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Editorial on the Research Topic

Advances in the Immunology of Host Defense Peptide: Mechanisms and Applications of
Antimicrobial Functions and Beyond

INTRODUCTION

The term “antimicrobial peptides” (AMPs) classically refers to naturally occurring molecules that
are made by most living organisms as key components of innate immunity that help shape the
composition of colonizing micrbiota and provide a first line of defense against invading microbial
pathogens. Although AMPS have diverse primary sequences, they are typically small in size,
positively-charged, amphipathic, and contain a-helix and/or B-sheet rich structures often stabilized
by disulfide bonds. AMPs can be constitutively expressed or induced by infectious or inflammatory
stimuli, including proinflammatory cytokines and pathogen-associated molecular patterns. Since
their discovery over a half century ago, research into AMPs has primarily focused on their direct
antimicrobial activity, leading to them being touted as a promising molecular resource to tackle
infectious diseases and antibiotic resistance. However, the direct microbicidal function of many
AMPs may be limited under physiological and pathological conditions, due to a number of issues
such as low local peptide concentration, suboptimal ion concentrations, physiological polyanions
(e.g., mucins and glycosaminoglycans) and proteolytic degradation. More recently, a growing body
of evidence suggests the biology and immunology of AMPs extends beyond the classical direct
antimicrobial property. To highlight the multi-functionality and complexity of AMPs, in this
Research Topic, we assembled a collection of original research and review articles that encompass
recent advances in AMP research, with a particular emphasis on their alternative physiological
and pathological functions. In doing so, we adopted a broader and more comprehensive term,
“host defense peptides” (HDPs). New strategies to leverage HDPs for therapeutic uses, through
exploitations of their multifaceted activities, are also highlighted.
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IMMUNOMODULATORY FUNCTION OF
HDPS

The ability of HDPs to mediate protection against microbial
infection in vivo, under conditions that are often unfavorable
for their direct antimicrobial actions, suggests that their
immunomodulatory activities might be attributed to other
functions. Indeed, HDPs have now been shown as potent
immune effectors via multifunctional and multimodal
orchestration of immune responses, including leukocyte
chemotaxis, cytokine induction, angiogenesis and phagocytosis,
modulation of leukocyte development and survival, as well
as neutralization of pathogen-associated molecular patterns
(PAMPs). HDPs also provide a link between innate and
adaptive immunity by mediating chemotactic recruitment
of antigen presenting cells and T lymphocytes, stimulating
maturation of dendritic cell (iDC) maturation, and providing
adjuvant-like functions. For example, proinflammatory HDPs,
including iron-sequestering lipocalin 2 (Lcn2) can amplify
antimicrobial responses to enhance pathogen killing and
clearance. Lcn2-deficient mice, which result in reduced
neutrophil recruitment and impaired cytokine production in
macrophages, are more susceptible to Escherichia coli infections
(Wang et al.). In contrast, Koeninger et al. demonstrated for
the first time that systemically administered human B-defensin
2 (HBD-2, also know as DEFB2) suppresses inflammation
induced by bacterial PAMPs including lipopolysaccharides
(LPS), and in experimental colitis mouse models through
chemokine receptor 2 (CCR2) targeting. The anti-inflammatory
functions of HBD-2, and likely other HDPs, are required
for controlling bacteria killing-associated —inflammation
and maintaining immune homeostasis, thus limiting
unwanted inflammation-induced tissue damage. Similarly,
cathelicidins  attenuate LPS-induced Toll-like receptor-
dependent inflammation through direct LPS-cathelicidin
interaction. However, they can also bind to and stabilize
bacterial DNAs and RNAs, promoting nucleic acid-sensing
TLR activation. In their review, Scheenstra et al. provided a
comprehensive discussion of these contrasting cathelicidin-
mediated TLR modulations in reducing pathogen burdens
during infection and resolving excessive inflammatory
responses. From these articles, we can appreciate that it
is not always straightforward to classify HDPs as either
pro-inflammatory or anti-inflammatory. Instead, it may
be appropriate to define them as inflammation regulatory
molecules that balance host inflammatory responses and sustain
immune homeostasis.

MICROBIOTA REGULATION AND TISSUE
HOMEOSTASIS BY HDPS

Beyond their involvement in innate defense against pathogens,
recent studies have uncovered the importance of HDPs in tissue
homeostasis, dictated not only by their canonical antimicrobial
function but also by their immunomodulatory properties.
Notably, within protective epithelial barriers, it is clear that

HDPs are critical, not only in defending against pathogenic
pathogens, but also in regulating commensal microbiota
as well. This microbiota balance within epithelial tissues is
key for heathy epithelial homeostasis and immunity (Coates
et al.). To this end, colonic HDPs [cathelicidins, B-defensins,
regenerating islet-derived protein III (Reg3) and resistin-like
molecules (Relm)] form an interactive network, as proposed
by Blyth et al. and function synergistically and multimodally
to prevent enteropathogenic colonization. Puértolas-Balint
and Schroeder reviewed the complex interactions between
diet, commensal microbiota and HDPs in gut homeostasis
and diet-associated inflammatory diseases. They document
that nutrient-sensing signaling mediators are involved in
diet-associated modulation of HDPs, while immune mediators
and effectors shape microbe-dependent HDP regulation.
Furthermore, intestinal HDPs display unique mechanisms
of action and spectrum of activity to regulate microbiota
composition, evidently beyond direct antimicrobial activity. Of
note, HDP-mediated control of gut microbiota is dependent
on localization and the specific regulatory mechanisms of
expression and activation. In support of this, in their original
study, Nakamura et al. showed that Paneth cell-secreted a-
defensins are topographically regulated from duodenum to
ileum. Their findings of ex-germ free-dependent regulation
of a defensins also suggest that the intestinal microbiota
may partially affect HDP activity. Nevertheless, it remains to
be determined precisely how microbes and certain dietary
components can signal to the epithelium and mediate HDP
function, as well as how HDPs mechanistically modulate
gut microbiota through immunomodulation. Beyond human
epithelial barrier, Le Bloa et al. discovered type Ila crustin,
as a novel HDP in the deep-sea shrimp Rimicaris exoculate.
This investigation uncovered an expression pattern of type Ila
crustin that is spatio-temporally correlated with ectosymbiotic
colonization through different life stages. These findings
further signify the importance of HDPs in the establishment
of vital and heathy host-symbiotic microbiota through their
multifaceted functions.

