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Abstract

The threat of fungal diseases is substantially underestimated worldwide, but they have serious consequences for humans,
animals, and plants. Given the limited number of existing antifungal drugs together with the emergence of drug-resistant
strains, many researchers have actively sought alternatives or adjuvants to antimycotics. The best way to tackle these issues
is to unearth potential antifungal agents with new modes of action. Antimicrobial peptides are being hailed as a promising
source of novel antimicrobials since they exhibit rapid and broad-spectrum microbicidal activities with a reduced likelihood
of developing drug resistance. Recent years have witnessed an explosion in knowledge on microbicidal activity of LL-37, the
sole human cathelicidin. Herein, we provide a summary of the current understanding about antifungal properties of LL-37,
with particular emphasis on its molecular mechanisms. We further illustrate fruitful areas for future research. LL-37 is able to
inhibit the growth of clinically and agronomically relevant fungi including Aspergillus, Candida, Colletotrichum, Fusarium,
Malassezia, Pythium, and Trichophyton. Destruction of the cell wall integrity, membrane permeabilization, induction of
oxidative stress, disruption of endoplasmic reticulum homeostasis, formation of autophagy-like structures, alterations in
expression of numerous fungal genes, and inhibition of cell cycle progression are the key mechanisms underlying antifungal
effects of LL-37. Burgeoning evidence also suggests that LL-37 may act as a potential anti-virulence peptide. It is hoped that
this review will not only motivate researchers to conduct more detailed studies in this field, but also inspire further innova-
tions in the design of LL-37-based drugs for the treatment of fungal infections.
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Introduction

Fungal infections are responsible for almost 1.6 million
deaths, a number equal to that of tuberculosis and three
times that of malaria (Bongomin et al. 2017; Alves et al.
2023). The global burden of fungal diseases is expected
to rise substantially in the forthcoming years, secondarily
owing to the expanding number of individuals living with
human immunodeficiency virus (HIV), transplant receivers,
immunosuppressive drugs users, patients with advanced
cancer, and the elderly (Brackin et al. 2021). Even though
the epidemiology of fungal diseases has undergone many
changes over the past decades, certain pathogens such as
Aspergillus, Candida, Cryptococcus, Pneumocystis, and
Histoplasma are still the principal culprits implicated in the
invasive forms of mycoses (Bongomin et al. 2017). Indubi-
tably, the impact of fungi upon living beings goes far beyond
causing infectious diseases. The presence of mycotoxins in
agricultural products poses either visible, acute effects or
chronic, long-term hidden damages to humans and animals
(Adedara and Owumi 2023).
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As opposed to antibiotics that target specific bacterial
structures, the development of antifungal drugs confronts a
fundamental problem: similarities between mammalian and
fungal cells (Mosallam et al. 2022). In fact, the biochemi-
cal pathways and cytoplasmic organelles of fungal cells are
analogous to those of human cells because of their eukary-
otic heritage. As a result, only a handful of clinically useful
classes of antifungal agents have hitherto been developed,
such as azoles, allylamines, echinocandins, polyenes, and
pyrimidine analogs (Vanreppelen et al. 2023). The long-
term therapeutic efficacy of antifungal drugs may be coun-
terbalanced by their limited tolerability and serious adverse
effects. To add insult to injury, resistance to antifungals is
growing at an unprecedented rate, primarily on account of
the unbridled and indiscriminate use of such agents outside
of medical care facilities (Memariani et al. 2022). The best
way to tackle these issues is to unearth any potential novel
antimicrobial agents with new modes of action.

Ubiquitous throughout all biological kingdoms, antimi-
crobial peptides (AMPs) have transcended million years of
evolution and are amongst the most ancient constituents of
the immune system (Yarbrough et al. 2015). These peptides
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serve as endogenous antibiotics of the host to stave off
pathogenic invaders. Aside from variations in their amino
acid sequences, AMPs are typically less than 50 residues
in length, hydrophobic, and cationic at physiological pH,
all of which contribute to their antimicrobial activities
(Memariani et al. 2020). Mechanistically, AMPs directly
attack microbial membranes and/or counteract intracellular
machinery in order to kill or to stymie the proliferation of
pathogens (de Souza et al. 2023). In addition, anticancer
potential of various AMPs is now beginning to be appreci-
ated (Tornesello et al. 2020). The last two decades have wit-
nessed an explosion of research efforts aiming at developing
novel AMP-based drugs since they exhibit rapid and broad-
spectrum microbicidal activities with a low probability of
drug-resistance evolution in infectious diseases (Datta and
Roy 2021; Memariani et al. 2018). Although these endeavors
have yielded some success, the full therapeutic potential of
AMPs remains untapped.

Cathelicidins are cationic peptides with amphipathic
properties that form an integral part of the immune system
of many vertebrates, including humans and farm animals
(Holani et al. 2023). The cathelicidin family possesses two
functional domains, one at the N-terminus which is con-
served (the cathelin pro-domain) and another at the C-termi-
nus which is highly variable and exhibits antimicrobial prop-
erties. Proteases remove the pro-domain from cathelicidins
once they are secreted, forming mature bioactive peptides
(Aghazadeh et al. 2019). At the time of writing, there are
over 140 amino acid sequences of cathelicidins available in
the Antimicrobial Peptide Database (https://aps.unmc.edu).

LL-37 is the only member of the cathelicidin family
found in humans to date. An 18 kDa precursor of cationic
AMP, hCAP18, is encoded by a gene called CAMP. By
cleaving hCAP-18 with proteinase-3, LL-37 is released as
an active helical peptide of ~ 4.5 kDa (Gwyer Findlay et al.
2013). As the name suggests, LL-37 (LLGDFFRKSKEKIG-
KEFKRIVQRIKDFLRNLVPRTES) consists of a total of
37 amino acids; the two leading residues are leucine. Its
structure consists of a curved amphipathic helix-bend-helix
motif spanning residues 2-31, followed by a disordered
C-terminal tail (Wang 2008). The primary source of LL-37
is neutrophils, but it was later shown to be expressed by
various cells and tissues such as keratinocytes in inflamed
skin, surface epithelial cells of the conducting airways, and
mucous cells of the submucosal glands (Wang et al. 2019).
LL-37 has well-documented antimicrobial activities toward
bacteria, fungi, viruses, and even parasites. It can also exert
a multitude of immunomodulatory effects by augmenting
cellular killing capacity, differentiating of immune cells,
recruiting leukocytes, inducing or mitigating the production
of pro-inflammatory cytokines, triggering apoptosis, and
promoting angiogenesis (Memariani and Memariani 2023).
Although these immunomodulatory effects play a pivotal

role in killing microbial cells, their discussion does not fit
into the scope of the present review.

LL-37 has so far been extensively investigated for its anti-
microbial properties against a gamut of fungal pathogens.
Despite the wealth of data that has been amassed on the
antifungal effects of LL-37, no attempt has been made to
provide a comprehensive review of the literature on this sub-
ject. Hence, this review is intended to summarize the current
knowledge on the antifungal properties of the human catheli-
cidin LL-37 and to discuss potential directions for future
studies. Particular attention is devoted to the molecular
mechanisms underlying antifungal activities of LL-37. For
the sake of readers’ convenience, each section commences
with a brief explanation concerning the significance of the
relevant fungal pathogens.

Antifungal effects of LL-37 on planktonic
fungal cells

Effects on Aspergillus species

Aspergillus species are filamentous fungi that exist as
saprobes in soil and vegetative material. The exposure to
conidia can lead to a number of clinically significant out-
comes, from asymptomatic colonization to invasive infec-
tions. Those with structural lung diseases are more likely to
develop a fungus ball (aspergilloma) or chronic pulmonary
aspergillosis, whereas hypersensitivity to fungal antigens
after repeated inhalations of airborne conidia in susceptible
hosts may give rise to allergic bronchopulmonary aspergil-
losis (Russo et al. 2020). Invasive forms of the disease also
occur more frequently in patients with severe respiratory
viral infections such as influenza, respiratory syncytial virus
infection, and severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2). Physiologically, invasive pulmonary
forms begin with alveolar damage, and then the fungal
pathogen binds to surfactant proteins, leading to epithelial
damage and vascular invasion. This is the main reason why
invasive pulmonary forms of aspergillosis are deadly and
difficult-to-treat diseases. Influenza viruses are responsible
for a suppression of NADPH oxidase, causing dysfunction
of neutrophils. In SARS-CoV-2, there is a direct damage to
the airway epithelium that are thought to enable the invasion
by Aspergillus. Several risk factors for COVID-associated
invasive aspergillosis include age over 62, use of dexametha-
sone and anti-interleukin-6 (IL-6), and duration of mechani-
cal ventilation exceeding two weeks (Ledoux and Herbrecht
2023). Besides this, glucocorticoids and other immunomod-
ulating drugs may predispose a patient to pulmonary mold
infections during treatment for severe SARS-CoV-2 disease
(Thompson and Young 2021).
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Among the pathogenic aspergilli, A. fumigatus is most
prevalent in the environment and is responsible for the
majority of diseases, followed by A. flavus, A. niger, A.
terreus, and A. nidulans (Sugui et al. 2015). There exist
indications that A. fumigatus could upregulate the LL-37
expression levels in human corneal epithelial cells (Zhang
et al. 2014) and nasal tissue of chronic rhinosinusitis patients
(Ooi et al. 2007), suggesting a conceivable role of LL-37
in the battle against Aspergillus infections. These findings
have propelled several investigators to address the question
of how, and to what extent, the growth and virulence of A.
fumigatus are affected by LL-37.

In one study (Ballard et al. 2020), a 2-h incubation with
LL-37 (5-50 uM) did not lower metabolic activities of clin-
ical and environmental A. fumigatus strains (Table 1). In
another work (van Eijk et al. 2020), metabolic activity of
two azole-resistant A. fumigatus strains was not inhibited in
the presence of 1 or 5 uM of LL-37. Nevertheless, conspicu-
ous increments in conidial growth of either A. fumigatus
or A. flavus in response to LL-37 treatment were observed
by Sheehan et al. (2018). Flow cytometric studies revealed,
however, that the average percentage of A. fumigatus in the
hyphae gate of LL-37-treated cells (12.5 uM) did not differ
significantly from that of the control after 10 h, indicating
that LL-37 had no inhibitory activity upon A. fumigatus
hyphal growth (Ballard et al. 2020). Moreover, there were
no morphological alterations in hyphae of either A. fumiga-
tus or A. flavus when challenged with LL-37 (31.25 ug/mL)
for 24 h (Sheehan et al. 2018).

Species assigned to the Aspergillus genus produce a wide
range of mycotoxins, such as aflatoxins, ochratoxins, glio-
toxin, fumonisins, sterigmatocystin, and patulin (Abo Nouh
et al. 2020). Evidence suggests that LL-37 is capable of
enhancing both hyphal mass and gliotoxin secretion (Shee-
han et al. 2018). Gliotoxin may play a part in regulation of
the redox status of A. fumigatus and is believed to protect A.
fumigatus toward oxidative stress (Gallagher et al. 2012). It
would thus seem that cell stress due to the peptide treatment
may alter fungal cell redox status, resulting in enhanced
production of gliotoxin to restore cell redox homeostasis.
Shotgun proteomics of LL-37-treated hyphae also revealed
an increase in the abundance of proteins related to growth,
tissue degradation, allergic reactions, cellular stress, and
virulence (see Table 2). The reader is encouraged to consult
the original paper for a more detailed information (Sheehan
et al. 2018). These results need further verification in terms
of whether or not LL-37 augments expression levels of vari-
ous mycotoxins and virulence factors in A. fumigatus.

