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Abstract

Antimicrobial peptides (AMPs), also known as host defense peptides, are petite molecules
with inherent microbicidal properties that are synthesized by the host’s innate immune
response. These peptides serve as an initial barrier against pathogenic microorganisms,
effectively eliminating them. Human defensin (HD) AMPs represent a prominent group
of peptides involved in the innate immune response of humans. These peptides are pri-
marily produced by neutrophils and epithelial cells, serving as a crucial defense mecha-
nism against invading pathogens. The extensive research conducted has focused on the
broad spectrum of antimicrobial activities and multifaceted immunomodulatory functions
exhibited by human defensin AMPs. During the process of co-evolution between hosts
and bacterial pathogens, bacteria have developed the ability to recognize and develop an
adaptive response to AMPs to counterattack their bactericidal activity by different antibi-
otic-resistant mechanisms. However, numerous non-pathogenic commensal bacteria elicit
the upregulation of defensins as a means to surmount the resistance mechanisms imple-
mented by pathogens. The precise mechanism underlying the induction of HD by com-
mensal organisms remains to be fully understood. This review summarizes the most recent
research on the expression of human defensin by pathogens and discusses the various
defense mechanisms used by pathogens to counter host AMP production. We also mention
recent developments in the commensal induction of defensin AMPs. A better knowledge of
the pathogens’ defensin AMP resistance mechanisms and commensals’ induction of AMP
expression may shed light on the creation of fresh antibacterial tactics to get rid of bacterial
infection.
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Introduction

The growth and dissemination of drug-resistant bacteria have been attributed to the
fields of human and veterinary medicine and agriculture, particularly in developing
nations [63]. According to the World Health Organization (WHO), there has been a
significant increase in global resistance to conventional antimicrobials, which poses a
substantial and concerning threat to public health [97]. Hence, the matter of antibiotic
resistance has necessitated the exploration of alternate options to traditional antibiotics
that possess unique mechanisms of action and are less susceptible to bacterial resist-
ance. The pursuit of novel antibiotics has sparked significant interest in antimicrobial
peptides (AMPs), which are alternatively referred to as host defense peptides [8, 100].

AMPs are a class of bioactive peptides synthesized by various organisms and serve
as crucial constituents of their innate immune system. In Eukaryotes, AMPs function as
the primary defense mechanism to evade microbial invasions, while in Prokaryotes, they
are produced as a competitive strategy to restrict the proliferation of other microorgan-
isms [99]. According to the antimicrobial peptide database (https://aps.unmc.edu/), a
total of 3569 AMPs from six life kingdoms were observed. About 2600 active AMPs
were identified from animals in Tables 1 and 2.

Natural AMPs have robust and wide-ranging efficacy against several categories of
microorganisms, including bacteria, yeasts, fungi, viruses, and parasites [63, 97]. These
AMPs demonstrate bacteriostatic, microbicidal, and cytolytic characteristics. In this
particular scenario, the utilization of endogenous AMPs as the most recent iteration of
compounds exhibiting noteworthy antimicrobial activity is garnering growing interest.
This review attempts to describe how bacteria express human defensin and the variety
of defense strategies they employ against host AMP synthesis. We also discuss the most
recent developments in the induction of defensin AMPs by commensals. It may be pos-
sible to develop new antibacterial strategies to combat bacterial infection with the help

Table 1 Antimicrobial peptides
observed in different kingdoms
(data was obtained from

antimicrobial peptide database)

Kingdoms Number of AMPs Examples

Bacteria 380 Lysostaphin
-Staphylococcus simulans
-497 amino acids

Archaea 5 Halocin C8
- Halobacterium salinarum
-152 amino acids

Protists 8 ProtoCidin-1
- Hypothetical antimicrobial peptide
-30 amino acids

Fungi 25 Plectasin
- Pseudoplectania nigrella
-40 amino acids

Plants 371 Psdl
-Pisum sativum
-47 amino acids

Animals 2600 Human beta-defensin 2
-Humans
-41 amino acids
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Table2 Antimicrobial peptides observed in animals (data was obtained from antimicrobial peptide data-
base)

Animals Number of AMPs Examples

Humans 153 Human beta-defensin 2
-Humans
-41 amino acids

Mammals 363 Bovine myeloid antimicrobial peptide-27 (BMAP-27)
-Cow

-27 amino acids
Amphibians 1196 Dermaseptin S4
-Phyllomedusa sauvagii (tree frog)
-34 amino acids
Fish 144 Piscidin-1
-Morone chrysops X Morone saxatilis (hybrid)
-22 amino acids

Reptiles 49 Pleurocidin
-Turtles
-25 amino acids
Birds 45 Avian p-defensin 1
-Chickens

-45 amino acids

Arthropods 633 Drosomycin
-Drosophila melanogaster
-44 amino acids

Molluscs 52 Mytimacin
-Mediterranean mussel
-42 amino acids
Protozoa 8 ProtoCidin-1

-Hypothetical antimicrobial peptide
-30 amino acids

of a better understanding of the dynamics of human defensin AMP expression, pathogen
resistance, and commensal induction.

AMPs and Its Expression

AMPs are important effector molecules that kill bacteria, fungi, and viruses in a wide
range. In addition to killing bacteria directly, AMPs have been shown to change many
important cell behaviours, such as chemotaxis, cytokine production, epithelial cell prolifer-
ation, promoting cell migration, angiogenesis, apoptosis, and wound healing [111]. AMPs
are small peptides with anywhere from 12 to 50 amino acids. They are made up of cationic
residues like arginine and lysine, which are thought to be responsible for most of their anti-
microbial action [105]. Also, these peptides have both water-loving and water-hating parts.
Because these peptides are amphipathic, they can work against pathogens where they inter-
act with and become part of the cell walls and membranes of microorganisms [105].
AMPs are frequently categorized based on their origins, encompassing microorganisms,
plants, and animals. Additionally, their classification is determined by their secondary
structure, biosynthetic pathways, and mode of action [110]. Humans produce various types
of AMPs, such as cathelicidins, thrombocidins, and defensins [11, 124, 131]. AMPs have
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been found to provide protection against microbial infections in humans. They have been
detected in various anatomical sites or epithelial surfaces, including the integumentary
system, ocular structures, auditory organs, oral cavity, respiratory tract, pulmonary struc-
tures, gastrointestinal tract, and the urogenital system. Marchini et al. [101] found human
cathelicidin LL-37 in the skin of newborn babies, but human beta-defensin 2 (hBD2) is
often found in older people. Gschwandtner et al. [53] found that foetal keratinocytes have
a lot more human S100 proteins, hBD2, human beta-defensin 3 (hBD3), and cathelicidin
than adult skin cells. Also, human skin that is healthy has different amounts of psoriasin
(S100A7), RNase 7, and hBD3 [181]. According to Gliser et al. [50], the upregulation
of psoriasin occurs when there is a disruption in the skin barrier. According to McDer-
mott [106], human tears have been found to contain lysozyme and lactoferrin. In a recent
study, the role of NLRP3 in antimicrobial peptide expression was studied in infected blad-
der epithelial cells [90]. It is now recognized that certain defensins also play a critical role
in sperm fertilization [163, 164, 189]. AMPs have received more attention because of the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) outbreak. This is because
scientists are looking for new antiviral molecules to fight COVID-19 disease [81].