HDPS IN DISEASES AND CHRONIC
INFLAMMATORY CONDITIONS

As our understanding of molecular and cellular mechanisms
underpinning HDP immunomodulation improves, the roles of
HDPs in various diseases and chronic inflammatory conditions
are drawing an important focus. This Research Topic features
several reviews on the multitude of pathological outcomes
associated with dysregulation of cathelicidins and defensins,
including skin disorders (e.g., psoriasis, atopic dermatitis),
inflammatory bowel diseases (e.g., ulcerative colitis, Crohn’s
disease), autoimmune diseases, lung disorders (e.g., cystic
fibrosis, chronic obstructive pulmonary disease, asthma), and
tumorigenesis (Alford et al, Liang and Diana, Shelley et al,
Wehkamp and Stange, Xu and Lu). These review articles
collectively provide a thorough overview of HDPs functions
in pathology and converge to highlight the “double-edge
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sword” nature of HDP-mediated immunomodulatory responses.
Of note, Lee et al. highlighted the unexpected similarities
between AP amyloid aggregates and HDP protofibrils, hence
posing new perspectives for HDP-associated pathogenesis.
Intriguingly, by using ecogenetic analyses, Hanson et al.
described an independent loss of immunologically costly and
deleterious HDPs, such as diptericin, in true fly lineages
in the absence of microbial challenges. The complexity
of HDP-associated pathogenesis is further complicated by
the heterogeneity of HDP (dys)regulation. In an original
research contribution, Hemshekhar et al. showed that murine
cathelicidin (CRAMP) and calprotectin (S100A8 and S100A9)
are differentially regulated in the local tissues (joint and
lung, respectively) in two immunopathologically-related mouse
models of inflammatory arthritis and airway inflammation.
Together, these reviews and research studies highlight that host
immunity needs to strike a delicate balance in HDP regulation,
to mediate an antimicrobial defense response on the one
hand, whilst avoiding HDP-induced pathological perturbance on
the other.

CLINICAL APPLICATIONS FOR HDPS:
OPPORTUNITIES AND CHALLENGES

Insights into HDP mechanisms and functions have opened
new and exciting therapeutic avenues, and have provided
novel platforms for therapeutic design. In this Research Topic,
potential clinical uses for HDPs are extensively discussed
in various disease conditions, ranging from multidrug-
resistant bacterial infection (Bergman et al.), fungal infection
(Mercer and O’Neil), and cancer (Xu and Lu) to autoimmune
disorders (Liang and Diana) and chronic inflammatory diseases
(Alford et al., Koeninger et al., Shelley et al., Wehkamp and
Stange). The broad-spectrum antimicrobial effects of HDPs
have long-inspired the development of these peptides for
treatment of infectious diseases. In addition, their actions
on bacterial biofilms may benefit rational engineering and
designs to tackle the biofilm-associated resistance against
host immunity and antibiotics. For instance, Parducho et al.
reported the antibiofilm activity of HBD-2 against Pseudomonas
aeruginosa and Acinetobacter baumannii, is independent of
biofilm regulatory pathways and instead mediated via induced
alteration of biofilm integrity. It should also be noted that in
the non-infection settings, the immunomodulatory functions
of HDPs can also potentially be exploited to restore the
balance to dysregulated immune responses that contribute to
disease pathologies.

However, there are several challenging obstacles for HDP
applications, notably their potential toxicity, proteolytic
instability, salt intolerance and low in vivo efficacies. In an
attempt to address the gap between bench-to-bedside translation
of HDP-based therapies, Ting et al. highlighted different
strategies in designing and translating the therapeutic potentials
of HDPs, such as novel HDP synthesis, sequence optimization,
cyclisation, N-/C-terminal modification and hybridization.
Significantly, the authors also proposed a strategic pipeline

for the developmental pathway of HDP-based therapeutics,
from novel HDP prototyping to conducting preclinical studies
to optimally inform further clinical trials. Consistent with
these outlined strategies, Hernandez et al. demonstrated cyclic
peptide [R4W4] with an improved antimycobacterial effect.
Learning from the evolution of invertebrate big defensins
toward B-defensin, Gerdol et al. also suggested to ameliorate
HDPs' salt intolerance through N-terminal hydrophobicity.
Ehmann et al. enhanced the potency of human neutrophil
a-defensin four against multidrug resistant bacteria through
truncation, N-terminal acetylation and C-terminal amidation.
Additionally, Rodriguez-Rojas et al. found that Staphylococcus
aureus is highly susceptible to toxic nucleoside analogs
when exposed to pexiganan, and based upon this finding,
proposed HDP-based combinatorial therapy for infectious
diseases. Furthermore, Ting et al. provided a stimulating
discussion on the use of artificial intelligence technology
with machine learning algorithms as a tool to search for
HDP sequences with desirable efficacy. Indeed, the BACIIa
algorithm, a tensor search protocol, was used by Yount et al.
to identify >700 putative new prokaryotic bacteriocins, which
display potent in vitro antimicrobial effect against a wide
range of human pathogens. Similarly, Cho et al. developed
a digitized framework for in silico HDP identification and
characterization, by which 19 novel cathelicidins from the
gray short-tailed opossum were revealed and experimentally
validated for their antibacterial and anti-West Nile virus
activities. Undoubtedly, machine learning will help revolutionize
future HDP discovery, which should not only shed light upon
HDP biology in understudied organisms (such as plant HDPs
as argued by Petre), but also expand the HDP arsenal for
therapeutic exploitation.

