaluated against the RVFV 
MP-12 strain. Pre- and post-treatment with LL-37 resulted 
in a substantial reduction outside and inside the host cell 
when quantified by PCR [28]. The impact of LL-37 was 
negatively related to infectious time, and the maximum 
activity of LL-37 occurred during early viral events inter-
fering with viral entry, which is consistent with the data 
found here. Our theory was tested against an RVFV strain 
obtained from Egyptian sheep and adapted to cell culture 
in BSL-2, besides using 2 different viral concentrations to 
determine the relation between viral particles and LL-37. 

As a generalized antiviral action, the LL-37 effect 
against VEEV was seen in three distinct cell types. TEM 
pictures revealed a significant extracellular and intracel-
lular virion aggregation in VEEV particles, indicating 
that LL-37 selectively interacts with viral particles, inter-
fering with virus entrance [43]. By interacting with the 
viral membrane, LL-37 inhibits Kaposi sarcoma-associa-
ted herpesvirus [44]. LL-37 interacts with the DENV-2 
envelope directly [45], but pre-incubating cells with LL-
37 alone has little effect on viral activity. Here incubating 
LL-37 with RVFV for 1 hour before infection or imme-

Fig. 5. Western blot analysis of RVFV Nucleoprotein in response to 
various LL-37 therapies. Lanes 1 and 2 indicate Pre-treatment with 
1.25 and 0.6 µg/ml respectively. Lanes 3 and 4 show the Simultaneous 
incubation of LL-37 with RVFV at a different concentration as lane 4 
represents the concentrated viral stock. Lanes 5 and 6 show a direct 
inactivation effect mediated by LL-37 against different virus concen-
trations as lane 6 represents the concentrated viral stock. Lanes 7 and 
8 represent the post-treatment effect of LL-37 against RVFV at dif-
ferent concentrations as 1.25 and 0.6 µg /ml respectively. Lanes 9 and 
10 represent RVFV virus control and scrambling LL-37 respectively. 
β-actin is used as a loading control.
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diately infecting cells reduced RVFV titer and N mRNA 
expression, suggesting in the light of previous studies that 
LL-37 directly interacts with RVFV membrane in a dose-
dependent manner.

The ability of LL-37 to reduce RVFV replication effi-
ciently in a dose-dependent manner was established after 
24 hours and maintained for 48 hours, as evaluated by 
western blot. The superior antiviral effect is mediated by 
LL-37 which immunomodulatory properties might ex-
plain. According to Weber, Gawanbacht et al. the presence 
of RNPs strongly activates the antiviral innate immune 
response by stimulating RIG-I; due to the characteristic 
panhandle structure of RVFV [46]. Furthermore, LL-37 
up-regulated the production of several cytokines such as 
IL-6 and IL-10 as described in rhinovirus respiratory in-
fection [47].  

Prophylaxis activity against RVFV mediated by LL-37 
was evaluated on Vero cells by delaying RVFV infection 
for 4 hours and performing washing steps. Significant pro-
tection against RVFV infection was observed for up to 4 
hours after LL-37, which might be explained by LL-37 
internalizing into cells and inducing protection in epithe-
lial cells as previously reported for RSV [48]. LL-37 was 
tested against RSV and significantly inhibited RSV entry 
into HEP-2 cells at 2.5 µg/ml. Internalization of LL-37 
into cells resulted in the retention of viral particles and 
the induction of the anti-RSV effect. [49]. The IVA viral 
activity was reduced by one log after pre-incubating cells 
with LL-37 at 10 µg/ml, whereas the greatest activity was 
observed after virus entry [50], disrupting the virus enve-
lope. As demonstrated in Vaccinia virus [51], and HCV 
[52], pre-incubation of LL-37 profoundly impacts several 
viral membrane structures. Both naturally occurring and 
completely synthesized LL-37 suppressed HIV dose-de-
pendently by decreasing reverse transcriptase activity [53]. 

Based on previous data and other published studies, 
it was concluded that LL-37 has direct antiviral activity 
against RVFV. LL-37 can directly bind to viral membranes 
and disrupt the viral envelope efficiently and rapidly for an 
extended period, as well as have indirect action that im-
pacts post-entry events. LL-37 exerts antiviral activity by 
interfering with later stages in the virus's life cycle by inhi-
biting RVFV N protein expression and protein synthesis 
via immunomodulation. While pre-treatment with LL-37 
permitted internalization in Vero cells. In all approaches 
effect of LL-37 was dose-dependent with the effect dimi-
nishing over time.