According to van der Does et al. [171], numerous AMPs possess immunomodulatory
properties and can exhibit both anti-inflammatory and pro-inflammatory eftects. The direct
interaction between AMPs and the microbiota is thought to occur due to their antimicro-
bial activity and their expression in epithelial cells. Therefore, it is plausible that AMPs
have emerged along the course of evolution as significant modulators and influencers of
the microbiota. The accuracy of this concept has been effectively demonstrated through
the transgenic overexpression of a single AMP, specifically human defensin 5, within the
Paneth cells of the small intestine in mice. The findings of Salzman et al. [133] showed sig-
nificant alterations in the makeup of microbiota. Furthermore, it appears that the absence
of oxygen in the gastrointestinal tract promotes the efficacy of AMP human beta-defen-
sin (hBD)-1 through the process of disulphide bond reduction. The study conducted by
Schroeder et al. [140] showed that the effectiveness of hBD1, a human beta-defensin, was
significantly enhanced, resulting in its powerful antimicrobial activity against anaerobic
gut commensals.

Furthermore, a growing body of evidence suggests that other AMPs, such as Regllly
and its human equivalent HIP/PAP [18], as well as the cathelicidin LL-37/CRAMP [187],
play a role in preserving the equilibrium of the gut microbiota. Staphylococcus epider-
midis, a prevalent commensal bacterium found on the skin, has the ability to stimulate the
production of innate defense mediators, including IL-1 beta and the antimicrobial pep-
tide hBD2, in keratinocytes. The induction of AMPs in keratinocytes can also be accom-
plished by the production of IL-17A by IL-17A+CD8+T cells, which had been previ-
ously activated by CD103 +dendritic cells upon detection of commensal bacteria, such as
S. epidermidis [114].

Moreover, certain studies have revealed that psychological stress significantly reduces
the expression of AMPs, particularly cathelicidins and defensins, in the dermal layer of
mice. This, in turn, heightens their vulnerability to skin infections. Furthermore, it has been
observed that the signalling pathway involving transforming growth factor-beta, originating
from neurons, regulates the expression of AMPs (specifically cnc-2) in the skin of Caeno-
rhabditis elegans, a nematode species (the skin of Caenorhabditis elegans [1, 190]. Several
factors induced the AMPs; however, the bacteria have established the resistant mechanism
to escape from the AMPs. One of the major resistant mechanisms that bacteria frequently
establish is the downregulation of AMP expression by inhibiting the NF-kB activation
in epithelial cells [19, 174]. Building upon this point, recent research has explored the
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activation of overexpression of AMPs using non-pathogenic stimuli, including biotic and
abiotic factors. Non-pathogenic commensal and probiotic bacteria have been employed in
this context to induce AMP expression, overcoming the inhibition mechanisms established
by bacterial pathogens.

Mechanism of AMP Expression

Pathogen recognition receptors (PRRs) like toll-like receptors (TLRs), which recog-
nize common structural pathogen motifs called pathogen-associated molecular patterns
(PAMPs), can turn on AMP expression [111]. Some TLRs reside on the outside of the
cell (TLR-1, TLR-2, TLR-4, TLR-5, TLR-6, TLR-10) and recognize unique bacterial com-
pounds like LPS or flagellin. Other TLRs live in the endosomes (TLR-3, TLR-7, TLR-8,
TLR-9) and recognize nucleic acids from outside the cell [109]. TLRs activate an intracel-
lular signalling pathway when they bind to an endogenous or external ligand. This cascade
can be 88-dependent or MyD88-independent. MyDS88 is an adapter molecule that is used
by TLRs as a co-stimulatory protein. It helps control how cells respond to PAMPs (path-
ogen-associated molecular patterns). Depending on which TLRs are turned on, the signal-
ling pathway that follows may include the mitogen-activated protein kinase (MAPK) or
other protein kinases. In the big picture, this chain of events turns on transcription factors,
such as nuclear factor kappa B (NF-kB), activator protein 1 (AP-1), and interferon regula-
tory factors 3 and/or 7 (IRF3/7). Because of this, both the innate and adaptive immune
responses of the host are triggered, which leads to the production of cytokines that cause
inflammation, type 1 interferons, and AMPs (Fig. 1).

The activation of the NF-kB cascade plays a crucial part in modulating the host’s
responses to microbial infection. The innate immune response serves as an initial barrier
of defense against various pathogens and is regulated by the NF-kB signalling system.
Activation of this pathway subsequently facilitates the upregulation of specific target genes
[87]. NF-xB has a crucial role in regulating the immune response and inflammation by
increasing the expression of several chemokines (such as CXCL1, CXCL2, CXCL3) and
cytokines (including TNF-a, IL-1p, IL-6, IL-8) [60]. The activation of NF-kB has been
observed to exert an influence on cellular proliferation and apoptosis through its targeting
of Bcl2, TAPs, and cyclins. Furthermore, the activation of NF-xB is crucial for initiating
antimicrobial effectors, including AMPs, which play a significant role in eradicating harm-
ful microorganisms [43].