CONCLUDING REMARKS

Together, the papers in this collection highlight and add new
knowledge on the multifaceted function and importance of
HDPs in contributing to the shape and complex nature of host
immunity, as well as in regulating health and mediating disease
progression. As our knowledge of HDP biology expands, the
repertoire of HDP functions, particularly direct antimicrobial
activity and immunomodulation, demonstratively opens the
door for novel therapeutic development for treating infectious
diseases, as well as inflammatory conditions. Nevertheless,
while the classical microbicidal property of HDPs has been
extensively studied, the research journey has only just begun for
their non-antimicrobial properties. Forsaking the classical term
“antimicrobial peptides” and embracing “host defense peptides”
can not only properly acknowledge the multi-functionality
and complexity of HDPs, but may also imprint the currently
underexplored activity landscapes and enshrouded therapeutic
potential of HDPs. We would like to take this opportunity
to thank the authors for their invaluable contributions to this
Research Topics, as well as all the reviewers for their time and
constructive inputs.
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Dynamic Evolution of Antimicrobial
Peptides Underscores Trade-Offs
Between Immunity and Ecological
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There is a developing interest in how immune genes may function in other physiological
roles, and how traditionally non-immune peptides may, in fact, be active in immune
contexts. In the absence of infection, the induction of the immune response is costly, and
there are well-characterized trade-offs between immune defense and fithess. The agents
behind these fitness costs are less understood. Here we implicate antimicrobial peptides
(AMPs) as particularly costly effectors of immunity using an evolutionary framework. We
describe the independent loss of AMPs in multiple lineages of Diptera (true flies), tying
these observations back to life history. We then focus on the intriguing case of the
glycine-rich AMP, Diptericin, and find several instances of loss, pseudogenization, and
segregating null alleles. We suggest that Diptericin may be a particularly toxic component
of the Dipteran immune response lost in flies either with reduced pathogen pressure
or other environmental factors. As Diptericins have recently been described to have
neurological roles, these findings parallel a developing interest in AMPs as potentially
harmful neuropeptides, and AMPs in other roles beyond immunity.

Keywords: innate immunity, antimicrobial peptide (AMP), molecular evolution, population genetics, diptericin,
drosophila, diptera, attacin

INTRODUCTION

The innate immune system plays a vital role in host defense against pathogens. This is particularly
true in invertebrates, which lack an adaptive immune system. Antimicrobial peptides (AMPs) are
one of the main effector molecules of innate immunity in many organisms and, as such, they
represent the front lines in the coevolutionary struggle between host and pathogen. AMPs are
often cationic, amphipathic peptides that defend their hosts against infection by disrupting the
cell membranes of invading microbes (1). However, the dose makes the poison, and AMPs can also
be toxic to eukaryotic host cells under certain conditions. This suggests that host immunity needs
to strike a delicate balance: AMPs need to be potent enough to quickly inhibit pathogenic microbes,
but not so potent that they upset the balance of the microbiota or damage host tissue.

Indeed, many pathologies in humans have been observed when this balance is perturbed.
These include chronic inflammatory skin or bowel diseases (2-4), and pulmonary infections
including cystic fibrosis wherein reduced levels of p-Defensins and the cathelicidin LL-37
are associated with increased risk of infection (5-9). The cathelicidin LL-37 is implicated in
autoimmune reactions because it can be toxic to white blood cells (10), induce inflammation
in the nervous system (11), or even damage host tissues during anti-cancer responses (12).
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Recent studies have also suggested the Alzheimers peptide
Amyloid-beta is an AMP in the nervous system, and that
Alzheimer’s may in part be an infectious disease (13-15). These
observations of AMPs as toxic agents are further supported
by reduced lifespan in Drosophila fruit flies ubiquitously
expressing AMPs in the brain (16), or systemically (17).
During aging, Drosophila NF-kB signaling is also implicated
in neurodegeneration with AMPs as prime suspects (18).
Thus, AMP dysregulation can impose a significant threat to
organismal health.

Insects, and particularly Drosophila melanogaster, have been
integral to unraveling the innate immune response, including
the regulation of AMPs by the Toll and Imd NF-kB signaling
pathways (19). Thus, far seven AMP gene families have been
described in Drosophila: Defensin, Cecropin, Attacin, Diptericin,
Drosocin, Metchnikowin, and Drosomycin. Another class of AMP-
like effectors called the Bomanins are also essential for Toll-
mediated defense, however their antimicrobial properties await
functional clarification (20, 21). Drosophila AMP evolution is
shaped both by balancing and diversifying selection at the
sequence level (22, 23). Following a duplication event and
subsequent speciation, Drosophila Diptericins rapidly diverged
into distinct Diptericin clades (24). In contrast, balancing
selection seems to maintain a stable polymorphism amongst
alleles that provide either moderate or poor protection against
systemic infection with Providencia rettgeri (P. rettgeri) (25).
Why selection should favor Diptericin alleles that result in loss
of immune competence is unclear. One possibility is that the
immune-poor Diptericin allele is selected for through trade-
offs between poor immune defense when infected and higher
fitness when uninfected. Indeed, rare Diptericin null alleles are
observed in North American populations (25), and patterns
of duplication and loss in Diptericin and other Drosophila
AMPs have resulted in copy number variations amongst
species (24, 26-28).