Contrary to what was implied above, Luo et al. (2019)
demonstrated that LL-37 (1-20 uM) could prevent hyphal
growth of A. fumigatus in a dose-dependent fashion after
12 h of incubation. The difference in strains may explain
these contradictory results. Other factors including the initial
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inoculum size, the peptide purity, media composition, and
the duration of exposure ought to be taken into considera-
tion (Memariani and Memariani 2020). Given that low con-
centrations of LL-37 may activate compensatory growth
pathways in A. fumigatus, as discussed by Luo et al. (2019)
when comparing their own results to those reported by Shee-
han et al. (2018), threshold concentration of LL-37 below
which fungal growth occurs should be determined in future
research.

So far, only one study has investigated in vitro antifun-
gal activity of LL-37 on A. niger. In this context, Kamysz
et al. (2012) found that both LL-37 and its cyclic counter-
part exerted an inhibitory activity on A. niger at 128 ug/
mL. Complete suppression of the fungal growth was also
observed when the concentration of each peptide increased
to 512 ug/mL. Additionally, LL-37 and its cyclic analog
showed comparable hemolytic activity against the human
red blood cells (Kamysz et al. 2012). Antifungal and hemo-
lytic activities of the cyclic LL-37 were identical to those
of LL-37. Final judgment on this matter should be withheld
until the subject can be followed up by further research.

LL-37 can bind directly to the fungal surface and dis-
rupt the cell wall architecture, leading to inhibition of fun-
gal adhesion in vitro (Table 2). A. fumigatus invasion and
cytotoxicity on alveolar epithelial cells were weakened in
the presence of LL-37 (4 uM), indicating host cell protec-
tive activity of LL-37 (Luo et al. 2019). The peptide also
reduced the levels of pro-inflammatory cytokines, such
as tumor necrosis factor-alpha (TNF-a) and IL-6, by A.
fumigatus-stimulated macrophages. Furthermore, LL-37
downregulated transcriptional levels of M1 type markers,
such as iNOS, CXCL9, and CXCL10. Neither phagocyto-
sis nor killing capacity of macrophages toward A. fumiga-
tus were attenuated by LL-37 (Luo et al. 2019). Based on
these results, the conclusion was drawn that the production
of A. fumigatus-induced pro-inflammatory cytokines by
macrophages and expression of M1-type markers could be
reduced in response to LL-37 without negatively affecting
macrophage phagocytosis or killing activity.

In a preclinical study, wherein mice were intratrache-
ally infected with A. fumigatus conidia and then treated
with LL-37, lung tissues of the peptide-treated animals had
remarkably lower fungal burdens, moderate pathological
damage, and reduced levels of pro-inflammatory cytokines
(TNF-a and IL-6) as compared to the control (PBS-treated)
groups (Luo et al. 2019). A similar trend was observed in
transgenic mice expressing hCAP18/LL37. Accordingly,
LL-37 may be effective in treating A. fumigatus pulmonary
infections since it seems to exhibit both anti-inflammatory
and antifungal properties. In spite of these promising results,
further animal studies are warranted to explore the antimy-
cotic potential of LL-37 against an expanded set of Asper-
gillus strains.



Page50f27 34

World Journal of Microbiology and Biotechnology (2024) 40:34

A[oAnoadsar

‘IDBN JO uonenuaduod
(NI oG 1) TestsoforsAyd
pue (W () so[ ur AN

(%50°0) dSL ut (%T00)
0T UM, pue “(INW 0S1)

S00T 'Te 39 IPuIory) 0, PUe O Jo sonfea DH ®  [DBN (% 1) osoreSe OFH-M0] vad 82006 DOLV
Y 8% 10}
Do LE 10 6T e UOnEqNOUl (%07)
S00C '[e 10 eporen-zado| Toye AN GT Jo anfeA DI @ wnipaw s UoxXI(] payIpoN Aesse uonn[ipoIotw yroig €501 DOLV
Y ¢ 10} D, G e uoheqnout
00T 'Te 3o Jgelg Ioyje AN 91 Jo onfea DA @ (%07) wnipau s uoxIq Kesse uonnpiporonu yloig €S0¥1 DOLV
Y ¥ 10} D, ST J& uoneqnoul
108 JAM (G JO onfeA DN @
AN 67 18 yamoi3 [e3 UOTIRUTWLINRP DN
$007 'Te 19 Iuyosio  -unj jo uoniqryur Aje[dwo)) e (%07) wnipoaul s UOXI(J  PuUB ABSSE UOIINIPOIOIUI )OI €S0¥T DDLV
Y T 10} D, LE Je uoneqnoul
$00T ‘& 10 ey 1035e T O Jo dnfea DN © (%07) wnipaw s,uoxIq uoneuruL=ep 54N £50vT DOLV
Y 8y 10} D, S e Uuon
-eqnour Ja)je Twy/3rl g7 1 1
TI0T Te 1 zskwey  [soIs [eSuny jo uoniqryuy e (%9 gas Kesse uonnpIporonw ylorg 1€201 DDLV
Y T 10J D, LE Je uoneqnour (uoneuTurIo)ap %y
S00T Te 10 SoMoH udp  Iaye A §°) Jo anfea )T e ddd  10§) Kesse uonN[IPOIOTW YloIg 1€201 DDLV Supo1qv DpIPULY)
Y 8% 10} D, S e uon
-eqnour Jo)ye Ju/3n gz | e
2107 ‘e 19 zsAwrey]  yImoI3 [e3uny jo uoniquyuy e (%9) 9ds Kesse uonn[IpoIomu ylorg NN 1231 snjp1iadsy
(A g 10
1) Lg-TT 03 omsodxo -84 © (11-9z¢
I9)Je surens yjoq jo Ajanoe pue 8y-L7¢ OLA) surens
00T ‘e I ueA  OI[OQRIQW UI JUAWIOAP ON @ IWINV Kesse uLIzesoy [eOTUI]O JUB]SISAI-O[0ZB OM],
(/31 6T 1€-L6'0) LE-TT
0} amsodx? Y- & I10)je
810C ‘Te 10 uByoYS yImoiI3 [eSuny Suisearouy e NN Kesse uonn[IpoIoIw Yloig €€697 DDLV
(T1-S-ANA
Pu® 7Z-S-ANH ‘v-S-ANH)
LETT SUIRI)S [BJUSUIUOIIAUD 1Y)
Jo AT 0G—G 01 2msodxa y-g pue ‘(uened Y[y ue woiy
e 19136 oeydAy jo Aymanoe pare[ost) Gy — 1171 ‘(yuaned
0T0T ‘Te 3o pIe[leqg  OI[OQeIow Ul JUSUWIAIOAP ON @ 0191 TAdY Kesse [1X DO e woly paje[ost) GT-0ETA smpSunf snjjrsiadsy
(Twy3r 06-66'1) LETT
0} a1nsodxa Y-/ © Ioyje
810C ‘Te 10 ueyoayS ymo1s [eSung Sursearou] e NN Kesse uonn[IpoIOTW YIoIg N snavy snjiSiadsy
SQOUIOFOY K1anoe reSunjnuy sKesse [eSunjnue 10} BIPIJ SPOYIOIN SIOYNUAP] 1Sung

sua3oyed [eSuny Jo surers JuaIQYIp jsurede ,¢-T UIPIOIAYILd UBWINy AY) JO SONIATIOR [eSUnjnuy

L 9|qeL

pringer

a's



World Journal of Microbiology and Biotechnology (2024) 40:34

34 Page6of 27

BOI0T T8 19 nA

LT0OT 'Te 39 ewl]

Y10 ‘T8 12 Zauop1Q

S10T 'Te 30 1uIsIeds

10 Te 9 fesp

T10T Te 0 Suey)

BLIOT e 19 les,

10T '8 30 Suopm

£00T 'Te 10 U0ssauos

9007 'Te 1° Imoprepin3Ig

surens [esrur[o ay) ysurese A
-AT)or TeSunynue juaredde oN e
481 10J Do CE
Je L€~ Uim Uurels prepue)s
oy} JO uoIeqNOUT I9)Je T
/31 7€-91 Jo sonfea DIN
JAM 68T 18 A
-AT)OR AIONIQIUUI-YIMOIS ON @

U € 10§ D, Lg JE UOn
-eqnout 103 AN 0T Jo DAN
1oysry Apysis e pey Le-TT @
LR
10} D, (€ Je uoneqnoul Iaje
NN $9< — 9T Jo o3uel DA @

U o¢ 10§ 9o LE
Je uoneqnour 1Je (AN 9'9 ~)
w3 ¢ Jo anfer %y e
AN[IqQerA [[90 Iseak
ur uononpai juopuadop-oso( e
urw (¢ 19e
Do 0€ 12 (AN 01.) LE-TT
Jo KJIATIOR [epIOEDIPUR)) ®
LE-TT JO /3 O Yim uorn
-eqnoul Ur-O¢ € I9)Je S[[9d
158K JO 9%()9 punoIe Sur[ry e
Ut o¢ 10 L&-T1
Jo T3 gz < 03 2ansodxd
19)Je AYIQRIA [0 ISBaA
Ul UOT)ONPAI J[QEYIBWY
(W 01-6'0) LE-TT
01 21nsodx? Y-{¢ & I19)Je S[[90
1seak JO AJIATIOR OT[OqRIOW
Ul UOT)ONPAI J[QEYIBWY
W T Jo anfea %7 @
surens
[eJ1UI[S 0M) pUB 82006
D)LV Suvaiqpp ) jsurege
(A 00T 10 06) LE-TT
10y W g'e—¢'c~Jozod e
(WM 001-02)
SUOTIBIJUIIUOD JUIIIYIP I
[ImoI3 [e3uny Jo uoniqryuy e

0v91 IINdYd

0v91 IINdd

1°gnq SHdHH

aas

0v91 IINdYd

Sdd

0v91 IINdYd

0v91 IINdYd

'L Hd *suL

AW Q[ UL PIAJOSSIP (%T0°0)

0T U9dm], pue ‘(3w ()G) 9sox
-eSe Ogd-MOT ‘(Bw ¢'1) gSL

(%S0°0) dSL T (%20°0)

0T UM, pue ‘(AW OGT)
[O®N “(%1) osoreSe OHH-MO]

Kesse uonn[IpoIdIW YloIg

Kesse uonN[IPOIOTW YloIg

UonBUIIINNP DN

Aesse uonn[IpoIdIW Yjorg

(Kirqera 11od
Jo uoneneas 10j) Aesse jodg
(Kiiqera 1[99 jo uon
-eNJeAd 10§ SUNUNOD AUOJ0D)
Aesse uonn[IpoIdIW Yjorg