The molecule NF-kB plays a crucial role in activating the immune system; yet, it needs
meticulous regulation to prevent the occurrence of excessive inflammation [83]. However,
some bacterial pathogens have established resistant mechanisms to hinder AMP expression
by the host immune system. Tumour necrosis factor alpha-induced protein 3 (TNFAIP3),
commonly referred to as A20, is a zinc finger protein that has a role in negatively regulat-
ing NF-kB signalling pathways [19]. The induction of A20 is facilitated by stimuli that
activate NF-kB through the presence of NF-kB sites in the A20 promoter [78]. Conse-
quently, this leads to a decrease in NF-kB activity. The termination of NF-kB signalling
can be achieved by directly deactivating the upstream signalling molecules, such as TNF,
interleukin 17 (IL-17), toll-like receptor 4 (TLR-4), and nucleotide-binding oligomeriza-
tion domain-containing protein 2 (NOD?2) [19, 48].

Analogous to the mechanisms employed in the stimulation of AMPs activation
through TLR activation, it has been observed that inflammatory cytokines and media-
tors can also elicit the expression of AMPs, thereby regulating the immune defense of
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Fig. 1 Illustration of pathogen-activated antimicrobial peptide expression in human epithelial cells. Initially,
the specific toll-like receptor TLR-4 are expressed when pathogenic stimuli are attached to it, eventually
using MyD88 and MAL adaptor proteins to activate the intracellular protein kinases (IRAK1 and IRAK4).
These protein kinases initiate a signalling cascade of TRAF6, MAPK, and AKT signalling, which initiates
nuclear factor kappa B (NF-kB) and activator protein 1 (AP-1). These central regulatory markers activate
AMP expression and inflammatory cytokine expression. Abbreviations: MyD88, myeloid differentiation
primary response 88; MAL, MyD88 adaptor-like protein; IRAL1, interleukin-1 receptor-associated kinase
1; IRAL4, interleukin-1 receptor-associated kinase 4; TRAF6, tumour necrosis factor receptor (TNFR)-
associated factor 6 (TRAF6); MAPK, mitogen-activated protein kinase; AKT, protein kinase B (PKB), also
known as Akt

the host. Upon encountering pathogens, innate immune cells initiate a series of signal-
ling events that trigger the release of inflammatory cytokines. These cytokines serve as
molecular messengers, communicating with cells of the adaptive immune system. These
cytokines function not only in the modulation of the host’s immune response but also in
the upregulation of AMP expression [73]. The cytokines belonging to the interleukin-1
(IL-1) family are widely recognized as potent stimulators of AMPs. There are many
small molecules, like vitamin D and fatty acids, that are known to increase the produc-
tion of AMP. Proteins in the vitamin D receptor (VDR) pathway are found in many
epithelial and immune cells, and the VDR pathway is a key part of how AMP produc-
tion is turned on. There is proof that LL.-37 and hBD2 AMP expression goes up directly
when the VDR pathway is turned on [51]. Among the different types of AMPs, human
defensins are promising AMPs. In humans, defensins showed a broad range of antibac-
terial activity and were expressed in most of the host cells under different infectious
conditions. Nowadays, human defensin-based antimicrobial strategies have gained sig-
nificant interest due to their wide antimicrobial and anti-inflammatory activity. In this
review, we discussed the activation of human defensin antimicrobial peptides in humans
by bacterial and viral pathogens.
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Human Defensins

Defensins encompass a group of compact, cationic peptides with a molecular weight
ranging from 2 to 5 kDa. These peptides serve as host defense molecules and possess a
structural framework characterized by a f-sheet core. The term “defensin” was coined by
Lehrer in 1985 after the discovery of homologous peptides in human neutrophils by the
same laboratory. This core structure is reinforced by the presence of three conserved intra-
molecular disulphide bonds. The initial discovery of the first mammalian defensin, also
known as the microbicidal cationic protein, occurred in 1980 when Lehrer and his col-
leagues successfully isolated it from rabbit lung macrophages [122, 123]. These peptides,
which are of mammalian origins and possess broad antimicrobial activity against bacte-
ria, viruses, and fungi, are characterized by their cationic nature and disulphide stabiliza-
tion [46, 142]. Mammalian defensins are categorized into three subfamilies, namely a-,
p-, and B-defensins, based on their disulphide structure [44, 86] as shown in Table 3. In
the human population, two types of defensins have been found, namely a- and B-defensins
(Fig. 2). The 0-defensins, characterized by their distinctive circular shape that is reinforced
by three parallel disulphide bonds arranged in a ladder-like pattern, are exclusively present
in the leukocytes of Rhesus macaques [159]. Currently, a total of six human a-defensins
have been discovered. These defensins can be categorized into two main classes based on
their expression patterns and gene structures. The first class is known as myeloid defensins
or human neutrophil peptides (HNPs) 1 to 4. The second class is referred to as human
(enteric) defensins (HDs) 5 and 6 [6, 85]. Human neutrophil peptides (HNPs) are stored
within the azurophilic granules of neutrophils in humans. These HNPs, namely HNPs 1-3,
together with their less prevalent counterpart HNP4, collectively constitute approximately
5-7% of the total protein content in neutrophils [165]. Granules containing human neutro-
phil peptides (HNPs) often undergo limited secretion and are frequently targeted to fuse
with phagolysosomes, which are organelles with high levels of HNPs. This process enables
the direct elimination of phagocytosed microorganisms by the potent antimicrobial activity
of HNPs [40, 165].

Upon holocrine secretion and neutrophil infiltration during inflammation, HNPs are
released into the extracellular milieu through the degranulation of activated neutrophils
[42, 45]. HD5 and HD6 are constitutively expressed in and secreted by Paneth cells at the
bottom of the small intestinal crypt [6, 29, 49]. While the concentration of HD5 at the
luminal surface of the small intestine is estimated to be as high as 50-250 pg/ml, it is
significantly lower at the colonic mucosal surface due to the distance from secretion [49].
HDS ranging from 1 to 50 ug/ml is also found in the vaginal fluid from healthy women
[130] and induced in the male and female reproductive tract in response to sexually trans-
mitted infections (STIs) [72, 129, 150]. Although more than 30 p-defensin genes exist in
the human genome, only a few have been extensively characterized at the genomic and
functional levels [143].