As AMP dysregulation can affect health, copy number
variation may impose a significant challenge for the maintenance
of optimal gene expression (29). Yet perhaps the most overt
patterns in AMP evolution are duplication events affecting copy
number, which is widespread in both humans and fruit flies
(30-34). Therefore, conflict between maintenance of healthy
expression levels and improved immune competence may drive
patterns of AMP gain/loss or changes in expression patterns. In
this model, we expect that AMPs are evolutionary liabilities in
the absence of infection, and that host ecology and associated
pathogen pressure will drive the evolution of AMP content both
at the level of broad AMP gain/loss, and also of AMP expression:
species with strong pathogen pressures would evolve to increase
potential AMP production, while species whose ecologies involve
less exposure to pathogens would be expected to reduce their
AMP complement.

While characterizing pathogen pressure in different animal
hosts is exceedingly difficult, we can use host ecology as a
proxy for infectious pressures. The use of sterile food resources
(such as plant sap) reduces the opportunities for microbes
to inoculate hosts. There are several insects that spend large
portions of their lives (larval, adult, or both) feeding on sterile

or near sterile food resources—likely reducing the evolutionary
benefits of AMPs and/or AMP induction. The pea aphid (which
feeds on sterile plant phloem) is one such insect that has lost
not just effectors, but also an entire NF-kB immune signaling
pathway (35). Loss of immune signaling is also observed in
plant-feeding Tetranychus mites (36, 37), as well as bed bugs
(38) and body lice (39), suggesting blood-feeding may be
a similarly clean feeding ecology. It should be noted that
in some cases these hosts have intimate associations with
endosymbionts, microbes that supplement nutrition or protect
against infection. One argument to explain loss of immune
signaling is that it is a direct consequence of endosymbiont
presence to avoid negative consequences associated with chronic
activation of the host immune response (40). However, cereal
weevils live in sterile environments and have nutritional
endosymbionts, but they instead utilize AMPs to regulate their
symbiont populations (41). Thus, what factors of sterile lifestyles
and/or endosymbionts promote immune gene loss remains
poorly resolved.

As AMP copy number evolves rapidly, we suspected AMP
evolution might respond to shifts in host ecology before entire
immune pathways are affected. To test this, we surveyed Diptera
(true flies) for AMP presence or absence and interpret this in the
context of host ecology. Diptera are an extremely diverse lineage
with equally diverse and unique ecologies and life histories, and
boast numerous sequenced genomes and transcriptomes. We
probed these diverse flies for classic AMP families described
in Drosophila and other insects to better understand the forces
driving AMP gain or loss. We further analyzed Drosophila copy
number and sequence variation in conserved AMPs, tying these
results back to life history. Globally, we describe a pattern
suggesting AMPs are lost in Diptera lineages with more sterile
life histories, with striking parallels to loss of immune signaling
in other arthropods with sterile food resources. We also focus
on Diptericin, which we suggest is a particularly costly AMP,
describing distinct evolutionary patterns across ecologically
diverse Drosophila and within D. melanogaster.

RESULTS

Some AMP Families Are Absent in Diptera

Living in More Sterile Environments

Diptera diverged from other related holometabolous insects
about 272 mya [timetree.org; Kumar et al. (42)] and diversified
into extremely broad ecological habitats. We surveyed 31
Dipteran genomes as well as diverse Drosophila species for the
presence of eight AMP/AMP-like families either described in
Drosophila (Bomanins, Drosocin, Drosomycin, Metchnikowin)
or characterized more broadly across Dipterans and other
insects (Diptericins, Cecropins, Attacins, Defensins). We also
annotated the feeding ecologies of these diverse flies to better
understand which lineages may have reduced pathogen pressure
owing to food resource use (Supplementary Data File 1). We
performed an iterative reciprocal BLAST search using known
AMPs against genomic or transcriptomic sequence. We found
that Drosocin, Metchnikowin, Bomanins, and Drosomycin are
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FIGURE 1 | Conservation of Drosophila AMP families in diverse Diptera. Broadly, Attacin, Cecropin, Defensin, and Diptericin are conserved in most flies. However,
Cecropins are absent or truncated in select lineages, while flower-feeding Tephritids and Liriomyza trifolii lack subsets of AMPs. We also recover a pattern of Diptericin
loss in members of the Quinaria section of Drosophila (shown later). Full annotation of larval and adult feeding ecologies is given in Supplementary Data File 1.
Cladogram adapted from Vicoso and Bachtrog (43).

restricted to Drosophila and their close relatives (Figure 1).
Using a lenient E-value threshold, we were able to recover
Metchnikowin from diverse mushroom-feeding Drosophila
and perhaps other flies, and confirmed their identities by
alignment and reciprocal BLAST (Figure S1), improving
on previous annotations of immune genes in this lineage

(24). The other AMP families show a broader taxonomic
distribution (Figure 1).

One striking pattern is the absence of Cecropin in two
Nematocerans: the plant-feeding Hessian fly Mayetiola destructor
and the oyster mushroom pest Coboldia fuscipes. The Coboldia
genome is a small, well-assembled genome (~100 Mbp, scaffold
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N50 = 242 Kbp) (43, 44), and Cecropins throughout Diptera
share similar motifs from the N terminus to C terminus. As
such, we interpret this absence of Cecropin in both M. destructor
(plant sap-feeding) and C. fuscipes (scavenger-feeding) as a likely
true loss of Cecropin in this basal lineage. We also found a
partial Cecropin sequence truncated by a premature stop codon in
Hermetia illucens (scavenger-feeding). Finally, we did not recover
Cecropin from the genome of the leafminer Liriomyza trifolii,
an independent transcriptome of L. trifolii pupae (a life stage
when AMPs are often highly upregulated), or from a sequence
read archive (SRA) file (GenBank accession: DRX064600) of the
related Liriomyza chinensis. We see no immediate pattern in
feeding ecology or life history that predicts Cecropin loss, but
we also failed to recover an Attacin from Liriomyza, suggesting
Liriomyza has lost AMPs from two gene families (Cecropins and
Attacins). Called “leafminers,” Liriomyza larvae feed internally

in the leaves of plants, an environment protected from external
microbes by the immune system of the host plant; a more sterile
food resource than most Dipterans. Moreover, we also failed
to recover Diptericin in three flower-feeding Tephritid species.
Like the leafminers, these flower-feeding flies live in a protected
environment owing to larval development inside budding flower
inflorescences (45).