(AnowolAd mop 3ursn) Aesse

T-NQd pue (Kiqera 1[o9
Jo uoneneas 10j) Aesse jodg

Kesse LIX

(uon
-euTuId)ap 957 10§) Kesse
UONN[IPOIdIW YI0Iq PUT VY

vadq

surens
[EJMUI[D U2ARS pue 700¢ DOLV
1€201 DOLV

1€201 DDOLV
(snmuidea yim syuaned woiy
paurejqo) surens ajqudoosns
-9[0ZE 9A[oM) PUE ] £SDS

YIESOS

YI€SOS

YIE€SOS

PEISOS

(av g syuaned
WOy paule)qo) surens [eo

-TUI[d 921Y) pue 87006 DOLV

82006 DOLV

SOOUQIRYY

Ky1AT)o® TRSUnynuy

sAesse e3unjnue 10§ BIPIJA

SPOYIRIAN

s1oynuap|

13ung

(ponunuoo) | sjqey

b
)
)
5
et
|9
A
&l



Page7of27 34

World Journal of Microbiology and Biotechnology (2024) 40:34

9002 ‘Te 19 epren-zado|

0T0Z '€ 10 USPISIAN JOp ueA

0T0T '€ 12 USPIA Iop ueA

2102 'Te 30 zsAwey]

S10T T8 9 TuIsIedg

9002 'Te 1° Joprepin3Is

S10T '[e 19 IuIsIedg

ST0T 'Te 10 1IsIeog

GI0T [ 19 uIsIedg

70T T 10 1oupey

910¢ 'Te 19 seumnq

Y10} Do 0 18

uoneqnout 1a3e (AN 0€-0C

JO DIN) JAIM 6T 18 yImoI3 [e3
-unj jo uoniqryur go[dwo)) e

N 01 pue ‘s T

Jo suonenuaouod apndad je
Aynqiqera reydAy ur uononpay| e

Y ¢ 10} D, S & uohieqnout
1918 JAN G'Z Jo anfea %)y e

Y T 10} D, §T e uoneqnout
191Je JAN T Jo anfea %[ e

Y 8% 10} D, 6T 18 UOh

-eqnout Joye Tu/3r Q7T 1B
yImoiI3 [e3unj jo uoniqIyuy e

Y 8% 10} O, 0¢ 18 uoneqnout
Io)Je AN ¢ JO anfeA DIIN @

(WM ot-01)

SUOIIBIUIIUOD JUIIIYIP T
qImoI3 [e3uny Jo uoniqIyuy e

Y 8% 10} D, 0¢ J& uoneqnout
191Je JAN 91 JO anfeA DN e

Y 8% 10} D, 0¢ & uoneqnout
19138 JAH $9—4 Jo a3ueI DN @

4 84 10 D, (€ I8 uoneqnour
19)Je JAM $9 < JO sonea DIIA @
T
/31 00706 J0 dBuer DN @
4 T 10§
Do LE Je uoneqnour 1a)ye Jur
/31 001-6T Jo dBuer DI @
Do LE B LE-TT WM
uoneqnoul Y- e I93Je ‘A[An
-00dsa1 ‘601 TVD PU® 8011
VO L0V VO 1o w3t
9ST /9ST . PUE ‘9GT /9ST .
‘8T1/49 3O senfea DJN/DIN ®

4ad 10 (%07)
wngpaw s uoxXI PIYIPOI

4dd y3uans-jleH

gad wauans-jiey

(%9) 4as

adas
(%50°0) dSL ut (%200)

0T US9M], pue ‘(INW OST)

TO®N “(%1) 9soreSe OHH-MO']

ddas

das

ddas

0r91 INdYd

Sdd

AeSSe uonN[IPOIdIW YjoIg

Kesse LLIN
pue uonIqIyuI yjmois re3uny

Jo sisATeue ordoosonoadg

uonIqIyuI Yymoi3 [esuny
Jo stsATeue ordoosonoadg

Aesse uonn[IpoIdIW yjorg

Aesse uonn[IpoIomu yloig

vayg

Aesse uonn[IpoIdIW yjoig

Kesse uonnIpoIdIW Yjoig

Kesse uonn[IpoIdIW Yloig

uoneuIuLINdp DJN
pue Kesse uOnn[IPOIOTW YjoIg

UOTIRUIULISNIOP DN
pue Kesse uonn[IPOIOIW YIoIg

L9T9Y DOLV

TTTTODDA 21e[0SI uel[ensny

S00ESD 2IB[OST JESYM

AN

spruIgea

i juened e wolj paurelqo
urens o[qudoosns-ojoze uy

81006 DOLY
(D14 03 pue LI 03
aas) snmursea yim juoned
WoIJ PaUreIqo urexs [eorul[d y

(D14 01 ¥ ¢/1 pue
ads €/ *0L1 9 ads €/€)
spursea ym syuaned woiy

PaUIEIqO SUTRI)S [BOTUI[O QI ],

Q1o aas Lre

D110 Y L/1 Pue AAS L/9)
spursea ym syuaned woiy
paure)qo surens [edIUl[d UdAdS

surens [edrur[o udg,

(SWSTUBSIOOIITA JO UOTIOI]

-10D UST[od ‘MBO0IM ‘NVd

oY) woxy ‘601 VO PUE 801
VO ‘LOPT VD) surens a1y,

Anfanf vizassvp

wngoafuisva

“ds J wniodsdxo wnransn.g

WNADIUIUDLS WNLIDSH]

sypordod; vpipun)

s1sopisdvivd ppipun))

$1SU2824.10U DPIPUD))

128Ny DPIPUD)

DIDIGD]S DPIPUDY)

S1ND PPIPUDY)

SOOUQIRYY

K)1AT)o® TRSunynuy

sAesse eSunjnue 10§ BIPIJA

SPOYIRIA

s1oynuap|

13unyg

(ponunuoo) | sjqey

pringer

a's



World Journal of Microbiology and Biotechnology (2024) 40:34

34 Page8of 27

apt

-[IueX0qIed-G-wnijozendl-Hg-([Ausydojns-g-onru-4-Axoyjow-g)-s1q-¢‘z LLX Yr0ilq AKos aseondAiy, gsz uapuadop osop-o[qndoosng @S ‘Yiolq 9S0NXap s,pneInoqes g(s 2Imnsuj [eLIOWIA
SIed [[oMsOY [ JY ‘Aesse uorsnyip [erpey Vqy Juelsisay ¥ ropnq eydsoyd wnissejod gdd (Uioiq 9sonxap oyelod gdd eules paroynqg-aeydsoyd §g4 ‘wu /¢ 1e Aysuop reondo “lqgo
‘pauonuow JON AN ‘opruolq wnijozenAuaydip-¢z-(A-g-10zenpAylowip-¢y)-¢ LI ‘proe orojnsauedord(ourjoydiow-n)-¢ SJON ‘(eseq uaSomniu Jseak %6°() pue 3soon|3 g Surure)
-U09) Y)0Iq WNIPIW [BWIUIA g UONBNUIOUO0D AI0JIQIYUI WNWIUTA D]/ ‘SUOIRIUIIUOD [ePIOISUn} WNWIUIA D/ ‘UONENUIOUOD SANOYS WNWIUIA D 9dA) SISOWSOPUS0IIOA[-MOT
OAA-MOT ‘S[[95 d[qeIA JO UOTONPAI %0G Sulsned uonenuaduod Ay )7 9[ozeuoseny H 7 ‘UONLNUIOUOD AI0NqIUuI [ewrxew-jieH %)y ‘proe oruojinsoueyjesurzeradid- | -(JAYIeAx0IpAy-7)-1
SAJAH 910Zeuoon[q )7, $UOZ Ied[d U} JO INQWERIJ ZD( $ASeasIP SnOjewo[nuel3 dUoIy) (79 ‘WnIpaw [ewrunu sn[[is1edsy puy <sisofiSiadse oarseaur anoy vy ‘snnewrap oidory qy

900T 'Te 19 eoren-zado|

900 'Te 30 vro1en-zado ]

GI0T [ 19 uIsIedg

20T T8 19 IpIeta

900¢ 'Te 12 eloren-zado]

skep G 10} D,

G e uoneqnoul 19)Je ‘A[oA1n)

-0adsar ‘] Gz pue 671
JO senfea DN pue DI e

skep ¢ 10§ D, T

Je uoneqnour 1yje AN 671
Jo sanfea DN Pue DI @

Y 8% 10} Do

0€ e UoNEqNOUT J9)Je Surens
[[e 10J AN T Jo onfea DA ®

K[oAnoadsar
“Twy/sn 1£°6C pue NN 0v—0T
Jo ueaw pue a3ueI DA @
s&ep ¢ 10§ D, ST
Jje uoneqnout 19 N 001
. Jo sanfea DN Pue DIIA @

4ad 10 (%02)
wnIpaw s UoXI PAYIPOIN

4ad 10 (%07)
wnIpaw s uoXIJ PIYIPOIN

ddas

SdON-0v9T INdd

ddd o (%07)
wnipaw s,UoXI( PIYIPOIA

uoneuIuLIRep DN
pue Aesse uonn[IpoIdIw YjoIig

uoneuIuLINdp DAN
pue Kesse uonn[IPOIOTW YjoIg

Kesse uonn[IpoIdTW YjoIg

Kesse uonn[Ipoomu ylorg

UOTIRUIULISNOP DN
pue Kesse uonn[IPOIOIW YIoIg

urens
[eJIUI]D © pU® 16, LOHD

8S6C LOHD 2]PiS1pLaiul “TeA
PU® LG6T LOHD 121203 “Tea

(snmurdea

i sjuaned woij paureiqo)
surens o[qndoosns-ajoze a1y,

(397381

SAD PUe ‘G8CLS SHD ‘V8LLL

SgD) surens pIepuels 221y}

pue stsorAd aumba woiy
PAISA0DRI SUTBI)S USAJ[H

L6LT LDID

wnign.t uojkydoyoriy

saylydotdniuaus uoikydoyouri]

DIS142490 SIICUOIDYIIDS

wnsopisul wniyikg

S1UDD WNA0dSo421

SOOUQIRYY

K)1AT)o® TRSunynuy

sAesse eSunjnue 10§ BIPIJA

SPOYIRIA

s1oynuap|

13unyg

(ponunuoo) | sjqey

pringer

Qs



Page90of27 34

World Journal of Microbiology and Biotechnology (2024) 40:34

([1em [[90 pue ‘Querquaw
ewse[d ‘wse[doj£o woiy pajeuIsLio) surdy
-oxd pue sapnjoa[onu jo a3eyes Juronpuy e

SO[OISAA 9J2IOSIP OJUI
I0AR[1q QUEBIQUISW YY) JO UONBISAUISI e
QUEIqUISW [0 PUE [[eM [0 Y}
je £ ¢-T1 Jo KAyuolewr 9y Jo UOTIRZI[EOOT @
(Urur G unyIIM $90UIsI0NY [J UT 9SBAIUT
Srerpowwil ue) A31anoe [epoiduny prdey e
(P103-L°€)
ur[i3oiu 9seNy pue ‘(poj-¢) aseprxorad
suoren(s “(pioy-01) €14 dsv “(PIoJ-L't)
asepndadopus ontedse ‘(p[oj-¢'91) VS-4I°
:[onuod ay 03 paredwod se surajoid Jus
-IQJIp JO 90UBPUNQE JATJE[OI SUISBAIOU] @
qeydAy peyean-opndad
WOIJ UOTAIOAS UIX0IOIS SuIsearou] e
1yStom jom TeydAy Sursearouy e
A3ojoydiowr reyd£y uo 30930 ON