In contrast to the regulation of a-defensin expression, which mostly occurs at the secre-
tory level, the expression of f-defensins is primarily regulated transcriptionally and is lim-
ited to the keratinocytes of the skin and epithelial cells. For example, the expression of
human p-defensin 1 (HBD1) is consistently present, whereas HBD2 and HBD3 are stim-
ulated by microbial infections and pro-inflammatory cytokines in different epithelial and
mucosal tissues [116, 125]. Since their first identification in the early 1980s, defensins have
been the subject of extensive research due to their wide-ranging antibacterial properties
and diverse immunomodulatory actions in both normal and disease states.
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Fig.2 Types and structure of human a alpha-defensin and b beta-defensin AMPs. The structure of the
defensins was retrieved from Protein Data Bank (https://www.rcsb.org/)
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Numerous comprehensive analyses have elucidated a diverse array of intricate molec-
ular and cellular mechanisms through which defensins exert their antibacterial, antiviral,
and antifungal activities while also serving as multifaceted immune effectors in the con-
texts of inflammation, development, and cancer [5, 61, 65, 85, 143]. Defensins are widely
recognized as versatile components of the innate immune system, effectively combating
microbial infections and earning them the nickname of the “Swiss army knife”. However,
the collection of new research has revealed that defensins may have a significant function
in the interactions between hosts and pathogens and in the development of tumours. This
suggests that the processes via which defensins operate are more intricate than previously
believed. The increasing acknowledgment of the dual nature of defensins, with their poten-
tial benefits and drawbacks contingent upon their spatial and temporal contexts, motivates
us to conduct a comprehensive analysis of the most current scholarly works pertaining to
their roles in safeguarding and contributing to the development of illnesses in the context
of overall well-being.

Defensins in Viral Infection

Defensins have been found to possess the ability to inactivate and impede the replication of
many viruses directly. Extensive research has been conducted to clarify the numerous pro-
cesses via which defensins exert their antiviral effects [61, 71]. The intricate nature of the
involvement of defensins in host-virus interactions becomes apparent when considering the
case of human immunodeficiency virus (HIV-1). Initial research findings have indicated
that defensins can effectively intervene at various stages of host-virus interactions. The
inhibitory effects of HNP1-3, HDS, retrocyclins 1, and retrocyclins 3 have been demon-
strated to efficiently impede the adherence of enveloped herpes simplex virus 2 (HSV-2) to
host cells. This is achieved by interfering with the interactions between HSV-2 gB and its
receptor HSPGs [173]. Defensins can impede the fusion process between virions of various
enveloped viruses and their respective host cells.

HNP1 is widely acknowledged for its direct antiviral activity against human immunode-
ficiency virus (HIV) [21, 98]. In addition, it hinders the uptake of HIV-1 by impeding Env-
mediated viral fusion and reducing the expression of CD4 and coreceptor CXCR4 on the
surface of host cells [36]. This mechanism, which involves the inhibition of HIV-1 infection
by HBD2 and HBD3, has sparked controversy [82, 156]. The inhibitory effect of defensins
on viral infection after entry has been documented in various non-enveloped virus fami-
lies, most notably in the case of human papillomavirus (HPV) [14]. The a-defensins have
been shown to inhibit the intracellular uncoating of human papillomavirus (HPV) and its
release from cytoplasmic vesicles. This is achieved by stabilizing the viral capsid structure,
thereby preventing interactions between viral proteins and the genome with host factors
that are necessary for productive infection [14, 56, 160, 177, 178].

Several studies have reported the expression of epithelial-associated defensins (hBD1,
hBD2, hBD3, HDS, and HD6) in HPV infection. Several defensins, including hBDI,
hBD2, and HDS5, are known to be expressed in epithelial cells of the urogenital tract.
Therefore, it is likely that these epithelial defensins may also play a role in genital HPV
infection. Botez et al. [10] showed an intense expression of hBD1 in the membrane and
cytoplasm of cells from the basal layer of patients with HPV-16 and HPV-18 types, which
suggest an inhibitory action of this molecule on transduction of these HPV types. hBDs
appeared to be ineffective at limiting viral disease progression since papillomas persisted
despite the high-level expression of hBDs [27]. A novel mechanism by which high-risk
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HPV-16, through its well-known virulence factor E6, utilizes the suppression of p53, in the
presence of ANp63a to induce selective overexpression of hBD3 [35]. In a recent study,
HPV infection upregulates HBD2 and HBD3 production in HAEC, and this phenomenon
is significantly dependent on the oncogenic potential. Smaller increases in the HBD2 level
observed after HR-HPV infection may facilitate processes of cancer genesis of the ano-
genital region [157].

The study conducted by Chang et al. [21] showed that the presence of HD5 and HD6,
which are produced by Neisseria gonorrhoeae infection in a cervicovaginal tissue cul-
ture system, leads to an elevation in HIV infectivity. Importantly, this effect was observed
to occur in a manner that is independent of CD4 and HIV coreceptor interactions [72].
According to Rapista et al. [132], the proteins HD5 and HD6 facilitate the process of HIV
infection by interacting with the viral particle, augmenting its ability to attach to specific
host cells. According to Ding et al. [37], the defensins have the ability to counteract the
anti-HIV effects of polyanion microbicide candidates, which are substances that inhibit
HIV entry. HNP1, a well-researched a-defensin with diverse anti-HIV properties, has been
found to possess the ability to disrupt the integrity of epithelial cells. This disruption facili-
tates the traversal of HIV over epithelial barriers, hence promoting viral infection and dis-
semination [169].

According to a recent study conducted by Van Cleemput et al. [170], it has been
observed that horse herpesvirus type 1, an alpha herpesvirus, exhibits resistance towards
equine B-defensins 2-3. Similar to HIV-1, the augmentation of infection by HAdV-D
and -F through HNP1 and HDS is associated with heightened viral attachment to target
cells, irrespective of receptor binding [149]. According to Wilson et al. [180], the infec-
tion of MAdV-2 is observed to be higher in enteroids that express mouse a-defensins, as
opposed to those that do not produce them. This ex vivo investigation provides evidence
that a-defensin-mediated viral infection takes place not just in conventional cell cultures
but also in situations that mimic physiological settings.

Defensins in Bacterial Infection

Defensins possess the ability to eliminate bacteria or impede their growth by employing
various antimicrobial mechanisms, including direct disruption of the bacterial membrane
[85] and inhibition of bacterial cell wall synthesis [113, 139]. Defensins have been found to
possess the ability to mitigate bacterial infection by the neutralization of produced toxins,
as demonstrated in studies conducted by Kim et al. [70], Jin et al. [66], Kudryashova et al.
[80], and Lehrer et al. [84]. According to Harder et al. [58], HBD1 and HBD2 demon-
strate activity mostly against Gram-negative bacteria. However, HBD3, which possesses a
substantially higher cationic charge, exhibits robust bactericidal effects against both Gram-
positive and Gram-negative strains [59]. The broad bactericidal activity of HBD3 can be
attributed to its highly cationic properties, allowing it to kill bacteria in a structure-inde-
pendent way [176, 182]. It is worth mentioning that the process of disulphide reduction
can transform the bactericidal activity of HBD1, which is initially modest, into a highly
effective antimicrobial peptide that can effectively combat opportunistic pathogenic fungi
and Gram-positive commensal bacteria [140]. There are also highly favourable evaluations
of the antifungal efficacy of defensins, as documented by Ordonez et al. [118] and Parisi
etal. [121].