5. Conclusion
This study determined an unprecedented antiviral acti-

vity for the sole human cathelicidin LL-37 against RVFV 
cell culture-adapted strain isolated from sheep in Egypt, 
an important zoonotic pathogen for which no effective 
disease-modifying therapies or vaccines exist. It implica-
ted that hCAP-18/LL-37 is an essential, targetable element 
of innate immunity against RVFV and has a prophylactic 
modulation. Furthermore, LL-37 can be used at different 
times and infectious points to prevent RVFV spread and 
transmission as a promising therapeutic agent, which in 
turn could apply to other arboviruses. More research will 
be conducted to assess the antiviral impact of LL-37 in 
vivo.

Acknowledgments
The authors would like to acknowledge the research unit in 
VCSERA, especially Dr. Eman Amen, for kindly helping 
and providing RVFV cell adapted strain.

 Conflict of interest
The authors declare that they have no known competing 
financial interests or personal relationships that could have 
appeared to influence the work reported in this paper.
Consent for publications: The author read and proved the 
final manuscript for publication.
 
Ethics approval and consent to participate
No humans or animals were used in the present research. 
The study protocol was approved by the Ethics Committee 
of Suez Canal University no. 201810 PhD1.
Authors’ contributions
All authors contributed to the study's conception and de-
sign. EM developed, optimized, and applied experiments, 
and was a major contributor in writing the manuscript. 
SS, AAB, and ASH reviewed this draft, contributed, and 
approved the final manuscript.

References 

1. Benedict MQ, Levine RS, Hawley WA, Lounibos LP (2007) 
Spread of the tiger: global risk of invasion by the mosquito 
Aedes albopictus. Vector Borne Zoonotic Dis 7(1): 76-85. https://
doi:10.1089/vbz.2006.0562.

2. Sun Y, Li J, Gao GF. Tien P, Liu W (2018) Bunyavirales 
ribonucleoproteins: the viral replication and transcription 
machinery. Crit Rev Microbiol 44(5): 522-540. https://doi: 
10.1080/1040841X.2018.1446901.

3. Tercero B, and Makino S (2020) Reverse genetics approaches for 
the development of bunyavirus vaccines. Curr Opin Virol 44: 16-
25. https://doi: 10.1016/j.coviro.2020.05.004.

4. Bird BH, Ksiazek TG, Nichol ST, Maclachlan NJ (2009) Rift 
Valley fever virus. J Am Vet Med Assoc 1; 234(7): 883-93. https://
doi: 10.2460/javma.234.7.883.

5. Fakour S, Naserabadi S, Ahmadi E (2017) The first positive 
serological study on rift valley fever in ruminants of Iran. J 
Vector Borne Dis 54(4): 348-352. https://doi: 10.4103/0972-
9062.225840.

6. Gür S, Kale M, Erol N, Yapici O, Mamak N, Yavru S (2017) The 
first serological evidence for Rift Valley fever infection in the 
camel, goitered gazelle and Anatolian water buffaloes in Turkey. 
Trop Anim Health Prod 49(7):  1531-1535. https://doi: 10.1007/
s11250-017-1359-8.

7. Kalthoum S, Arsevska E, Guesmi K, Mamlouk A, Cherni J, 
Lachtar M, et al (2021) Risk based serological survey of Rift 
Valley fever in Tunisia (2017-2018). Heliyon 7(9): e07932. 
https://doi: 10.1016/j.heliyon.2021.e07932.

8. Kahlon SS, Peters CJ, Leduc J, Muchiri EM, Muiruri S, Njenga 
MK, et al (2010) Severe Rift Valley fever may present with a 
characteristic clinical syndrome. Am J Trop Med Hyg 82(3): 371-
5. https://doi: 10.4269/ajtmh.2010.09-0669.

9. Boushab BM, Fall-Malick FZ, Ould Baba SE, Ould Salem ML, 
Belizaire MR, Ledib H, et al (2016) Severe Human Illness Caused 
by Rift Valley Fever Virus in Mauritania, 2015. Open Forum 
Infect Dis 3(4): ofw200. https://doi: 10.1093/ofid/ofw200.