900¢ '[& 12 SoueH
uap {6007 Te 1° So1IeH uep

810 ‘T8 9 Ueyasys

020T 'Te 19 ple[reg 1moi3 reyd£Ay uo Ayranoe oN e
L€-T71 Jo 2ouasaxd ayy ur smpSnunf
'y 1surese sageydoroew jo Ayroedes Jury

10 s150)K003eyd IayIIo JO UONENUI)IE ON @
0TTDXD PU® ‘6 TDXD

‘SONI JO S[9A9] YN YW Jo uone[n3arumo( e
SINAINE £q uononpoid 9-[ pue

0-ANLL Poonpul-snpsiuny 'y Jo uononpay e
S[[990 [ereyde Te[0aATe U0 K)10TX0)

pue UOISBAUI $MIDS1UNS "} JO UOIONPIY @
uonewLIo} wiyoiq judnbasqns pue sajerd

-0I0TW 0) UOISAYpE [BI[dJAW JO UONIQIYU] @
Jouuew judpuddop

-9sop & ur yimoi13 TeydAy jo uoniqryuy e

Kya3ayur [rem [0 2y} jo uondnisi( e
BIPIUOD Sursal

Jo doeyIns 9y} 03 £ ¢-T7T Jo SuIpuiq 1011 @

ASoroydiowr Teyd&y uo 309330 ON e

610 Te 30 ong
810 ‘T8 19 Ueyadys

HDOVd-Sds pue
‘syueyeuradns supa1qip ") Ul SOPHIOS[ONU

Jo uoneuruIalep ‘WA ‘NAI ‘(90U

-soIony [q Surmseaur £q) sonouny Sulqry 1€201 DO.LV Supo1qID DPIPUD)
sorwo9joxd
un3joys pue ‘O TdH-dd £q urxolor3
Jo uonreoynuenb ‘yyStom jom reyd~Ay jo
uoneUIWISNOp ‘Adods0OIdTW 9OUISAION] €€69Z DDV

(urens [BJUSWUOIIAUD UR) 77-S

-AN4 pue ‘(quaned Yy ue woij paje[ost)
9L =0T ‘(uoned v & WoIy pAIe[ost) 9
-1GT “(s1uened 1) € woiy pare[ost) 19— ¢

Anpwo1ko morg ‘(Quaned @OD © WO Paje[ost) ST-0STA

Kesse

s1so)Koo3eyd pue ‘Kesse oseo[ar ' ‘Aesse
uoniqrqui yimoi3 reydAy ‘Adoosorotuu [eooy
-U0d ‘A1}PWO0IAd MOY “INHL ‘Aesse uorsaypy

€6TAV urens  smpdnunf snjjidiadsy

Kdoosootur 90U9sI0N] NN snavyf snjji34adsy

SQOUAISJOY s3urpuy A9y

SPOYIRIA SIoynuap] 13ung

13uny JUAIYIp Isurese /- UIPIOI[AYIED UBWNY A} JO UONOR JO SWSIUBYIAW [eSunjnuy g ajqel

pringer

a's



World Journal of Microbiology and Biotechnology (2024) 40:34

34 Page100f27

qIT0T 'Te 3o Tes,

BLIOC T Tes],

1102 'Te 30 Suopm

L00T ‘Te 12 U0SSauog

00T ‘& 10 eporen-zado|

00X
JO UOTIQ[OP YIIM SJUBINW UT S[[9D JSeok
01 SuIpuIq /¢~ PUe ‘UOISAYPE [[99 A1
-AT}OE 9SEURON[SOXS JE[N[[0 JO UONONPRY
ST-06d | So¢
Surppe £q suvoiqp ) uo L7730 A1t
-AT}O® QATSQUpE-TIUE A} SUISIOATY @
Jouuew d[qernjes pue juspuadop
-asop e ur $11706d 30 01 /¢~ Jo Surpurg e
9ouanbas snsuasuod pauor)
-usw-aA0qe 9y 03 (d130y) aseuron[3oxa
-€“1-¢ 11em (100 suvoiqp - ofew oy ur
soouanbas opndad 1nojy jo Ayurerrwrs ysiy e
(enprsar Aue sjuasaxdax
X pue anpisar o1qoydoIpAy € ST ¢ Yorym ut
OXDPXDPDPXMHD Jo 2ouonbas snsuasuod
Q) paurejuod [re) sapndad pakerdsip-oSeyd
9y} Jo O] Pue Lg-TTT USIMIAQ SUOTIOBIIU] @
SdMD 221y} 0} L¢-TT Jo Surpuig e
3 oseurajoxd Sursn sgA\D Suraowar 13y
supd1q)p ") 0} urpurq /¢~ Jo uoniqryuy e
BSOONW JOPpPR[q 9snow pue S[[3o [eurropido
[eI0 0) UOISYPE [[29 ISBAA JO UONIQIYU] ®
ueon[S pue ‘UNIYO ‘ULUULW SE YOns SojeIp
-KyoqIed [[em [[29 JSeA YIIM UOTIORIU] @
S[[99 158K Suneoy 03 £¢-T7 Jo Surpurg e
Jouuew juapuadop-asop
B UI S[[99 15824 JO uone3aidde Suonpuy e
Jouuew jJuapuadop-asop e ur oual
-K1sA1od 0) uotsaype [[20 1seIA Jo uonIqIYU] @
Aniqera
1199 pue yImoI3 Suippnq ur UONINPRY e
ssawory) reydAy o) SuIZIIopuo[sS e
LE-TT0 N
001 J0 (0G JOYIId IIM UONEqNOUl -7 © J9)Je
QorJINS [[29 3y Jo suoneqimiad JueoyIusig e
L€-T7T JO $199)J2 [epIoIuny pue UonezI|
-1qeowrad JO SOT)OULY USIM)AQ UOTIR[OIIO)) @
(uoneqnoul unu-G € Jayje %G ) duelq
-wow [e3unj Jo uonezifiqesurrad pidey e
TW/SNAD 401 10U Inq “Tu/sNAD
+01 X 66" Jo Ayisuap wnynoout je (M
§T) LE-TT JO AIATIOE [EPIDISUNY GATIORYH o

(LLX Suisn) Aesse uoIsaype pue ‘aseq
-eJe(] QWouan) vpipun)) woij surajoid Sur
-jorIdUI £ ¢~ [enuajod oy 10j SuryoIeas

‘Surouanbas YN ‘VSI'TH ‘Suruuedoiq
Kerdstp-a3eyd ‘Sumjolq uIIsop ‘GOVd
-Sds ‘SdAD JO uonoenxa ‘Anowolkd Moff

sopLeyooesA[od 0} Surpuiq £¢-T7

JO uonen[ead pue ‘A1owolko moy ‘Sumorq

UINSIM ‘AOV-SAS ‘Adoosorotur jy3iy
‘(VSI'Td pue Aesse ,1X) Aesse uorsaypy

(mois reydAy Surroyruow 10§) INHS

INAS

(DS jo ayeidn) Aesse uon
-ezi[iqeawriod sueiquiow pue sonouny Surfry

SUTEIS JUBINW JUSISJIP PUe $1ESDS

Y1€SOS

Y1€COS

82006 DOLV

€S0¥1 D01V

SOOURIYY

s3urpuy A9y

SPOYIRIA

SIoynuap]

13ung

(ponunuoo) zsjqey

b
)
)
5
et
|9
A
&l



Page 110f27 34

World Journal of Microbiology and Biotechnology (2024) 40:34

suL10j pojye3uo[d
q1ow 0 [eAO woly adeys [[20 JO UOHRIANY e
Q0®JINS [0
9y} UI YeaI1q AYI[-[O.IO ‘[[BWS JO UONONPU] @
SOP[ULIM 90BLINS [[39 JO UONRWLIO] @
Jouuew Juopuadop-asop & ur
SoNIWIOJap [ermonys-oydiow Jo uononpuy e
QuelquIAW
9707 Tele seumn(  [eSunjy 0} /¢-TT Poeqe[-DLIA Jo AUy o AV Pue ‘INAS ‘Adoosonoads aousosaronyy
[TeA [[90 9} WOIJ dueIq
-wow ewsed 9y} Jo JuaWYILIOP SUIONpu] €
L€-T71 Jo Ananoe oy 109ye
jou pIp dpize wnipos Aq uona[dop A3ouy e
LETTIO DAN Ynm
uoneqNOUL I9JJe 9ZIS [[30 Ul ISBAIOIP ON @
LETTI0
(DAN) AN 01 Suisn s )G punole je uors
-uedxo rejonoea pue xngur [q Surra33siy, e
QUEBIqUISW [0 SUDIIQID *)) Y} 0)
LE-TT PA[RQE[-DLIA JO uonezi[eoo] pidey e INHLL Pue ‘Anouwoifo moy
LE-TT YAIM 1081U0D ‘supd1q]v ") JO SUI[[LY PRdONPUI-LE-TT JO
107 ‘T 30 Zouopi() JId}je UIW ()9 pUB G Je 9seI[aI LV Suronpu] e  FurSewl [[99-9A1] [BOOJUOD ‘AvSSE ASe[I LV
(sossao01d
[eo130[01q JuaIayIp Sunodye) souas ¢g Jo
S[eA9] uoIssa1dxa ur sagueyo [enueisqns e
ueon[3-¢‘1-¢ [rem
1199 Jo 21nsodxa 9y} ur Junynsar ‘uononns
-U0aI [[eM [[99 Jo ssaooid o) Sundnisi(q e
[01nu0d
oy 03 pareduros se (wy3M 07) LE-T1 ADd own
3uisn (%€ ~ ‘UBUURW PUR (%G ~ ‘Ueon|S) -[ea1 aanjeInUENb puR ‘sisA[eue Aeireordrux
sopLIeyooesA[od [[em [[90 pue (%0¢ ~) Ssou VNJ ‘A1nowoIfo Moy ‘Sjuajuod eIpAY
10T Te 19 res], SJOIY) [[eM [[90 SUDIIGID *) JO UOTIONPIY @ -0qIed [[eM [[30 9} JO JUSWIAINSLIW ‘T,
(fonuod
Ay Pim paredwod se £ ¢-T7 Jo AN | Sursn
osearout p[oj-8°1) H 9-(8¢H—1+)d 30X jo
K)1AT)OR 9seuRON[SOX-¢‘T-¢ ursearou] e
syuowsery diSox pue H 9-(8¢H—1+)d150X
pue /¢~ U99M1aq SUONORINU] @
LE-TTIO M 01
1O ¢ JOUIID YIIM UOHBqNOUI UTW-()¢ © JoYje VSI'Td pue ‘skesse
10T 'Te19 Suey)  onserd o) uoisaype [[29 1se2A Jo uoniqryul e umop-[nd ‘(Sununod Auojod) Aesse uoISAYPY

(SWSTUESIO0IOTW JO UOTIOA[0D YSI[O]
“MBIO0IM ‘NVd U} WOy paureIqo) 80+1 VO

1€201 DOLV

Y1€COS

Y1ECOS

SQ0UISJOY s3urpuy A9y SPOYISIA

SIoYnuap]