This review proposes to examine the involvement of human defensins in the inter-
actions between hosts and bacteria, with a specific emphasis on contrasting their
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Fig.3 Illustration represents the different resistance mechanisms established by the bacterial pathogens to p
avoid the human AMP attack. A Electrostatic repulsion of AMPs by increasing the surface charges through
modification with cationic molecules. Defensins are positively charged, while the bacterial outer surface
is negatively charged; by enhancing the overall positive surface charge with cationic molecules, bacteria
avoid the AMP affinity with the outer cell wall. B Trapping of AMPs by surface molecules: bacteria pro-
duce proteins and polysaccharides on the outer surface, which directly bind with the AMPs and inactivate
them. C Efflux pump systems for AMP resistance: human bacterial pathogens use driven efflux pumps to
resist AMPs by pushing AMPs out of the cell membrane by efflux pump transporter proteins. D Proteolytic
degradation of AMPs: bacterial pathogens produce some protein-degrading enzymes that actively lyse and
inactivate the AMPs. E Regulatory networks of AMP resistance: bacterial pathogens activate the AMP-
resistant gene expression according to the extracellular metal ion concentration, which enhances the bacte-
rial membrane rigidity and slows the bacterial growth to avoid the host AMP expression. F Downregula-
tion of host AMP expression by bacterial pathogens: some bacterial pathogens produce some transcriptional
factor MxiE and the type III secretion system to modulate the host AMP expression. These factors down-
regulate the AMP expression by activating the TLR-2 and associated MyD88 and A20 expression, which
eventually inhibits the NF-kB expression, resulting in the inhibition of AMP expression. Abbreviations:
TLR-2, toll-like receptor 2; MyD88, myeloid differentiation primary response 88; A20, tumour necrosis
factor alpha-induced protein 3 (TNFAIP3), commonly referred to as A20

protective and pathogenic roles. The study conducted by Wilson et al. [179] demon-
strates the protective function of mouse intestine a-defensins or cryptdins against Sal-
monella infection in vivo. It is noteworthy that enteric HD6, despite showing limited
bactericidal and membranolytic activity in laboratory settings, effectively shields mice
from Salmonella infection by capturing bacteria using a distinctive self-assembled
structure known as “nanonets”. This structure prevents direct interaction between the
pathogen and the intestinal epithelium of the host [28].

The secretion of HNP1-3 by neutrophils that infiltrate during Staphylococcus
aureus infection elicits the release of TNF-a and IFN-y from macrophages. Conse-
quently, this leads to an augmentation in the phagocytic activity against pathogens.
The absence of fimbriae in Shigella provides the pathogen with a distinct bacterial
surface. This surface allows HDS5 to form structures composed of multiple units, which
facilitate Shigella’s adhesion to the host’s epithelial cells. This increased bacterial
adhesion, in turn, greatly enhances Shigella’s invasion of host cells. Consequently, this
leads to a significantly heightened infection both in vivo and ex vivo. HNP1 has been
observed to play a role in facilitating Shigella infection of epithelial cells, as demon-
strated by Liao et al. [89].

According to Liao et al. [89], while HNP1 exhibits a lower capacity compared to
HDS5 in facilitating Shigella adherence, its potent ability to disrupt the epithelial bar-
rier further contributes to the progression of Shigella infection. It is noteworthy to
mention that HD5 amplifies the pathogenicity of Shigella in macrophages. Although
HD5 enhances the process of phagocytosis of Shigella by macrophages, which is typi-
cally detrimental to invading pathogens, it is ineffective in preventing the subsequent
escape of Shigella from the phagosome and its multiplication within the host cell.
Consequently, the infected macrophages undergo necrosis due to the proliferation of
Shigella, leading to the massive release of intracellular bacteria [184].

The antibacterial action of human a-defensins depends on their hydrophobicity and
selective cationic, which are segregated within a dimeric structure stabilized by intra-
molecular disulphide bonds [85]. Numerous mutational investigations have success-
fully revealed the key functional elements of a-defensins that contribute to the facilita-
tion of viral and bacterial infections [89, 132, 168, 169, 184, 185].
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AMP Resistance Mechanism of Bacterial Pathogens

Extensive research has been carried out to explore the molecular mechanism involved in
the downregulation of host AMP expression by bacterial pathogens over the past couple
of decades. In this chapter, we summarized the recent breakthrough in the direct and
indirect mechanisms adopted by human bacterial pathogens to suppress AMP activation
by humans, which includes surface charge alteration, external sequestration by secreted
or surface-associated molecules, energy-dependent membrane efflux pumps, peptidase
degradation, and the immunomodulatory molecule-mediated downregulation of AMP
(Fig. 3). By inhibiting or escaping from the AMP attack, the bacterial pathogens colo-
nize and infect the human epithelial cells. However, understanding and inhibiting the
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pathogen’s resistance mechanism could result in finding a new antimicrobial strategy to
treat the bacterial infection [30].

Bacterial Surface Modification

Commonly, human AMPs such as defensins and cathelicidin are cationic in nature, which
provides the electrostatic affinity. In contrast, the bacterial outer surface was negatively
charged with hydroxylated phospholipids, including phosphatidylglycerol (PG), cardi-
olipin, and phosphatidylserine [93]. The amphipathic nature of AMPs enables integration
with the lipid bilayer of both Gram-positive and Gram-negative bacterial cell walls, virus,
and fungi; forms transmembrane pores; and eventually induces cell death [57, 119].