10. Baudin M, Jumaa AM, Jomma HJ, Karsany MS, Bucht G, 
Näslund J, et al (2016) Association of Rift Valley fever virus 
infection with miscarriage in Sudanese women: a cross-sectional 



8

Cathelicidin, LL-37 antiviral therapeutic for RVF.                                                                                                                                             
                 

              Cell. Mol. Biol. 2024, 70(8): 1-9
study. Lancet Glob Health 4(11): e864-e871. https://doi: 10.1016/
S2214-109X(16)30176-0.

11. Pepin M, Bouloy M, Bird BH, Kemp A, Paweska J (2010) Rift 
Valley fever virus(Bunyaviridae: Phlebovirus): an update on 
pathogenesis, molecular epidemiology, vectors, diagnostics and 
prevention. Vet Res 41(6): 61. https://doi: 10.1051/vetres/2010033.

12. Turell MJ, Dohm DJ, Mores CN, Terracina L, Wallette DL, Hribar 
LJ, et al (2008) Potential for North American mosquitoes to 
transmit Rift Valley fever virus. J Am Mosq Control Assoc 24(4): 
502-7. https://doi: 10.2987/08-5791.1.

13. Bron GM, Strimbu K, Cecilia H, Lerch A, Moore SM, Tran Q, et 
al (2021) Over 100 Years of Rift Valley Fever: A Patchwork of 
Data on Pathogen Spread and Spillover. Pathogens 5; 10 (6):708. 
https://doi: 10.3390/pathogens10060708.

14. Kamal SA (2011) Observations on rift valley fever virus and 
vaccines in Egypt. Virol J 8:532. https://doi: 10.1186/1743-422X-
8-532.

15. Kamal SA (2009) Pathological studies on postvaccinal reactions 
of Rift Valley fever in goats. Virol J 6:6:94. https://doi: 
10.1186/1743-422X-6-94.

16. Conlon JM, and Sonnevend A (2010) Antimicrobial peptides in 
frog skin secretions. Methods Mol Biol 618: 3-14. https://doi: 
10.1007/978-1-60761-594-1_1.

17. Jenssen H, Hamill P, Hancock RE (2006) Peptide antimicrobial 
agents. Clin Microbiol Rev 19(3): 491-511. https://doi: 10.1128/
CMR.00056-05.

18. Loeffler JM, Nelson D, Fischetti VA (2001) Rapid killing of 
Streptococcus pneumoniae with a bacteriophage cell wall 
hydrolase. Science 294(5549): 2170-2. https://doi: 10.1126/
science.1066869.

19. Vizioli J, and Salzet M (2002) Antimicrobial peptides from 
animals: focus on invertebrates. Trends Pharmacol Sci 23(11): 
494-6. https://doi: 10.1016/s0165-6147(02)02105-3.

20. Boman HG (1995) Peptide antibiotics and their role in innate 
immunity. Annu Rev Immunol 13: 61-92. https://doi: 10.1146/
annurev.iy.13.040195.000425.

21. Auvynet C, and Rosenstein Y (2009) Multifunctional host defense 
peptides: antimicrobial peptides, the small yet big players in 
innate and adaptive immunity. Febs j 276(22): 6497-508. https://
doi: 10.1111/j.1742-4658.2009.07360.x.

22. Semple F, and Dorin JR (2012) β-Defensins: multifunctional 
modulators of infection, inflammation and more? J Innate Immun 
4(4): 337-48. https://doi: 10.1159/000336619. 

23. Agerberth B, Gunne H, Odeberg J, Kogner P, Boman HG, 
Gudmundsson GH (1995) FALL-39, a putative human peptide 
antibiotic, is cysteine-free and expressed in bone marrow and 
testis. Proc Natl Acad Sci U S A 92(1): 195-9. https://doi: 10.1073/
pnas.92.1.195.

24. Agier J, Efenberger M, Brzezińska-Błaszczyk E (2015) 
Cathelicidin impact on inflammatory cells. Cent Eur J Immunol 
40(2): 225-35. https://doi: 10.5114/ceji.2015.51359.

25. Wang G (2014) Human antimicrobial peptides and proteins. 
Pharmaceuticals (Basel) 7(5): 545-94. https://doi: 10.3390/
ph7050545.

26. Thakur N,  Qureshi A, Kumar M (2012) AVPpred: collection and 
prediction of highly effective antiviral peptides. Nucleic Acids 
Res 40(Web Server issue): W199-204. https://doi: 10.1093/nar/
gks450.