Within the genus Drosophila, we observed two unique
instances of AMP gain/loss we note separately. First, the genome
of the cosmopolitan fly Drosophila busckii encodes no less
than nine intact Diptericin genes, and we further recovered
three pseudogenes in the D. busckii Diptericin gene region
(Figure S2); for context, other Drosophila typically have only
2-3 Diptericin genes (24). Drosophila busckii is a cosmopolitan
generalist species in common association with D. melanogaster,
however D. busckii arrives later to rotting fruits and compost
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relative to D. melanogaster (46, 47). To favor the retention of
so many Diptericin copies suggests the Diptericin response is
highly important for D. busckii ecology. Second, we found that
one paralog of the Attacin A/B duplication event has been lost in
Drosophila sechellia, a species closely-related to D. melanogaster.
Drosophila sechellia is famous for its unique ecology, feeding
on toxic morinda fruit that repels other flies (48). Beyond
losing this Attacin paralog, D. sechellia also lacks the ability to
encapsulate and kill invading parasitoid wasps, associated with
loss of function in immune genes involved in the melanization
and stress responses (49). It seems likely that the toxins in
morinda fruit would repel parasites such as wasps, reducing
infectious pressure on D. sechellia. Thus, this ecology—already
associated with loss of immune genes—may have additionally
promoted loss of an Attacin as well.

Overall, we observe numerous instances of AMP loss across
the Diptera phylogeny. The loss of Cecropins in ecologically
diverse lineages is puzzling. For the mushroom pest C. fuscipes
and Hessian fly M. destructor, either scavenging (C. fuscipes) or
sap-feeding (M. destructor) could reflect an ancestral ecology
promoting Cecropin loss. These two last shared a common
ancestor ~250 mya [Timetree; (42)], and transitions from
generalist to specialist ecologies, and back again, have been
inferred in Drosophila (50). However, more strikingly we observe
AMP gene family loss in all three strictly plant-feeding fly lineages
assessed (the Hessian fly M. destructor, Liriomyza leafminers, and
flower-feeding Tephritids), reminiscent of immune gene loss in
sap-feeding Pea Aphids.

Parallel Loss of Diptericins in Lineages
With Divergent Ecology

In our screen of AMP conservation in Diptera, we were intrigued
by the loss of Diptericin in some Tephritid fruit flies and
some Drosophila; Diptericin was previously shown to have rare
null alleles segregating in a North American D. melanogaster
population (25). While assembly quality was variable amongst
the Tephritid genomes, the absence of Diptericin in three
independent flower-feeding Tephritid species, but presence in
all screened fruit-feeding Tephritid species suggests Diptericin
is lost in the flower-feeding Tephritid lineage. Diptericin is
an AMP that has attracted a great deal of attention as the
canonical readout of Imd signaling in D. melanogaster (19),
and for its highly specific interaction with Providencia rettgeri
bacteria (25, 51). Interestingly, the Diptericin sequence retained
in the fruit-feeding Tephritids has converged on a Drosophilid
DptB-like sequence (Figure 2A). Furthermore, it was previously
reported that DptB was pseudogenized in the mushroom-feeding
Drosophila species D. guttifera and likely also in Drosophila
neotestacea (D. neotestacea) (24). However, when we screened
the recently-sequenced mushroom-feeding Drosophila innubila
genome, we recovered intact coding sequence for DptB. It
is possible that the intact DptB sequence in D. innubila
could reflect that DptB in mushroom-feeding flies was initially
pseudogenized not due to loss of coding sequence, but rather due
to mutations affecting gene expression. We therefore performed
qPCR following infection to determine the expression profile

of Diptericins amongst mushroom-feeding flies and included
outgroup Drosophila to inform our interpretations.

We used a Bomanin (Bom791) as a positive control for
infections more specific to the Toll pathway in D. melanogaster.
We further intended to use Dpt as a specific readout of Imd
signaling, and as an independent control gene for assessing DptB
expression. First, we found that DptB is strongly induced in D.
innubila, suggesting it is not pseudogenized as in sister lineages.
However, we found that Dpt expression is highly variable across
Drosophila species (Figure 2B). Dpt is more specifically induced
by Gram-negative bacterial challenge in D. melanogaster, and
indeed we see this pattern in the outgroup flies Drosophila
pseudoobscura (D. pseudoobscura) and Drosophila immigrans
(D. immigrans) (Supplementary Data File 1), and also broadly
in D. innubila. However, Dpt and DptB are similarly induced
by either Gram-negative or Gram-positive bacterial challenge
in D. virilis, and the same is true for Dpt in both Drosophila
testacea (D. testacea) (not shown), and D. neotestacea (Figure 2B,
and see Materials and methods). Using Sanger sequencing, we
additionally confirmed that DptB is pseudogenized in D. testacea
by a premature stop codon, supporting its absence in the D.
neotestacea transcriptome (GenBank accession: MN311476). The
mutation affecting DptB in the Testacea group is distinct from the
mutation in the Quinaria group species D. guttifera (Figure 2C),
suggesting independent loss events.