Gram-positive bacteria, in contrast to their Gram-negative counterparts, do not possess
an outer membrane. However, the ability of AMPs to bind with the cytoplasmic membrane
of Gram-positive bacteria is hindered due to the presence of a thick peptidoglycan layer,
which is responsible for its cross-linking. In Gram-negative bacteria, AMPs are required
to navigate through the outer membrane envelope, which is primarily made up of nega-
tively charged lipopolysaccharide (LPS) [138]. Additionally, AMPs must cross the peri-
plasmic space located beneath the outer membrane. Both Gram-negative and Gram-posi-
tive bacteria develop a prevalent strategy to enhance their overall positive surface charge
by modifying themselves with cationic molecules. This modification leads to the electro-
static repulsion of cationic AMPs, thereby preventing AMPs from disrupting the cytoplas-
mic membrane. Various Gram-negative bacteria employ different mechanisms to decrease
the overall negative charge of the lipid A component of lipopolysaccharides (LPS). This
is achieved through the incorporation of 4-amino-4-deoxy-L-arabinose (L-Ara4N), phos-
phoethanolamine (pEtN), or palmitoyl groups [54]. Certain Gram-positive pathogens pos-
sess the ability to modify their surface charge through the process of altering teichoic acids
(TAs). These TAs are comprised of linear anionic glycopolymers consisting of polyglyc-
erol phosphate and polyribitol phosphate, which are connected by phosphodiester bonds
[13,115].

The process of integrating D-alanyl esters into the cell matrix, facilitated by the activity
of four proteins encoded by the ditABCD operon, results in the exposure of a positively
charged amino group. This leads to a decrease in the overall negative charge of teichoic
acids (TAs) and subsequently reduces the electrostatic attraction between cationic AMPs
and the bacterial cell envelope [76, 79]. The MprF, also referred to as LysS, is a peptide
resistance factor that exists in multiple forms. The mprF gene encodes it and is a remark-
ably conserved integral membrane protein with a molecular weight of approximately 97
kDa. Notably, this protein is present in both Gram-positive and Gram-negative bacteria.
MprF shows a well-preserved hydrophilic cytoplasmic domain at its C-terminus and a sub-
stantial flippase domain at its N-terminus [38]. This protein is accountable for reducing the
overall negative charge on the surface of Gram-positive bacteria by integrating L-lysine or
L-alanine into the peptidoglycan layer of the cell wall [38, 152].

Adding amine substituents L-Ara4N or pEtN to the LPS complex lowers its net nega-
tive surface charge and AMP affinity. This makes Gram-negative bacteria like Salmonella
spp. less susceptible to AMP. Adding pEtN to dephosphorylated lipid A of LPS makes H.
pylori, a Gram-negative pathogen that causes peptic ulcers and a higher risk of gastrointes-
tinal cancer, more resistant to AMP and less likely to activate the innate immune system

[33, 166].
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Trapping of AMPs by Surface Molecules

Bacteria may have proteins and polysaccharides on their surface or released into the
extracellular space that can bind directly to AMPs. This stops AMPs from reaching
their target in the cytoplasmic membrane and prevents the formation of lytic pores.
Bacterial pathogens also use the release of bound AMP from the surface of the bacteria
as a secondary way to neutralize AMP. Plasminogen is the inactive form of plasmin, a
host serine protease that breaks down blood clots and changes the shape of tissues. A
plasminogen-activating protein made by S. aureus is called staphylokinase (SK). SK
binds and consequently turns off mCRAMP and a-defensins that are synthesized by
human neutrophils, such as HNP1-3 [12, 66]. AMP action against S. aureus was cut by
more than 80%. Also, S. aureus strains that produce SK are less likely to be killed by
a-defensins in a mouse model of arthritis. Adding purified SK to strains that lack SK
increased their survival in the presence of a-defensin in a lab setting [66]. Streptococ-
cal inhibitor of complement (SIC), a released hydrophilic GAS protein, binds to and
disables human LL-37, a-defensin, and lysozyme to help bacteria stay alive [41, 126].

Several bacterial pathogens have surface shells made up of high molecular mass
polysaccharides that help them stay alive inside living things and trap cationic AMPs
to stop them from interacting with the surface of the microbe. When AMPs are pre-
sent, they upregulate the capsular polysaccride synthesis. This makes K. pneumoniae
more resistant to polymyxin B, prototamine sulphate, defensin 1, p-defensin 1, and
lactoferrin [15]. Delivering K. pneumoniae that is not encased capsular polysaccharide
extracts from S. pneumoniae serotype 3 and P. aeruginosa made it more resistant to
o-defensin HNP1 [92].

Efflux Pump Systems for AMP Resistance

Efflux pumps are transport proteins found in bacteria that help substrates move
from inside cells to the outside world. Adenosine triphosphate-binding cassette
(ABC)-human bacterial pathogens use driven efflux pumps to resist AMPs by push-
ing AMPs out of the cell membrane, where they work, and into the extracellular envi-
ronment [128]. These pumps have been studied a lot because they play a big part in
bacteria being resistant to antibiotics. Several three-component ABC transporters that
play a role in AMP resistance have been identified in Gram-positive bacteria, such as
SpaFEG in B. subtilis [154] and CprABC in Clostridium difficile [155]. The BceAB
transporter system found in B. subtilis [102] and S. aureus [107] is a common two-
component system that plays a role in AMP resistance.

The MtrCDE efflux pump is part of the resistance-nodulation-division efflux family
and depends on energy. Pathogens N. gonorrhoeae and N. meningitidis use MtrCDE
to move AMPs out of the bacterial cytoplasm and periplasmic space to make them
less sensitive to LL-37, mCRAMP, PC-8, tachyplesin-1, protegrin-1, and defensins
[54], 167, 144]. The sapABCDF operon in S. typhimurium encodes the ABC importer
Sap, which is sensitive to AMPs. This makes the bacteria more resistant to protamine,
AMP melittin from bees, and crude extracts from human neutrophil granules [103].
Aside from AMP resistance in H. influenzae [103] andH. ducreyi [112], the Sap trans-
porter also helps other Gram-negative species.
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Proteolytic Degradation of AMPs

AMPs are not easily broken down by surface-attached or released proteases made by bac-
teria that cause disease [145]. However, some bacterial proteases that can work on a wide
range of substrates help diseases spread by effectively cutting and inactivating AMPs. Pro-
teases from several human pathogens, such as E. faecalis (metallopeptidase gelatinase)
[137], S. aureus (aureolysin) [147] and P. mirabilis (50-kDa metalloprotease) [3], cut the
human AMP LL-37 and defensins into pieces that do not work. The metalloprotease ZapA
is a key part of P. mirabilis’s ability to infect and cause damage. It breaks down antibodies,
extracellular matrix molecules, and complement components C1q and C3. It also helps the
virus avoid AMP by cutting human f-defensin 1, LL-37, and protegrin-1 [3]. AMPs LL-37
and f-defensin 1 are cut and turned off by ZmpA and ZmpB zinc-dependent metallopro-
teases in Burkholderia cenocepacia [74].