13ung

(ponunuoo) zsjqey

pringer

a's



World Journal of Microbiology and Biotechnology (2024) 40:34

34 Page120f27

120C 'Te 10 nsH

LTOT 'Te 19 [9ZUSN

juowr
-Jea1) INOYIIM S0y} 0} paredwod Judwean
LE-TT Toiye (queinwr v 7dfs/y [dfs oy ut
jou Jnq) sutexns pajeI3AuIaI-7 47§ pue adK)
-PIIM Y] UT PJ0239p 1M urjoid pojaIoas
[©10) JO S[QAQ] SY) UT SISBAIOUT JUBOYIUTIS
juowjean
1€-T171 uodn uoneprxorad pidif pue ‘uon
-e[nWINOOe SO ‘SSAIS YH JO uononpuy e
juounean /¢-17 uodn uon
-BANOR QUa3 dAIsuodsar-y 4 pue Jurords
VNYW [DVH paienusye uono[ep /d.S @
(Lg-T1IMO
-[IIM JO UMM PaJBan Syueinuw 7 dfsyy rdfs
o) ur paords Aprood sem YNJW [DVH)
ad&-prim o Ul YNYW [DVH paords
JO S[9AQ] PAIBAd[Q Y} Aq paredIpur
STYOIM “Yd () OY3 PAIRANOR LT @
K3yl [[em [[9d uo
uonadp [-d.1S JO 1edur oyl |Im L¢-TT
0] asuodsar [[90 sup21gIy *) JO UONIRIOOSSY e
(LE-TT MOYIM
10 Y)Im pajean) Suenwr v 7dfs/y rdfs gy
UT UQS 9I0M S[OAJ] [ININ-d pareAa[)
juowjean /¢-7 03 asuodsar ur urens
odAy-prim oy ut s7eA 1ONN-d Sursearouy e
juowjean) /¢- I9je surens
pojeI3AUIAI-] 4,48 pue 2dK)-prim 2yl 03
uostredwod ur jueinuwr vy 7dfs/v rdfs auy
ur S[[99 aAnIsod-[d Jo seSejuaorod 10m0T

(suonoery
Ieg[onu pajuswiSey 1K ‘pasuapuod se yons)
sanjonIs paje[aI-A3eydoine jo uonewio] e
(sdodijor) suonezifeuIa)ul UBIQUIW
pue saInjdni oUBIqQUAW JO UOT)BULIO,] @

uoneIods urajord

JO UOTEN[BAD PUE ‘(S[9AS] VA JO JUSW

-aInseaw) Aesse uoneprxorad pidif ‘SOY

Ie[N[[2BNUI JO JUSWAINSBIW YD Wn

-[eax aanenuenb ‘Surords YNJW [OVH
10J AeSse ‘3uro[q uIa)sopy ‘Anowo}Lo Moy

AL

(vrdfsyvrdfs
SB [ONS) SUIeI)s JueINW [BISAIS PUR ]GOS

Y1ECOS

SOOURIRYY

s3urpuy A9y

SPOYIRIA

SIoynuap] 13ung

(ponunuoo) zsjqey

pringer

Qs



Page 130f27 34

World Journal of Microbiology and Biotechnology (2024) 40:34

opIjiuexoq
-Te0-G-wnIozena)-y g-(jAueydojns-g-onru--Axoyiow-¢)-s1q-¢“g LIX ‘esuodsar urajoxd pepiojun ¥4, ‘eyde-10joey s1sorosu Jowny, 0-,JA L ‘KdooSOIOT UOI)O9[d UOISSIWSURI], /A L ‘9SeInwsIp
apixoradng @OS ‘U29ID XOLAS O ‘Adoosororu uonosdfe Suruuedg pgs <sisatoydonoasys 193 oprwejfioekjod aeydins [Koopop winipoS FOVJ-SAs ‘AydeiSoreworyo pmbiy souewioyrod-y3y
aseyd-pasIondy DTdH-d¥ Se10ads uagAxo aAnoeay SOY (1O parejAloydsoyd [oyp-d opipol wnipidold /4 ‘SUONBIUIOUOD [EPIdISUN) WNWIUIA D fJA JUelsIsal SnIp-NnN YJW OpAyap
-[EIPUOTBIA V(A ‘PUOIUSW JON AN ‘9SeuaSoIpAyap 91e1oe| {7 OSeyIuAks opIXo OINIU [qIonpu] SON! ‘9-Un[na[IAu] 9-77 ‘AdoosoIoru Uond9[OUNWW] J7] ‘9SeIajsues} QUOTYIeIn[D 7S5
‘aseprxorad auoryieINiD XJOH 9seIoNpal AUONILIND) YTH [0Zeuodn[ Z7 9IeurAkd0Iylos! ureosaton] D fj,f ‘AdoosoIdnu uomnod[e aInoelj-0zaal] W44 ‘wnnonal orwseidopud y7 ‘Aesse
JuaqIosoUNWWI PAUI-WAZUF VST VS 10108] UONENIUT Uone[suen dnoArenyg yS-41° ‘surajoxd [fem [[9D sda) ‘siso[iSiadse Areuownd o1uoIy) yg,) (9seasIp snojewo[nuelsd oMoy 7o)
‘s1soIqy onsk) D ‘eseeie) Iy ‘uidunjodse) gy ¢sofeydoroewr poarrop-molrew suog SWWg ‘g unueoydury guiy (Sisoq[idiadse oarseaur 9indy V7Y Adodsorotu 9010) oTWOY WAV

(A1oanoadsar ‘urw (f pue 07 UM
wnwIxew oy} pue %,/ payoear ayeidn (oyerdn DS Jo uoneoynuenb) uon wngoafuisva “ds -3
0102 ‘T8 12 USPIdOAN JOp UBA  J)) Queiquidw [eydAy jo uonezijiqeowsod e -ezijiqeawrad sueiquiaw [eydAy jo sonoury| [TIT0DDA e[OSI uBl[ENSNYy  WNIOdSAXO wimniinsn,g

sooejans passaxdop pue ‘sadeys Te[nJorn
‘SZIS SNOLIBA PRy S[[20 PAeAN-L¢-TT ®
queiquiow ewse[d Jo UONBZI[IQRAWID] ®
aseyd § Je 3sa1re 9[0A0 [[99 JO UONONPU] @
uoneprxorod pidry Sursearouy e

(LSO pue Y10 jo Kanoe

oy} Sursearoap se [[om se Xd0 pue ‘qos

‘LVD Jo Airanoe ay) Suisearou]) SoWAzZud

JUBPTXOTIUR JO AJTATIOR 9U) JO UOTJB[NPOJA @ NAS pue ‘Adoosonoads
L€-TT130 DAN 1® Yy Q0UDISAIONY “ISALIR [IAD [[99 JO JUAW (z14
7207 eI IoyIRy 8 UIIIM S[[39 S1mp *) Jo SuIf[ry 910[dwio) e -SSIsSE ‘sAeSSE JURPIXONUER ‘Sonoumy SUlIy] PuUe ‘SyD ‘WY 0] JUBISISAI) utens YN Uy SLNMD DPIPUD))
SOOURIRYY s3urpuy A9y] SPOYIRIA SIoYnuap] 13ung

(ponunuoo) zsjqey

pringer

a's



34 Page 140f27

World Journal of Microbiology and Biotechnology (2024) 40:34

Effects on Candida species

Candida species belong to the normal microbiota of the
oral cavity, gastrointestinal tract, and vagina. In the United
States, Candida species are the fourth leading cause of noso-
comial bloodstream infections, with mortality rates reached
as high as 40% (Atiencia-Carrera et al. 2022). C. albicans
is the most important species, a pathobiont that can become
pathogenic under certain circumstances. It possesses sev-
eral virulence attributes, including yeast-to-hypha transition,
hydrolytic enzyme secretion, tissue adhesion, and biofilm
formation. The emergence of multi-drug resistant Candida
species, such as C. glabrata and C. auris, has sparked a
great deal of research into antifungal alternatives (Arendrup
and Patterson 2017). In the current situation, AMPs may
offer a fruitful avenue for developing new anticandidal drugs
(Memariani et al. 2023).

There is now a rather significant and consistent body
of data on anticandidal activities of LL-37 under different
experimental conditions. In the case of C. albicans, concen-
trations ranging from 0.8 to 64 uM were sufficient for both
growth-inhibiting and killing actions of LL-37 (Table 1).
According to Wong et al. (2011), LL-37 (0.5-12 uM) exhib-
ited similar or perhaps slightly greater anticandidal activity
compared to its fragments, namely LL13-37 and LL.17-32.
LL-37 cleavage into shorter processed forms (such as RK-31
and KS-30) has been shown to confer additional fungicidal
activity in ionic environments mimicking sweat (L6pez-
Garcia et al. 2005). Based on analyses of truncated variants
of LL-37, the stretches of 1-12 and 26-37 do not appear to
have substantial anticandidal activity. It has been suggested
that overall structural properties of LL-37, such as peptide
length, are also important for antifungal potency, even in
the absence of an obvious candidacidal domain (den Hertog
et al. 2006).

C. albicans cells were reported to be killed by LL-37 in
a dose- and pH-dependent manner (Tsai et al. 2014; Lopez-
Garcia et al. 2005). Furthermore, the candidacidal activity of
LL-37 is unaffected by the metabolic inhibitor sodium azide;
thus, this activity is independent of cellular energy status
(Ordonez et al. 2014). Nonetheless, LL-37 was consider-
ably less active in vitro when exposed to physiological salt
concentrations (Ciornei et al. 2005). One study found that
human body fluids (pus, saliva, and urine) decreased anti-
candidal activity of LL-37, whereas 50% of blood plasma
completely abolished its activity (Durnas et al. 2016).

Regarding localization of LL-37 in C. albicans, micro-
scopic studies unraveled that fluorescein isothiocyanate
(FITC)-labelled LL-37 remained connected to the cell
perimeter (den Hertog et al. 2005; Ordonez et al. 2014). It
appears that LL-37 is localized at the cell wall and cell mem-
brane. As judged by freeze-fracture electron microscopy,
untreated yeast cells showed a homogenous distribution of

@ Springer

intramembraneous particles (IMPs), which are transmem-
brane proteins. Additionally, these untreated cells showed
trough-shaped invaginations that are typical of freeze-
fractured yeast cells. A sub-lethal concentration of LL-37
(0.5 uM) led to formation of shallow craters and IMP-free
patches in yeast membranes, while increasing the concentra-
tion to 2 uM resulted in developing of discrete vesicle-like
structures in the membrane leaflets (den Hertog et al. 2006).
From these data, it can be concluded that sub-lethal concen-
trations of LL-37 induce morphological changes in the yeast
membrane, while higher concentrations of the peptide are
more destructive to the membrane, leading to weakening of
the membrane leaflets.