Thus, the pseudogenization of DptB-like genes in both flower-
feeding Tephritids and two lineages of mushroom-feeding flies
reflects that first there was convergent evolution toward DptB-
like sequence in both Tephritids and Drosophilids. Thereafter,
subsequent independent losses of DptB-like Diptericins occurred
in lineages with ecologies that diverged from fruit-feeding. This
pattern suggests DptB may be attuned to fruit-feeding ecology,
but not as useful in other ecological niches.

We can only speculate on how evolution shapes patterns of
DptB gain/loss: in D. melanogaster, functional characterization
of DptB was long-ignored in favor of its more potently-induced
paralog Dpt. However, recent studies have revealed that the
two Diptericins have markedly different activities in immunity
and host physiology. First, Unckless et al. (25) showed that a
specific serine allele in Dpt confers defense against P. rettgeri,
however no DptB gene in any fly encodes a serine at this site.
Alternately, Barajas-Azpeleta et al. (52) found that DptB, but
not Dpt, is required for long-term memory formation. There are
a number of overt structure and sequence differences amongst
Dpt and DptB (Figure 2D). First, Dpt encodes an 83-residue
mature peptide with a proline-rich domain tailed by a glycine-
rich Attacin-family domain. This 83-residue mature peptide
is secreted following cleavage of the Dpt signal peptide and
propeptide. On the other hand, DptB encodes a furin cleavage
site (RVRR) between its proline-rich and glycine-rich domains,
similar to other AMPs of the Attacin gene family (53); In
Attacin C, this furin cleavage results in two secreted peptides,
a proline-rich AMP (called MPAC) and a separate glycine-rich
AMP (54). Furthermore, amongst the many sequence differences
between Dpt and DptB (see Figure 2A) is the aforementioned
serine residue of Dpt that confers defense against P. rettgeri
bacteria. In Dpt genes, this residue is polymorphic (S/R/Q/N)
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FIGURE 3 | Nature and geographic distribution of Dpt null alleles. (A) At least six unique null alleles segregate in D. melanogaster Dpt worldwide. Del1-9 and Del1-5
are deletions removing the first 9 or 5 amino acids, Del 48-52 and Del 48-51 are in frame deletions that remove amino acids in the mature peptide and W63* and Q57*
are premature stop codons. Signal, Pro and Mature correspond to the signal peptide, propeptide and mature peptide of the protein. The box to the right denotes the
counts of each allele in each population (Aus, Australia; Eur, Europe, USA, DGRP population only). (B,C) The correlation between latitude and null frequency in African
(B) and North American (C) populations (data from pooled sequencing of populations along a cline). The size of the circle represents the number of individuals
sequenced (B) or reads mapped (C) in each population.

in D. melanogaster and close relatives (25). However, DptB  protein (residue 69 of the mature peptide) in wild populations
encodes a polymorphism for only Q/N at this site, including in ~ of D. melanogaster and D. simulans. Providencia rettgeri is
convergent DptB-like Diptericins of Tephritid fruit flies. Globally, = a natural pathogen of D. melanogaster (55), yet the Dpt
in D. melanogaster, Dpt appears to be key in mediating defense  arginine allele is maintained by balancing selection in the wild
against P. rettgeri bacteria, while DptB is uniquely required  despite being associated with poor immune defense against P.
for memory formation. Accordingly, these two Diptericins  rettgeri infection. Additionally, Unckless et al. (25) reported
have overt differences in mature peptide products. Here we  a rare null mutation in a D. melanogaster North American
implicate host ecology as a likely determinant of Diptericin  population (DGRP) (56) resulting in a premature stop codon
evolution, and suggest that these overt differences may have  affecting ~1% of the reference strains. Surprisingly, when we
ecology-dependent effects on fitness leading to distinct patterns  investigated a set of African populations (DPGP) (57), we found
of gain/loss. multiple independent null mutations segregating in different sub-

. L. . . populations throughout the Africa sampling range (Figure 3A).
Null Alleles of Diptericin Are Segregating in  Even more surprising, the prevalence of these null mutations
Wild Populations of D. melanogaster reaches over 20% in some populations and appears to follow
Our findings on Diptericin evolution coupled with recent a latitudinal cline (Figure 3B). As such, selective pressure on
descriptions of distinct Diptericin activities uniquely position ~ Dpt may follow a clinal gradient in Africa, favoring Dpt loss in
this AMP family for providing insight into how conflicting  southern African populations. Note that the cline crosses the
roles in immunity and physiology can shape AMP evolution.  equator and so may not be driven by climate alone. We also
Unckless et al. (25) reported the maintenance of two alternate ~ recover a similar, though not significant, trend for null alleles
alleles (serine/arginine) at residue 92 of the full length Dpt  segregating in North American collections (Figure 3C).
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These data suggest that despite the described importance
of Dpt in defense against the ecologically relevant pathogen
P. rettgeri, null alleles associated with extremely poor immune
defense are actively segregating in wild D. melanogaster. This
suggests that the evolutionary forces behind Diptericin loss are
not entirely passive. Taken together with the loss of DptB in other
flies, instead this implicates active selection on Diptericins as
peptides deleterious for fitness in alternate ecological conditions.

DISCUSSION

AMPs must maintain a fine balance: being potent enough
that they can kill harmful pathogens but not so harmful that
they damage host tissues directly or by damaging beneficial
components of the host’s microbiome. It stands to reason that
host ecology drives pathogen pressure and therefore might
indirectly shape the complement of AMPs in a given host.
In our survey of AMPs across Diptera and within Drosophila
presented above, we find some support for an adaptive loss
of AMPs in hosts associated with more sterile habitats. There
is increasing awareness that these classic immune molecules
can play diverse physiological roles, and that evolution may be
shaping AMP copy number and sequence due to selection on
non-immune functions. When considering the internal plant
parasites of the Tephritid family and the leaf miner, clear parallels
can be drawn regarding sterile food resource use and other
fluid-feeding arthropods that have similarly lost or re-organized
their immunity genes, namely: aphids, some mites, bed bugs,
and body lice (35-39). It may also be that these plant-parasitic
flies have yet-uncharacterized bacterial endosymbionts that
impose selection against certain AMPs, enabling their specialist
lifestyle. We also describe multiple incidents of Diptericin loss in
Drosophila: DptB in some mushroom-feeding flies, a lineage with
a specialist ecology whose microbiota differs drastically from D.
melanogaster (58), while Dpt null alleles are segregating in wild
D. melanogaster populations.