Having a lot of the outer membrane protease OmpT in enterohemorrhagic E. coli makes
it more resistant to AMP by breaking down LL-37 efficiently at dibasic sites [161]. Some
other pathogens, like B. anthracis (LL-37), Porphyromonas gingivalis (a- and p-defensins,
cecropin B), and Prevotella spp. (brevinin), have been shown to efficiently cleave and inac-
tivate AMPs [2, 17, 162].

Regulatory Networks of AMP Resistance

Bacterial pathogens use two-part regulatory systems to change gene expression in response
to metal ion levels outside of cells, metabolic needs, and growth phase, or to trick the host’s
innate immune system, which is made up of neutrophils and macrophages in the host tis-
sue. This changes the expression of genes needed for survival and disease progression [30].
AMPs are very hard for some bacteria to kill because they coordinate the upregulation
of AMP resistance factors. A two-part system in S. typhimurium called PhoPQ has been
studied a lot. It reacts to changes in pH, the amount of magnesium ions (Mg>"), and the
presence of cationic AMPs [75]. Besides that, PhoPQ changes the surface charge of LPS
and boosts macrophage resistance by increasing the activity of the AMP-degrading outer
membrane enzyme PgtE [39, 55].

Human p-defensin 3 (HBD3) causes the cell wall stress response pathway to be turned
up in S. aureus to offset the changes that HBD3 makes to peptidoglycan synthesis [188].
When S. aureus is exposed to low levels of magainin 2 and gramicidin D, it makes the
membranes more solid, which makes them less susceptible to these AMPs [146]. A rise
in the levels of membrane-saturated fatty acids and phosphatidylethanolamine and a fall
in the levels of phosphatidylglycerol make the cell membrane less flexible, which makes it
more resistant to nisin [32, 172].

Downregulation of Host AMP Expression by Bacterial Pathogens

Low amounts of AMPs are made by epithelial cells and host immune cells at rest, but when
bacteria infect them, AMP expression is usually greatly increased. Some bacterial patho-
gens avoid being killed by the innate immune system because they mess with or lower the
amounts of AMP expression in the host [30]. Shigella dysenteriae and S. flexneri lower the
levels of LL-37 and B-defensin 1 in intestinal epithelial cells during early infection. This
is done through a process that depends on the transcriptional factor MxiE and the type III
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secretion system. This helps the bacteria survive, colonize, and invade the gastrointestinal
tract [64, 151]. P. aeruginosa is a human pathogen that is often found in the lungs of peo-
ple with cystic fibrosis. It causes the host cysteine protease cathepsins B, L, and S to work
to break down and inactivate f-defensins 2 and 3, which stops AMP from getting rid of the
bacteria in the airway fluid [158]. According to Chakraborty et al. [20], enterotoxigenic E.
coli and V. cholerae exotoxins lower the expression of host cell HBD1 and LL-37. N. gon-
orrhoeae, on the other hand, lowers the expression of AMP genes [52]. Human pathogens
Burkholderia spp. are linked to opportunistic infections in people with cystic fibrosis and
chronic granulomatous disease [95]. It is thought that the presence of L-Ara4N in the LPS
molecule is what gives this genus its high level of AMP resistance [31, 95]. The alterna-
tive sigma factor RpoE controls the expression of Burkholderia genes during stress and,
depending on the temperature, helps the cells fight AMP [95, 96].

A recent investigation by Simanski et al. discussed how commensal S. epidermidis
can cause A20 to be produced. A20 lowered IL-1b (an inflammatory cytokine) and hBD2
mRNA. This may help S. epidermidis stay on the skin [148]. By changing A20 expression,
N. meningitidis slows down the activation of hBD2. There was a rise in A20 expression
when N. meningitidis was present but not when L. reuteri was present. NF-kB activity was
linked to A20 expression in the opposite way, as expected [174]. When Lactobacillus was
given to mice that were sick with N. meningitidis, the disease got better, and the bacteria
spread less [4].

The expression of AMP can be restored by substances from outside the body, like
butyrate, a short-chain fatty acid made by the microbiota in the gut [64]. Putting lactoba-
cilli into the body as a possible cure for AMPs that are not working right is an interesting
idea that needs more research. In this context, the use of non-pathogenic commensal bac-
teria could increase AMP expression by overcoming the pathogens persuaded AMP inhibi-
tion in host cells. Therefore, in this chapter, we discussed the effects of commensal bacteria
on human defensin expression over the pathogens’ dampening activity on AMP expression.

Effects of Commensal Bacteria on Defensins

The micro-ecosystem discussed in this context arises from the mutualistic relationship
between the host organism and its microbiota, and plays a crucial role in preserving the
homeostasis of a healthy individual. Commensal bacteria play a crucial role in supplying
the host organism with vital nutrients. According to Mazmanian et al. [104], gut micro-
organisms have a crucial role in metabolizing indigestible substances, protecting against
the colonization of opportunistic infections, contributing to the development of intestinal
architecture, and stimulating the immune system, among other functions. In contrast, the
host organism supplies the bacteria with essential nutrients and a consistent ecological
setting. In a specific instance of microevolution, both host and indigenous microbes have
undergone adaptations to establish a mutually beneficial relationship, as documented by
Sekirov et al. [141].

It is evident that commensal bacteria, which inhabit different regions of the human
body, such as the gastrointestinal tract and respiratory system, are roughly equivalent in
number to human cells (approximately a 1:1 ratio). These bacteria have a significant influ-
ence on the regulation of immunophysiological processes, encompassing metabolism,
development, and protection against pathogens [22, 117]. Multiple recent studies have
demonstrated that commensal organisms have a role in enhancing the ability of the gut to
resist infections, resulting in a mutually advantageous relationship between the host and
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the commensal microbiota [69, 153]. Nevertheless, it is possible for disparities to arise
within microbial communities, which have been associated with several disorders, includ-
ing inflammatory bowel disease, allergies, asthma, diabetes, and obesity [26].