LL-37 is capable of inducing major morpho-structural
deformities such as surface wrinkling, cell elongation, and
crack-like break formations in yeast cells (Durna$ et al.
2016). Experimental evidence also points to a correlation
between membrane-permeabilizing activity of LL-37 and
its candidacidal kinetics (Lopez-Garcia et al. 2005). In sup-
port of this, confocal live-cell imaging of C. albicans cells
divulged that LL-37 at its minimum fungicidal concentration
(MFC) could induce propidium iodide influx and vacuolar
expansion (Ordonez et al. 2014). Rapid permeabilization
and perturbation of C. albicans membrane, instantaneous
release of vital cellular components such as nucleotides and
proteins (with molecular masses of <40 kDa), detachment
of the plasma membrane from the cell wall, and disintegra-
tion of the membrane bilayer into discrete vesicles by LL-37
would eventuate in yeast cell demise (Lopez-Garcia et al.
2005; den Hertog et al. 2006; Sonesson et al. 2007; Ordonez
et al. 2014). Collectively, it appears that membrane disrup-
tion is an important mechanism by which LL-37 extirpates
yeast cells.

There is also some indication that LL-37 may incur
damage to the internal cell architecture in C. albicans.
For example, transmission electron microscope studies of
LL-37-treated yeasts revealed round electron-dense struc-
tures and mitochondrial distortion, reminiscent of what is
observed during autophagy (Menzel et al. 2017). Condensed,
yet fragmented nuclear fractions and membrane internaliza-
tion were also detected in the peptide-treated yeast cells.
However, there is still a great deal of mystery surrounding
the molecular details underlying such effects.

Adhesion to both biotic and abiotic surfaces is crucial
for C. albicans pathogenesis since it contributes to fungal
persistence, filamentation, and biofilm formation (Martin
et al. 2021). Consequently, targeting C. albicans adhesion
offers a promising strategy for disease prevention. A pair of
articles published in 2011 demonstrated that LL-37 could
inhibit the adhesion of C. albicans (Tsai et al. 2011a, b). In
the first study, LL-37 dose-dependently inhibited C. albi-
cans attachment to polystyrene by binding directly to the cell
surface and evoking cell aggregation. Moreover, sub-lethal
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concentrations of LL-37 decreased yeast cell adhesion
not only to oral epidermal cells but also to murine blad-
der mucosa. Interaction of LL-37 with cell wall polysac-
charides (such as mannan, chitin, and glucan) may explain
the decreased adhesion of yeast cells (Tsai et al. 2011a).
Cationic AMPs like LL-37 can interact electrostatically with
negatively charged membrane carbohydrates (Chang et al.
2012). Besides carbohydrates, proteins are major compo-
nents of the C. albicans cell wall (Chaffin 2008). In a later
work, LL-37 was shown to interact with cell wall proteins
(Tsai et al. 2011b). Upon closer inspection, it became clear
that LL-37 targets cell wall p-1,3-exoglucanase Xoglp,
which is involved in C. albicans cell adhesion (Table 1).
In fact, LL-37 affects Xoglp activity, thereby impairing
cell wall remodeling. It was also suggested that deletion of
XOG1 reduced cellular exoglucanase activity, cell adhesion
to polystyrene wells, and LL-37 binding to mutant C. albi-
cans cells (Tsai et al. 2011b). In a related study, non-lethal
concentrations of LL-37 precluded C. albicans adhesion
to plastic by enhancing the -1,3-exoglucanase activity of
Xoglp (Chang et al. 2012). Increased f-1,3-exoglucanase
activity could lead to abnormal cell wall glucan metabo-
lism, resulting in the suppression of fungal adhesion with-
out inducing perceptible changes in cell wall morphology
(Chang et al. 2012).

Mechanistic studies provided additional insight into the
effects of LL-37 on C. albicans cell wall and its cellular
responses (see Table 1). Recently, Hsu et al. (2021) observed
that LL-37 could induce cell wall stress in C. albicans. In a
separate study, LL-37 (20 pg/mL) diminished both C. albi-
cans cell wall thickness and total polysaccharide content (i.e.
glucan and mannan, but not chitin), suggesting that LL.-37
alters cell wall architecture (Tsai et al. 2014). In C. albicans,
the majority of -1,3-glucan is located in the inner cell wall
and is masked by an outer layer of mannan fibrils (Childers
et al. 2020). Yeasts treated with LL-37 (> 5 pug/mL) showed
substantially more p-1,3-glucan exposed on the cell surface
than the control, connoting that the peptide might disrupt
cell wall reconstruction.

LL-37 was reported to activate the mitogen-activated
protein (MAP) kinase Mkc1 signaling pathway (Hsu et al.
2021). The MAP kinase Mkcl1 participates in cell wall integ-
rity of C. albicans (Ernst and Pla 2011). LL-37 can also
stimulate the unfolded protein response (UPR) pathway to
adapt and respond to endoplasmic reticulum (ER) stress
conditions. The UPR is the mechanism through which cells
control ER protein homeostasis (Read and Schroder 2021).
Moreover, LL-37 can trigger ER-derived reactive oxygen
species (ROS) accumulation to cause oxidative stress and
to influence ER-related protein secretion (Hsu et al. 2021).
ER-derived ROS are thought to be involved in toxicity of
cell wall stress. Thus, there is a possible link between cell
wall integrity, ER function, and ER-derived ROS production

in fungal cells (Yu et al. 2016b). Another point worth high-
lighting is that deletion of the transcription factor SFPI
reduced the vulnerability of C. albicans to LL-37. Experi-
ments on mutants lacking SFP/ gene also suggest that this
transcription factor plays a key role in cell wall maintenance,
ER homeostasis, and oxidative stress response upon LL-37
treatment (Hsu et al. 2021).

Genome-wide analysis of LL-37-treated C. albicans cells
made it clear that exposure to LL-37 (5 ug/mL) caused sig-
nificant changes in the expression levels of 83 genes (> 1.5-
fold change, p <0.05), of which 59 were downregulated
while the remainders were upregulated. Based on C. albi-
cans genome annotation, these genes influence a wide gamut
of biological processes including, but not limited to, RNA
metabolism, ribosome biogenesis, cell cycle, cell wall organ-
ization, stress responses, and filamentous growth (Tsai et al.
2014). For instance, treatment of C. albicans with LL-37
caused upregulation of NRG1, KRE6, and TPO3. The prod-
uct of NRG1 was suggested to play a part in the regulation of
stress responses, yeast-to-hypha morphological switch, and
biofilm establishment (Murad et al. 2001; Tsai et al. 2014).
KREG contributes to the synthesis of p-1,6-glucan (Han et al.
2019). TPO3 encodes a polyamine transporter, required for
yeast resistance to the polyamine spermine toxicity (Fer-
nandes et al. 2005). On the other hand, expression levels of
HGTI2, GAP2, RHR2, and TRY4 were shown to be down-
regulated in response to LL-37 treatment (Tsai et al. 2014).
HGT 12 encodes a protein that transports fructose, mannose,
and glucose specifically during macrophage infection (Luo
et al. 2007). GAP2 encodes a general amino acid permease
(Kraidlova et al. 2016). RHR2, which encodes the enzyme
glycerol-3-phosphatase, is required for biofilm production
in vitro and in vivo (Desai et al. 2013). TRY4 is needed for
yeast cell adherence (Finkel et al. 2012).

The phenotypic plasticity between the two morphological
phenotypes, yeast and hyphae, allows C. albicans cells to
adapt to and persist in different environments. Indeed, the
yeast-to-hyphae transition is essential for tissue invasion,
escape from phagocytes, and biofilm formation (Wooten
et al. 2021; Kong and Jabra-Rizk 2015). According to Wong
et al. (2011), C. albicans morphogenesis was affected by
LL-37 or its fragment (LL13-37), as hyphae became thinner
and budding appeared less robust. The exact mechanisms
behind these observations need to be elucidated in future
studies.

Aside from C. albicans, other species of Candida were
reported to be susceptible to LL-37 treatment. These include
C. auris, C. krusei, C. norvegensis, C. parapsilosis, and C.
tropicalis (Kamysz et al. 2012; Rather et al. 2022; Scars-
ini et al. 2015; Sigurdardottir et al. 2006). According to a
recent study, LL-37 exhibited fungicidal activity against 10
clinical isolates of C. auris, some of which were resistant to
conventional antimycotics (Table 1). Kinetics studies also
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suggest that 8-h exposure to MFC of LL-37 was sufficient
for complete killing of an MDR C. auris strain (Rather
et al. 2022). Moreover, LL-37 was shown to permeabilize
plasma membrane, arrest cell cycle at S phase, and induce
oxidative stress in C. auris (Table 1), indicating multifac-
eted mechanisms of action of LL-37. When combined with
fluconazole, amphotericin B, and caspofungin individually,
LL-37 showed synergistic effects against 80%, 100%, and
100% of the above-mentioned C. auris strains, respectively
(Rather et al. 2022). Therefore, LL-37 in combination with
the current antifungal drugs could be suggested as a possible
treatment for C. auris infections.

Nanoparticles might serve as both AMP releasers and
protection agents (Maximiano et al. 2022). In this regard,
Niemirowicz et al. (2017) observed that immobilization of
LL-37 on the surface of magnetic nanoparticles (MNPs)
substantially increased fungicidal activity of LL-37 toward
laboratory and clinical strains of C. albicans, C. glabrata,
and C. tropicalis in the presence of body fluids (e.g., saliva,
urine, plasma, pus, and cerebrospinal fluid). They also exhib-
ited low cytotoxicity to human osteoblast cells. These func-
tionalized MNPs disrupted the integrity of fungal plasma
membrane and triggered ROS generation, resulting in cell
death (Niemirowicz et al. 2017). It appears that high anti-
fungal activity and biocompatibility of these LL-37-coated
MNPs make them attractive candidates for the treatment of
Candida infections.

Effects on Colletotrichum higginsianum

Species of the genus Colletotrichum cause devastating
anthracnose diseases in various agricultural and horticultural
crops (da Silva et al. 2020). C. higginsianum is one of the
most prominent Colletotrichum species. In one study, Jung
and coworkers (2012) demonstrated transgenic expression
of LL-37 with Met37Leu substitution in Chinese cabbage,
an important vegetable crop in Asia. The leaves of the trans-
genic plants were then exposed to Colletotrichum higginsi-
anum KACC 40807 to examine whether LL-37 expression
could confer them resistance to this fungal pathogen. Trans-
genic plants exhibited higher resistance to C. higginsianum
than the non-transgenic control plants, as the average size
of disease lesions decreased in the transgenic plants (Jung
et al. 2012). In light of the adverse effects that fungi have on
many economically important crops, transgenic strategies
such as constitutive expression of AMPs could be useful in
enhancing plant resistance to phytopathogens.

Effects on dermatophytes
Dermatophytes are a group of closely related keratinophilic

fungi that invade keratinous tissues. Infections caused by
these pathogens (tinea or ring-worm) usually tend to involve
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the hair, nail, or skin of the host. Dermatophytes can be
classified in three genera, namely Epidermophyton, Micro-
sporum, and Trichophyton (Aref et al. 2022). Some der-
matophytes have been reported to be susceptible to LL-37
(Lopez-Garcia et al. 2006). For instance, LL-37 was found
to be active as fungicide against different strains of Tricho-
phyton mentagrophytes and Trichophyton rubrum, but not
Microsporum canis CECT 2797 in vitro (see Table 1). Based
on immunohistochemical studies, elevated LL-37 expres-
sion was found in the epidermis of patients with tinea cor-
poris or tinea versicolor in comparison to healthy human
skin. Besides this, LL-37 expression was co-localized with
the fungus in the stratum corneum. Exposure to 7. rubrum
for 40 h also induced the mRNA expression of LL-37 in
cultured normal human keratinocytes (NHKs) (Lopez-
Garcia et al. 2006). This is not surprising since, as men-
tioned earlier, keratinocytes are the most abundant cells in
the epidermis and play a crucial role in the initial response
to dermatophytes. In fact, these cells secret AMPs, such as
cathelicidins and defensins, which have fungicidal activity
(Celestrino et al. 2021). Doubtlessly, human-derived AMPs
such as LL-37, human f-defensin 2 (hBD-2), ribonuclease
7 (RNase 7), and psoriasin are ideally suited for developing
novel therapeutics for dermatophytosis (Fritz et al. 2012;
Mercer and O’Neil 2020).