The central question then becomes: why should immune-
inducible AMPs, antimicrobial agents required for competent
host defense, be lost so readily? We can think of two evolutionary
scenarios that would lead to the loss of AMPs. First, when
infection pressure is low, relaxed constraint on protein sequence
and/or expression could lead to the accumulation of mutations
that compromise protein function and eventually lead to
pseudogenization and loss. This represents a neutral process
where genetic drift is the force removing AMPs. The second
evolutionary scenario is that AMPs are costly in the absence
of infection, so when infection pressure is low, mutations
that compromise function (indels, premature stop codons, cis-
regulatory mutations) are actually selected for. If periods of
low infection pressure persist long enough, those mutations can
become fixed, and gene function is lost.

Several lines of evidence support the second, “selective loss”
scenario. First, if relaxed constraint in the absence of infection
drove AMP loss, we would expect the loss of AMPs to be
somewhat random. However, we see convergent loss of DptB-like
genes in independent lineages with divergent ecologies, and Dpt
null alleles segregating in wild populations of D. melanogaster.
Of course, if AMPs are specific to a small suite of pathogens

(e.g., Dpt and P. rettgeri), perhaps those pathogens are relatively
absent in some natural populations compared to others. This
would also lead to increased loss of AMPs, but via neutral
processes. In the case of Dpt, however, Providencia rettgeri is
distributed worldwide including throughout Africa (59, 60).
Therefore, it is unlikely to be completely absent from African
populations of D. melanogaster where null alleles are common.
Instead, the specific loss of Diptericins in Drosophila might reflect
a deleterious consequence when dysregulated in non-immune
tissues. For example, AMP expression increases dramatically in
the head tissue of aging flies (18). This explanation seems more
likely, as non-cell autonomous DptB is known to affect memory
formation in D. melanogaster (52), evidence of direct Diptericin
impact on brain function. A second line of support for the
“selective loss” scenario is the null allele cline observed in African
populations alongside a parallel (though not significant) cline in
North America. Such parallel clines are often used as evidence
for selection acting on alleles (61-63). While neutral processes
could lead to clines in null alleles as well, with the null allele
spreading from an initial source population, the likelihood of this
happening in parallel on two continents is small. Finally, there is
growing evidence that several AMPs may inflict damage on host
tissues. For instance, the cathelicidin LL-37 is toxic to leukocytes
(64), and constitutive expression of AMPs reduces lifespan in
Drosophila (17). These direct observations of deleterious effects
strongly undermine the idea that neutral processes are driving
the loss of AMPs, instead suggesting these molecules impose a
significant effect on host fitness.

One exciting explanation for AMP fitness costs is the idea
that AMPs are dysregulated through aging, leading to chronic
inflammatory responses and eventually cell death. Additionally,
the idea that AMPs may be active in the nervous system is an
attractive recent hypothesis that demands more consideration
(65, 66), particularly to understand the roles these short peptides
play in neuronal homeostasis (67). For instance, while implicated
in Alzheimer’s disease for decades, the specific nature of how
Amyloid-beta contributes to dementia remains unclear (68).
Understanding its role in immunity may shed light on the cause
and progression of amyloid plaques (13), and reveal the true
culprit(s) behind Alzheimer’s progression; an interesting recent
study found that Amyloid-beta binds to the human cathelicidin
LL-37, forming heterodimers that reduce the toxicity of LL-
37 to host cells (69). Alongside evidence that Alzheimers may
be an infectious disease (14), dysregulation of AMPs in the
nervous system upon chronic infection could lead to host cell
toxicity. Appreciating the role of AMPs in the nervous system,
particularly during infection, may lead to breakthroughs in
treating neurodegenerative disorders such as Alzheimer’s disease
or Parkinson’s disease.

If indeed AMPs are deleterious in non-immune contexts,
this may promote balancing selection in populations with
dynamic immune pressures. Beyond AMPs, trade-offs between
immunity and fitness are well-documented, implying that an
immune system is advantageous only in the context of immune
challenge, but otherwise is detrimental to reproductive fitness
(70-73). As the front line of innate immunity, AMPs should
be primary actors on this evolutionary stage, and selection
for or against immunity genes should therefore act strongly
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on context-dependent AMPs. Recent studies report that both
balancing and diversifying selection has shaped the Drosophila
AMP arsenal (22-25), revising how we view AMPs as actors in
host-pathogen interactions (28). If balancing selection is driven
by trade-offs between alleles that provide increased resistance
during infection but are costly when hosts are uninfected, this
could explain the dynamic patterns of AMP gain and loss
described here. By characterizing e.g. Diptericin loss throughout
Diptera, we provide the beginnings of an immunological fossil
record with extinct (pseudogenes) and extant Diptericin gene
copies in different lineages. The observations of other AMP gene
losses throughout Diptera extend this fossil record back in time,
describing lineages with different stages of loss stemming from
an ancestral immune-competent fly to derived lineages lacking
subsets of certain AMPs.