27. REED LJ, and MUENCH H (1938) A SIMPLE METHOD OF 
ESTIMATING FIFTY PER CENT ENDPOINTS12. American 
Journal of Epidemiology, 27(3): 493-497.

28. Anjorin M (2019) The use of Antimicrobial peptides, LL-37, and 
derivatives, to target Rift Valley Fever Virus infection. Master of 
Science Biology. George Mason University https://hdl.handle.

net/1920/11601  
29. Takeuchi H, Baba M,  Shigeta S (1991) An application of 

tetrazolium (MTT) colorimetric assay for the screening of anti-
herpes simplex virus compounds. J Virol Methods 33(1-2): 61-71. 
https://doi: 10.1016/0166-0934(91)90008-n.

30. Sieuwerts AM, Klijn JG, Peters HA, Foekens JA (1995)The 
MTT tetrazolium salt assay scrutinized: how to use this assay 
reliably to measure metabolic activity of cell cultures in vitro for 
the assessment of growth characteristics, IC50 – values and cell 
survival. Eur J Clin Chem Clin Biochem  33(11): 813-823. https://
doi: 10.1515/cclm.1995.33.11.813.

31. Vilas Boas LC, Pinto de Lima LM, Migliolo L,  Dos Santos 
Mendes G, Gonçalves de Jesus M, Franco OL,  et al (2017) Linear 
antimicrobial peptides with activity against herpes simplex virus 
1 and Aichi virus. Biopolymers 108(2). https://doi: 10.1002/
bip.22871.

32. Nishimura T, Toku H, Fukuyasu H (1977) Antiviral compounds. 
XII. Antiviral activity of amidinohydrazones of alkoxyphenyl-
substituted carbonyl compounds against influenza virus in eggs 
and in mice. Kitasato Arch Exp Med 50(1-2): 39-46.

33. Apolloni A, Nicolas G, Coste C, El Mamy AB, Yahya B, El Arabi 
AS, et al (2018) Towards the description of livestock mobility in 
Sahelian Africa: Some results from a survey in Mauritania. PLoS 
One 13(1): e0191565. https://doi: 10.1371/journal.pone.0191565.

34. Mandell RB. and Flick R (2010) Rift Valley fever virus: an 
unrecognized emerging threat? Hum Vaccin 6(7): 597-601. 
https://doi: 10.4161/hv.6.7.11761.

35. Gaudreault NN, Indran SV, Balaraman V, Wilson WC, Richt 
JA (2019)  Molecular aspects of Rift Valley fever virus and the 
emergence of reassortants. Virus Genes 55(1): 1-11. https://doi: 
10.1007/s11262-018-1611-y.

36. Kenawy MA, Abdel-Hamid YM, Beier JC (2018) Rift Valley Fever 
in Egypt and other African countries: Historical review, recent 
outbreaks, and possibility of disease occurrence in Egypt. Acta 
Trop 181: 40-49. https://doi: 10.1016/j.actatropica.2018.01.015.

37. Mroz C, Gwida M, El-Ashker M, El-Diasty M, El-Beskawy M, 
Ziegler U, et al (2017) Seroprevalence of Rift Valley fever virus 
in livestock during inter-epidemic period in Egypt, 2014/15. BMC 
Vet Res 13(1): 87. https://doi: 10.1186/s12917-017-0993-8.

38. Nakatsuji T, and  Gallo RL (2012) Antimicrobial peptides: old 
molecules with new ideas. J Invest Dermatol 132(3 Pt 2): 887-95. 
https://doi: 10.1038/jid.2011.387.

39. Agerberth B, Charo J, Werr J, Olsson B, Idali F, Lindbom L, et al 
(2000) The human antimicrobial and chemotactic peptides LL-
37 and alpha-defensins are expressed by specific lymphocyte and 
monocyte populations. Blood 96(9): 3086-93. 

40. Jiang Z, Vasil AI, Hale JD, Hancock RE, Vasil ML, Hodges RS 
(2008) Effects of net charge and the number of positively charged 
residues on the biological activity of amphipathic alpha-helical 
cationic antimicrobial peptides. Biopolymers 90(3): 369-83. 
https://doi: 10.1002/bip.20911.