Effects on Fusarium species

Fusarium species are hyaline saprophytic molds that are
frequently reported as agents of opportunistic infections in
humans. Besides this, mycotoxins produced by Fusarium
show varying levels of toxicity to humans and animals after
consumption of contaminated grain (Jacobs and Walsh
2023). In a study performed by van der Weerden et al.
(2010), two agronomically important species of Fusarium
exhibited exquisite susceptibility to LL-37. In this respect,
the half-maximal inhibitory concentrations (ICs;) values of
LL-37 against F. graminearum and F. oxysporum f. sp. Vas-
infectum were 1 and 2.5 uM, respectively. The same authors
also furnished evidence that LL-37 has fungicidal activity
on F. oxysporum £. sp. vasinfectum hyphae. Kinetics studies
also revealed that LL.-37 induced rapid permeabilization of
hyphal membrane (van der Weerden et al. 2010). This find-
ing supports the hypothesis that LL-37 functions primarily
through direct interaction with and disruption of the fungal
plasma membrane. A second study involving genetically
engineered Chinese cabbage found that transgenic expres-
sion of LL-37 conferred enhanced resistance to Fusarium
oxysporum f. sp. Lycopersici KACC 40032 (Jung et al.
2012). Considering these encouraging results, transgenic
plants expressing AMPs, like LL-37, are likely to enhance
resistance against fungal pathogens and inhibit production
of mycotoxins.
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Effects on Malassezia species

Malassezia species are lipophilic yeasts that belong to the
normal skin flora. One of the most commonly encountered
species is M. furfur. It can become pathogenic under cer-
tain conditions. This phenomenon is influenced by a unique
host-agent interaction that triggers the production of several
virulence factors, such as various lipase enzymes, indoles,
ROS, azelaic acid, hyphae formation, and biofilm formation
(Kurniadi et al. 2022). M.fufur is associated with a variety
of dermatological conditions, notably seborrheic dermatitis
and tinea versicolor (Rhimi et al. 2020).

Lépez-Garcia et al. (2006) demonstrated that treatment of
M. furfur with different concentrations of LL-37 led to delay
or complete inhibition of fungal growth. Furthermore, NHKs
that were exposed M. furfur for 24 h had a higher expression
level of LL-37 mRNA in comparison to the untreated NHKs
(Lopez-Garcia et al. 2006). In another work, an 18-h treat-
ment with M. sympodialis triggered LL-37 secretion from
monocyte-derived dendritic cells (MDDCs) obtained from
atopic eczema (AE) patients (Agerberth et al. 2006). Con-
trarily, the exposure of MDDCs retrieved from the healthy
individuals to M. sympodialis had no or a negative impact
upon the amount of secreted LL-37. While MDDCs from
AE patients showed an initial transcriptional upregulation
followed by a gradual downregulation of LL-37 transcription
after 1-h exposure to M. sympodialis, the LL-37 transcrip-
tion in MDDCs from healthy individuals was uninfluenced
by M. sympodialis (Agerberth et al. 2006). Hence, it seems
reasonable to believe that M. sympodialis could instigate
innate immune responses differently in AE patients and
healthy individuals. Another conclusion is that increased
secretion of LL-37 from the MDDCs in AE patients may
reflect the severity of their inflammatory response to this
yeast. In future studies, detailed molecular investigations
will be needed to parse out the protective and therapeutic
roles of LL-37 in patients with skin diseases caused by
Malasezzia species.

Effects on Pythium insidiosum

The Pythium genus contains some notorious plant patho-
gens. They belong to the order oomycetes. Only P. insidio-
sum has been reported to cause disease in mammals, par-
ticularly in tropical and subtropical areas of the world. The
pathogen is able to cause cutaneous, subcutaneous, intestinal
and, less commonly, systemic infections. Infection is not
contagious; there have been no reports of animal-animal or
animal-human transmission (Daly et al. 2022). In a recent
study focusing explicitly on antifungal activity of LL-37 and
other AMPs (MSI-78 and magainin-2) against 14 strains of
P. insidiosum, LL-37 exhibited growth inhibitory effects
(Table 1), with minimum inhibitory concentration (MIC)

values in the range of 20-40 pg/mL (Denardi et al. 2022).
Future studies should examine these effects and the direct
inhibition of P. insidiosum growth using in vivo models.

Effects on Rhizoctonia solani

Rhizoctonia solani is one of the most widespread soil-
borne pathogens, causing massive damage to economically
important crops worldwide. It is an aggressive basidiomy-
cete necrotrophic plant pathogen with a wide host range.
Symptoms associated with R. solani infections are diverse
and change depending on the host: they include hypocotyl,
crown, stem and root rot, blights, wire stem, and damping
off (Dell’Olmo et al. 2023). The antifungal properties of
LL-37 against R. solani are rarely explored. According to
one study, the transgenic expression of LL-37 in genetically-
modified Chinese cabbage reduced the average size of R.
solani lesions on plant leaves (Jung et al. 2012). Since the
pathogen has an almost unlimited host range, LL-37 and
its derivatives are still awaiting further research in a wider
variety of genetically modified plants.

Effects on Saccharomyces cerevisiae

S. cerevisiae is a model organism for understanding cellular
processes in higher eukaryotes (Memariani and Memariani
2020). One study investigated the in vitro antifungal activity
of LL-37 against three clinical strains of S. cerevisiae, which
were isolated from vaginal infections (Scarsini et al. 2015).
MIC values of LL-37 for these strains were reported to be
2 uM, suggesting that LL.-37 had a potent growth-inhibi-
tory activity. However, cellular and molecular mechanisms
behind these observations remain unclear.

Antifungal effects of LL-37 on fungal
biofilms

Biofilms are syntropic conglomerations of microorganisms
that reside in a matrix of extracellular polymeric compounds
attached to a surface. The formation of biofilms is one of
the mechanisms responsible for antifungal drug resistance
(Radojevi¢ et al. 2023). Similar to bacteria, biofilms bestow
upon fungi a protective shelter, creating a high-level barrier
against most antimicrobials. Due to the lack of effectiveness
and adverse effects of existing antifungal medications, safer
drugs are exigently needed. The multifunctional properties
of AMPs as new therapeutics further reinforce their potential
role for prevention and treatment of fungal biofilms (Oshiro
et al. 2019).

Over the past decade, several studies have been conducted
to investigate whether LL-37 affects different stages of fun-
gal biofilm formation (Table 3). According to Scarsini et al.
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(2015), short-term exposure to LL-37 (64 uM) was sufficient
to reduce the number of viable C. albicans cells that adhered
to polystyrene microtiter plates by 80%. Additionally, LL-37
exhibited anti-adhesive activity when it was added to the
Sabouraud medium immediately after seeding yeasts onto
uncoated silicone elastomer (SE) disks or, alternatively,
when yeasts were dispensed on LL-37-coated SE disks and
incubated in the peptide-free medium (Scarsini et al. 2015).
The latter activity occurred in a concentration-dependent
manner. LL-37 is also capable of suppressing the attach-
ment of yeasts cells to biotic surfaces (Tsai et al. 2011a).
This would result in a reduction in the number of fungal
cells actually participated in the initial stages of biofilm
production. In another study, LL-37 strongly suppressed
adhesion of C. albicans, C. glabrata, and C. tropicalis to
microtiter wells (Niemirowicz et al. 2017). Interestingly, the
observed anti-adhesive ability of LL-37 was enhanced when
it was immobilized on MNPs, suggesting a synergistic effect
between MNPs and LL-37. As hinted earlier in this review,
the interactions of LL-37 with both cell wall carbohydrates
and proteins (Tsai et al. 2011a, b), as well as the increased
f-1,3-exoglucanase activity of Xoglp, (Chang et al. 2012)
are so far proposed mechanisms responsible for anti-adhe-
sive effects of LL-37.

It has been shown that LL-37 could decrease the forma-
tion of C. albicans biofilm in the presence or absence of
DNA after 24 h of incubation (Durnas et al. 2016; Luo et al.
2017). However, LL-37 failed to maintain its inhibitory
activity after 48 h of incubation as the biofilm mass formed
at this time was comparable to that of the non-treated control
(Durnas et al. 2016). Prevention of initial microbial adhesion
by LL-37 appears to be the main reason for this suppres-
sive effect. A second reason may be changes in fungal gene
expression. A DNA microarray analysis has indicated that
LL-37 affects the expression levels of several biofilm-related
genes (Tsai et al. 2014). Another important observation was
a noticeable decline in the metabolic activity of biofilm-pro-
ducing cells after treatment with LL-37 (Luo et al. 2017). In
a separate study on a clinical C. tropicalis isolate, Chen et al.
(2021) observed a dose-dependent decrement in the meta-
bolic activity of biofilm-forming cells after incubation with
high concentrations (100-500 pug/mL) for 24 or 48 h. This
reduction was not observed when C. tropicalis was exposed
to low concentrations (0.5-40 pg/mL) of LL-37.

Luo et al. (2017) highlight the effectiveness of LL-37
in inhibiting the maturation of early C. albicans biofilms.
Nevertheless, available evidence indicates no inhibitory
effects of LL-37 on metabolic activity of biofilm-encased
cells (Scarsini et al. 2015; Luo et al. 2017). In another work,
restriction of the growth of mature Candida biofilms was
reported in the presence of LL-37, alone or when immobi-
lized on MNPs (Niemirowicz et al. 2017). A recent study
also demonstrated that 100 pg/mL of LL-37 was ineffective
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against dual-species biofilms formed by Candida albicans
and one of the four clinically important Gram-negative
bacteria (Hacioglu et al. 2020). In view of this, it will be
of interest to explore if LL-37 at higher concentrations,
alone or in combination with the current antifungal drugs,
can decrease the viability of C. albicans cells enclosed in
biofilms.

Antifungal mechanisms of action for LL-37

Considering the relatively large amount of experimental data
on molecular mechanisms responsible for antifungal activ-
ity of LL-37, and for the reader’s convenience, this section
brings together and summarizes antifungal mechanisms of
action of this peptide.