Emerging research indicates that probiotic bacteria have the potential to enhance the
stability of the gut barrier function by stimulating the production of AMPs, specifically
defensins. According to Schlee et al. [136], it has been observed that lactobacilli and other
probiotics have the ability to stimulate the intestinal barrier defense system in patients with-
out triggering any inflammatory reactions. A recent study provided evidence that in vitro,
E. coli Nissle 1917, along with L. acidophilus, L. fermentum, and P. pentosaceus, as well
as VSL no. 3 and other probiotic strains, exhibit a high degree of specificity in activating
colonic cells to synthesize defensins [136, 175]. A previous study conducted by Schlee
et al. [135] showed that the bacterial culture supernatant of E. coli Nissle 1917 exhibited
a 13-fold higher capacity to induce hBD2 compared to the pelleted bacteria. This observa-
tion suggests that a soluble component is the primary inducer responsible for this effect.

Limited studies were conducted in order to explore the mechanism of commensal-medi-
ated AMP expression in humans to date. A recent study showed that the non-pathogenic
commensal bacteria Escherichia coli Nissle 1917 significantly increased the HBD2 by
inducing the NF-kB and AP-1 signalling pathway [175]. Similarly, Liu et al. [91] reported
that the probiotic bacteria B. siamensis LF4 can effectively induce the expression of
AMPs by TLRs/NLRs-MyD88-dependent signalling and both the downstream MAPKSs
and NF-kB pathways (Fig. 4). The commensal lactobacilli induce hBD2 expression, while
N. meningitidis dampens it in human epithelial cells through NF-kB signaling [174].
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Fig. 4 Illustration represents the commensal-mediated AMP expression in humans. Non-pathogenic com-
mensal bacteria may enhance the expression of AMPs by counteracting the inhibition of AMPs imposed
by pathogens in host cells. Commensal bacteria activate the TLR-4-associated MyD88 signalling, which
activates the expression of MAPK, followed by AP-1 followed by NF-kB activation. Abbreviations: TLR-2,
toll-like receptor 2; MyD88, myeloid differentiation primary response 88; MAPK, mitogen-activated pro-
tein kinase; AP-1, activator protein 1; NF-kB, nuclear factor kappa B (NF-kB)
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However, more studies need to be conducted to find out the more efficient commensal bac-
teria to induce AMP expression against the dampening effect of pathogens.

Limitations

There are a lot of specific ways that defensins could be used to make future medicines, but
there are also some problems that are holding them back from becoming real medicines.
Some of these problems are the high cost of generation, sensitivity to osmotic pressure, and
the fact that it breaks down blood cells in general. This problem has a direct effect on clini-
cal trials, which need a lot of preclinical assessments. Because of these physicochemical
features, defensins and other AMPs have not been used as drugs yet. Before these peptides
can be used in clinical settings, they need to be better at getting to where they need to go,
staying stable inside the body, being delivered precisely, being released under control, and
not making the immune system react negatively. To get around these problems, a lot of
work has gone into improving deep plasma proteomics and peptides’ half-lives in a num-
ber of ways, such as by creating peptidomimetics, counting cyclization, lipidation, a mix
of hybrid peptides, or the use of nanocarriers [68, 108]. Moreover, most of the pathogens
develop a resistant mechanism against the AMPs.

Using commensal probiotics as effective strategies for the eradication of pathogen colo-
nization has some limitations. The finding of a suitable human-associated commensal pro-
biotic bacterial strain is very important. The bacterial load that is to be administrated to the
humans should be studied before the application. Moreover, the expression of AMPs may
kill the probiotic bacteria along with the pathogens; in this, the pathogens’ colonization
may occur when the commensal population is reduced. However, the use of commensals
may cause dysbiosis in the human gut microbiome. Certine primary and clinical study is
needed for the safe and effective use of commensals to induce AMPs to eradicate the path-
ogenic infection.

Conclusion

In reaction to infectious diseases, defensins work as short, cationic, broad-range immu-
nostimulatory to turn on both innate and adaptive immunity. Antimicrobial action against
bacteria and viruses was found in a number of human defensins. Because of these traits,
they show great promise for being used to make medicines against bacterial and viral
infections. However, the bacterial pathogens developed different resistance mechanisms
to escape, inactivate, and inhibit the host AMPs. Several bacterial pathogens showed host
immunomodulatory activity to inhibit the defensin AMPs in humans. When commensals
colonized along with the pathogens on the human cells, they induced AMP production,
especially defensins in humans. This immunomodulatory strategy developed by commen-
sal bacterial strain could eradicate the pathogen’s colonization by overcoming their resist-
ance mechanisms. This commensal-mediated AMP expression could be a safer and effec-
tive method for the treatment of infectious diseases.

Abbreviation AMPs: Antimicrobial peptides; HD: Human defense; WHO: World Health Organiza-
tion; Regllly: Regenerating family member 3 gamma; HIP/PAP: Hepatocarcinoma-intestine-pancreas/
pancreatitis associated protein, CRAMP: Cathelicidin-related AMP; NF-kB: Nuclear factor kappa B;
PRRs: Pathogen recognition receptors; TLRs: Toll-like receptors; PAMPs: Pathogen-associated molecular
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patterns; MYDS88: Myeloid differentiation primary response 88; MAPK: Mitogen-activated protein kinase;
AP-1: Activator protein 1; IRF3/7: Interferon regulatory factors 3 and/or 7; Bcl2: B-cell lymphoma 2 pro-
tein; IAPs: Inhibitors of apoptosis proteins; TNFAIP3/A20: Tumour necrosis factor alpha-induced pro-
tein 3; TNF: Tumour necrosis factor; IL-17: Interleukin 17; NOD2: Nucleotide-binding oligomerization
domain-containing protein 2; VDR: Vitamin D receptor; hBD2: Human beta-defensin 2; HNPs: Human
neutrophil peptides; HDS: Human defensin 5; HD6: Human defensin 6; STIs: Sexually transmitted infec-
tions; HSV-2: Herpes simplex virus 2; CXCR4: Chemokine receptor 4; HPV: Human papillomavirus;
HAEC: Hirschsprung-associated enterocolitis; HR-HPV: High-risk human papillomavirus; HAdV-D and
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IFN-y: Interferon gamma; MprF: Multiple peptide resistance factor; SIC: Streptococcal inhibitor of comple-
ment; ABC: Adenosine triphosphate-binding cassette
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