41. Mangoni ML, McDermott AM, Zasloff M (2016) Antimicrobial 
peptides and wound healing: biological and therapeutic 
considerations. Exp Dermatol 25(3): 167-73. https://doi: 10.1111/
exd.12929.

42. Ulaeto DO, Morris CJ, Fox MA, Gumbleton M, Beck K (2016) 
Destabilization of α-Helical Structure in Solution Improves 
Bactericidal Activity of Antimicrobial Peptides: Opposite Effects 
on Bacterial and Viral Targets. Antimicrob Agents Chemother 
60(4): 1984-91. https://doi: 10.1128/AAC.02146-15.

43. Ahmed A, Siman-Tov G, Keck F, Kortchak S, Bakovic A, 
Risner K, et al (2019) Human cathelicidin peptide LL-37 as a 
therapeutic antiviral targeting Venezuelan equine encephalitis 
virus infections. Antiviral Res 164: 61-69. https://doi: 10.1016/j.



9

Cathelicidin, LL-37 antiviral therapeutic for RVF.                                                                                                                                             
                 

              Cell. Mol. Biol. 2024, 70(8): 1-9
antiviral.2019.02.002.

44. Brice DC, Toth Z, Diamond G (2018) LL-37 disrupts the Kaposi's 
sarcoma-associated herpesvirus envelope and inhibits infection 
in oral epithelial cells. Antiviral Res 158: 25-33. https://doi: 
10.1016/j.antiviral.2018.07.025. 

45. Alagarasu K, Patil PS, Shil P, Seervi M, Kakade MB, Tillu H, et al 
(2017) In-vitro effect of human cathelicidin antimicrobial peptide 
LL-37 on dengue virus type 2. Peptides 92: 23-30. https://doi: 
10.1016/j.peptides.2017.04.002.

46. Weber M, Gawanbacht A, Habjan M, Rang A, Borner C, Schmidt 
AM, et al (2013) Incoming RNA virus nucleocapsids containing 
a 5'-triphosphorylated genome activate RIG-I and antiviral 
signaling. Cell Host Microbe 13(3): 336-46. https://doi: 10.1016/j.
chom.2013.01.012.

47. Lai Y, Adhikarakunnathu S, Bhardwaj K, Ranjith-Kumar CT, Wen 
Y, Jordan JL,  et al (2011) LL37 and cationic peptides enhance 
TLR3 signaling by viral double-stranded RNAs. PLoS One 6(10): 
e26632. https://doi: 10.1371/journal.pone.0026632. 

48. Lau YE, Rozek A, Scott MG, Goosney DL, Davidson DJ, Hancock 
RE (2005) Interaction and cellular localization of the human host 
defense peptide LL-37 with lung epithelial cells. Infect Immun 
73(1): 583-91. https://doi: 10.1128/IAI.73.1.583-591.2005.

49. Currie SM, Findlay EG, McHugh BJ, Mackellar A, Man T, 
Macmillan D, et al (2013) The human cathelicidin LL-37 has 
antiviral activity against respiratory syncytial virus. PLoS One 
8(8): e73659. https://doi: 10.1371/journal.pone.0073659.

50. Tripathi  S, Tecle T, Verma A, Crouch E, White M, Hartshorn KL 
(2013) The human cathelicidin LL-37 inhibits influenza A viruses 
through a mechanism distinct from that of surfactant protein D 
or defensins. J Gen Virol 94(Pt 1): 40-49. https://doi: 10.1099/
vir.0.045013-0. 

51. Howell MD, Jones JF, Kisich KO, Streib JE, Gallo RL, Leung DY  
(2004) Selective killing of vaccinia virus by LL-37: implications 
for eczema vaccinatum. J Immunol 172(3): 1763-7. https://doi: 
10.4049/jimmunol.172.3.1763.

52. Matsumura T, Sugiyama N, Murayama A, Yamada N, Shiina M, 
Asabe S, et al (2016) Antimicrobial peptide LL-37 attenuates 
infection of hepatitis C virus. Hepatol Res 46(9): 924-32. https://
doi: 10.1111/hepr.12627.

53. Wong JH, Legowska A, Rolka K, Ng TB, Hui M, Cho CH, et 
al (2011) Effects of cathelicidin and its fragments on three key 
enzymes of HIV-1. Peptides 32(6): 1117-22. https://doi: 10.1016/j.
peptides.2011.04.017.