Two decades of research have expanded our understand-
ing of how LL-37 exerts its growth-inhibiting and/or killing
actions on a variety of fungal pathogens. In this connection,
different research groups have made use of C. albicans as a
model organism to gain molecular-levels insights into anti-
fungal effects of LL-37. There is now sufficient experimental
data to corroborate the multi-pronged nature of the attack
of LL-37 on fungal cells. Fungal cell wall serves as a main
target for antimicrobial action of LL-37. Interaction with cell
wall components such as the major f-1,3-exoglucanase (Tsai
et al. 2011a; Chang et al. 2012), reduction of both cell wall
thickness and total polysaccharide content (Tsai et al. 2014),
inhibition of the cell wall reconstruction, and disruption
of the cell wall integrity (Luo et al. 2019) have been well
described in different studies. Induction of various structural
changes in fungal plasma membrane, rapid membrane per-
meabilization, and subsequent release of vital cellular com-
ponents are the other mechanisms by which LL-37 affects
fungal cell viability (L6pez-Garcia et al. 2005; den Hertog
et al. 2006; Sonesson et al. 2007; Ordonez et al. 2014).

Aside from altering the cell wall and plasma membrane,
LL-37 has a number of intracellular targets as well. In par-
ticular, expression levels of a wide array of genes were
changed in response to LL-37 treatment (Tsai et al. 2014).
Moreover, LL-37 was shown to affect signaling pathways
related to ER stress response and cell wall integrity (Hsu
et al. 2021). Inhibition of cell cycle progression, elevation of
intracellular ROS levels, stimulation of oxidative stress, dis-
ruption of ER homeostasis, and formation of autophagy-like
structures were also observed in LL-37-exposed fungal cells
(Rather et al. 2022; Hsu et al. 2021; Menzel et al. 2017). A
summary of antifungal mechanisms of LL-37 is schemati-
cally illustrated in Fig. 1.

Evidence also began to emerge that LL-37 could reduce
fungal adhesion to biotic and abiotic surfaces (Tsai et al.
2011a; Chang et al. 2012; Scarsini et al. 2015), excessive
inflammation (Luo et al. 2019), invasion and cytotoxicity on
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Fig. 1 Schematic representation of the molecular mechanisms underlying antifungal effects of the human cathelicidin LL-37

human cells (Luo et al. 2019), biofilm formation and matura-
tion (Durnas et al. 2016; Luo et al. 2017), and yeast-to-hyphal
dimorphic switch (Luo et al. 2019; Wong et al. 2011). Indeed,
these findings bear testimony to the notion that LL-37 may
act as a potential anti-virulence peptide. In essence, quelling
virulence behavior and locking fungal pathogens in a vegeta-
tive non-biofilm-producing lifestyle have been propounded as
a new paradigm for the development of potential antifungal
therapeutics (Reen et al. 2016; Gauwerky et al. 2009). This
may make fungal pathogens less infective and more vulner-
able to conventional therapy. In light of the above, it seems
reasonable to embark upon in-depth investigations to assess
how LL-37 interferes with fungal virulence attributes in vivo.

Potential applications and future research
avenues

Due to its apparent multifunctionality, cathelicidins have
been the focus of in-depth research in various fields such as
microbiology, immunology, oncology, and biotechnology.

The antimicrobial properties of LL-37 go beyond its role in
innate immune responses and inflammation (Alford et al.
2020). Potential toxicity, susceptibility to protease degrada-
tion, and other limitations may hinder the clinical transla-
tion of LL-37, but much research is being undertaken to
address them. Thus far, there have been clinical trials of
LL-37 in patients with melanoma (via intra-tumoral injec-
tions) and leg ulcers (via topical route). However, no clinical
trials have been conducted on antifungal effects of LL-37
(Lu et al. 2022; Dijksteel et al. 2021). In this section, we
briefly discuss innovative strategies, especially various drug
delivery systems, for overcoming the above-mentioned chal-
lenges and how LL-37 might be used in the future. Potential
biomedical applications of LL-37 against fungal pathogens
are schematically illustrated in Fig. 2.

Combination therapy with antifungal drugs or other
AMPs

In view of the unique properties and activities of LL-37, it
could be a promising antifungal agent when combined with
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antifungal drugs. By combining LL-37 with existing anti-
fungal drugs or even other AMPs, we are able to reduce the
likelihood of developing drug resistance in fungal pathogens
during infections. On the other hand, antifungal drugs can
also cause adverse reactions including hypokalemia, infu-
sion reaction, nephrotoxicity, hepatotoxicity, and gastroin-
testinal problems. Because drug toxicity is highly concentra-
tion-dependent, one way to diminish the cytotoxic effects of
antifungal drugs is to combine them with AMPs like LL-37
(Fernandez de Ullivarri et al. 2020). A low concentration of
LL-37 could disrupt fungal cell membranes and alter their
permeability, enabling other drugs with lethal effects to enter
the cell. In this respect, LL-37 has recently been shown to
synergize with several antifungal drugs, such as flucona-
zole, amphotericin B, and caspofungin in vitro (Rather et al.
2022). Nevertheless, the effectiveness of LL-37 combined
with such drugs needs to be tested in animal models of fun-
gal infections in future studies.

Chemical modifications and peptidomimetics
A potential problem associated with LL-37 is that it is

easily degraded by proteolytic enzymes found in the
digestive system, blood plasma, and microbial pathogens
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(Sieprawska-Lupa et al. 2004). Therefore, various chemical
modifications of LL-37 can be made to improve its antimi-
crobial action and decrease its susceptibility to proteolytic
degradation. Some examples of these approaches include the
introduction of D-amino acids, cyclization, hybridization,
lipidation, amidation or acetylation of the terminal regions
(Memariani et al. 2017). In order to enhance stability of
LL-37 in the serum, tryptophan or f-naphthylalanine end-
tagging of the terminal regions of the peptide can also be
considered (Lu et al. 2022; Gan et al. 2021; Dijksteel et al.
2021). Apart from this, some shorter analogs or fragments
of LL-37 have been shown to exhibit enhanced antimicro-
bial activities (Kamysz et al. 2020; Yun et al. 2020). These
shorter LL-37 derivatives could more readily penetrate fun-
gal membranes and biofilm matrices.

It is also worth mentioning peptidomimetics, which have
the advantage of circumventing the limitations of AMPs
used in therapy. There are several advantages over AMPs,
including enhanced stability, cell specificity, and better
tolerability. Additionally, the synthetic flexibility of these
molecules allows fast modifications of their structure in
order to create novel antimicrobial peptidomimetics with
particular pharmacological properties. A number of antimi-
crobial peptidomimetics have been developed so far, such
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as p-peptides, peptoids, arylamide oligomers, f-turn mimet-
ics, and AApeptides (Méndez-Samperio 2004). In a recent
study, cathelicidin-mimetic antimicrobial peptoids based on
the LL-37 structure were shown to successfully eradicate
Staphylococcus aureus strains (Benjamin et al. 2022). Fur-
ther studies with these peptoids against fungal pathogens
are warranted.

Use of drug delivery systems and different
formulations

As mentioned earlier, LL-37 becomes less potent when
exposed to proteases secreted by host cells or microbes
(Sieprawska-Lupa et al. 2004). Furthermore, LL-37 binds
easily to anionic serum proteins, resulting in rapid clearance
from bloodstream circulation. In order to overcome these
challenges, various delivery systems such as inorganic nano-
materials (e.g., metal nanoparticles, mesoporous silica, and
hydroxyapatite), polymeric materials, and liposomes have
been developed to improve the efficacy of LL-37 (Lin et al.
2020).

For instance, conjugating silver or gold nanoparticles
with LL-37 was shown to enhance microbicidal properties
of LL-37 (Lin et al. 2020). An excellent example of poly-
meric materials is poly (lactic-co-glycolic) acid (PLGA).
It is among the well-documented Food and Drug Admin-
istration (FDA)-approved polymers used for drug delivery
systems. PLGA also displays good biocompatibility with a
tailored biodegradation rate (Elmowafy et al. 2019). LL-37
encapsulated in PLGA nanoparticles was found to enhance
wound healing in dermal tissue when compared to LL-37
alone (Lin et al. 2020). There are other polymeric materi-
als that are eligible to be used for enhanced LL-37 deliv-
ery, including poly (ethyl acrylate-co-methacrylic acid)
microgels, degradable anionic dendritic nanogels (DNGs),
composite microgel particles based on poly-y-glutamic acid
(y-PGA) and chitosan, sodium alginate, and collagen/hyalu-
ronic acid polyelectrolyte multilayers (PEMs) (Cassin et al.
2016; Nordstrom et al. 2018; Lin et al. 2020). As for lipid-
based drug delivery systems, polyethylene glycol (PEG)-
coated liposomes might be served as a promising delivery
system for AMPs including LL-37 (Gbian and Omri 2022).
The PEG coating forms a hydration layer that inhibits the
liposomes from being recognized by the reticuloendothelial
system. Therefore, when LL-37 is bound to liposomes, the
lipid and surrounding PEG chains provide protection against
enzymatic degradation (Lin et al. 2020).

Treatment of superficial infections and keratitis
LL-37 and its derivatives are suitable for topical applica-

tions to treat superficial fungal infections of the skin, hair or
nails and could be used as cosmetic ingredients to deter skin

pathogens and maintain skin health. They can be used in dif-
ferent formulations such as ointments, creams, lotions, gels,
shampoos, or wound dressings (Rodriguez-Castafio et al.
2023). Fungal keratitis has also been seen to increase due to
escalating number of new contact lens wearers worldwide
in recent years. A new line of research would be the study of
LL-37 as eye drop formulations for the treatment of fungal
keratitis (Wu et al. 2017). Certainly, these new formulations
need to be evaluated in vivo.

Plant-based expression systems and transgenic
plants

There is no doubt that plants are one of the most promis-
ing platforms for large-scale and cost-effective commercial
production of AMPs (Mirzaee et al. 2021). Owing to many
advantages over other prokaryotic and eukaryotic expres-
sion systems, plants are excellent hosts for the production
of recombinant proteins. It is possible to store or lyophilize
plant-based therapeutic products for a longer shelf life with-
out the need for low temperatures to ensure stability and
activity. The main advantage of plant-based expression sys-
tem is the ability to perform post-translational modifications,
which may be essential for protein folding and biological
functions of AMPs (Shanmugaraj et al. 2021).

AMPs can be produced in plants by a variety of genetic
approaches, such as whole plants, tissue specific expression,
tissue culture, or transient expression. The tobacco plant
(Nicotiana tabacum) is the most commonly used transgenic
expression system (Fernandez de Ullivarri et al. 2020).
Transgenic plants expressing LL-37 hold opportunities for
fighting fungal phytopathogens. In addition to antifungal
activity, LL-37 may also be capable of protecting crops from
mycotoxin contamination by inhibiting mycotoxin biosyn-
thesis, which opens new avenues for their use in agriculture
and food industry. Clearly, this direction of research appears
to be worthy of further pursuance.

Conclusion

Fungal pathogens pose a formidable threat to humans,
wildlife, and agriculture. The dearth of effective antimy-
cotics in the pipeline along with the emergence of drug-
resistant strains highlights the importance of antifungal
drug discovery and development. LL-37, the sole human
cathelicidin, has been shown to exert potent growth-inhib-
itory activity at micromolar concentrations against differ-
ent clinically and agronomically relevant fungal strains.
Furthermore, accumulating data reveal multi-pronged
mechanisms of action that rely on affecting fungal cell
wall and plasma membrane as well as targeting intracel-
lular components. The promise of LL-37 as an antifungal
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peptide can only be fulfilled through a thorough investiga-
tion of its in vivo efficacy and safety, and we are therefore
likely to witness continued progress in this field in the
coming years.
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