Globally, we highlight how host ecology predicts AMP loss,
and follow the evolution of AMP lineages throughout Diptera.
We describe that selection on the innate immune system can
act swiftly and directly on AMPs, implicating some AMPs as
deleterious molecules in the absence of microbial challenges.
These results could relate to the newly discovered role of AMP-
like peptides in neurodegenerative diseases and autoimmune
disorders. If so, our findings offer evolutionary signatures
supporting the notion that trade-offs between immunity and
fitness are mediated by costs related to the maintenance of
autotoxic host AMPs.

MATERIALS AND METHODS

Survey of AMP Families in Published

Diptera Genomes and Transcriptomes
We first conducted a thorough literature review to annotate the
life histories of diverse Diptera. We then searched for Drosophila
AMP families present in other Diptera using an iterative step-
wise tBLASTn approach followed by manual curation; of note,
we used an extremely lenient E-value for the shortest peptides
(e.g., E < 100 for Mtk, 26 residues long), followed by manual
curation. In brief, we collected AMP genes from sequenced
Drosophila and then BLASTed all available orthologs against
outgroup genomes from Vicoso and Bachtrog (43). We collected
all confirmed outgroup orthologs and re-performed this BLAST
against any species where no match was found, until we ceased to
recover new orthologs. To verify any patterns of loss we observed
(e.g., Dpt loss in Tephritid species), we further searched for
outgroup sequence data (genomes, transcriptomes, or raw SRAs)
to include in our analyses as independent databases. For some
orthologs, only a partial sequence was recovered on a scaffold
assembled with many gaps (NNNs). If sequence similarity was
highly conserved we annotated these AMPs as “present” but do
not include them in phylogenetic analyses as their information
content was poor. All sequence databases used in this study
are included in Supplementary Data File 1. Sanger sequencing
results are deposited in GenBank under accessions: MN311474-
MN311476.

To investigate sequence similarity and validate curated
orthologs, we aligned sequences using MAFFT and performed

phylogenetic analysis using Neighbor-joining (1000 bootstraps)
and/or Maximum likelihood (100 or 500 bootstraps) methods
implemented in Geneious R10 and the PhyML webserver (74).
For Diptericin evolution in Figure S3, sequences were also
codon-aligned using MAFFT.

Fly Stocks and Strain Information

The following strains were used in this study for gene expression
analysis and Sanger sequencing: D. melanogaster (DrosDel iso
wil8) D, pseudoobscura, D. virilis, D. immigrans, D. innubila,
D. testacea, and D. neotestacea. Drosophila pseudoobscura and
D. immigrans were generously provided by Ben Longdon and
correspond to strains used in Duxbury et al. (75). Drosophila
innubila used in this study is the same as the genome-sequenced
strain from Hill et al. (76). Drosophila virilis was a gift from
Richard Benton corresponding to Sackton et al. (28). Steve
Perlman kindly provided Testacea group flies. The D. testacea
strain used corresponds to the wild-type D. testacea described in
Keais et al. (77) cleared of Wolbachia symbionts by the Perlman
lab. The D. neotestacea strain is the same as used in Hanson
et al. (24). Drosophila melanogaster, D. pseudoobscura, and D.
virilis were reared on standard food medium for D. melanogaster
and reared at 25°C. Drosophila immigrans, D. innubila, and
D. neotestacea were reared on Nutri Fly™ instant formulation
supplemented with a piece of Agaricus bisporus mushroom, and
reared at 22°C. All species were kept at 22°C during the course of
infection. All flies used in this study were previously shown to be
negative for Wolbachia, a common endosymbiont of Drosophila.

Gene Expression Analysis

Infections, RNA extraction, and cDNA synthesis were performed
as previously described (51). Pooled samples of 6 flies (3 males
and 3 females) were used for each replicate experiment, and three
repeats were performed (18 total flies per treatment per species).
Flies were frozen either 6 hpi (Unchallenged, Escherichia coli
(E. coli)] or 24hpi (M. luteus, C. albicans) at —20°C in TRIzol.
Quantitative PCR was performed on a LightCycler 480 (Roche)
in 96-well plates using Applied Biosystems PowerUP Master Mix.
Error bars represent one standard deviation from the mean.
Statistical analysis was performed using One-way ANOVA with
Holm’s-Sidak post-hoc comparisons to the treatment that induced
expression most in each species for each gene (marked as “ref”);
e.g., the E. coli treatment was the point of comparison for Dpt,
and C. albicans for Bomanin in D. melanogaster. P-values are
reported as: not significant = ns, <0.1 =*, <0.05=" <0.01 =**
and <0.001 = ***,

We note the pattern of Dpt induction we observed conflicts
with a previous report that Dpt is not inducible in D. neotestacea
(24), which is likely explained by measuring alternate Dpt
isoforms. Primers used in this study, additional expression data
for AMPs in different species, and D. neotestacea Dpt primer
comparisons suggesting alternate Dpt isoforms can be found in
Supplementary Data File 1.

Diptericin Evolution in Drosophila
We identified segregating putative null alleles in Drosophila
melanogaster populations by visually inspecting alignments of
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re-sequenced individual inbred lines (Figures 3A,B) or pool-seq
alignments (North American populations in Figure 3C) (57, 78).
We found three classes of putative null alleles: (a) premature stop
codons, (b) deletions that disrupt core parts of the transcript
(i.e., the start codon), and (c) deletions that are in frame but
were associated with reduced immune defense against P. rettgeri
in prior studies (79). Thus, while the counts in Figure 3A for
the USA represent individual inbred lines, those in Figure 3C
represent the proportion of reads at a given site carrying the
particular null allele.
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Modulating Neutrophil and
Macrophage Function

Qiangian Wang?, Shuhui Li*, Xueyou Tang, Li Liang, Fengqin Wang and Huahua Du*

MoE Key Laboratory of Molecular Animal Nutrition, College of Animal Sciences, Zhejiang University, Hangzhou, China

Lipocalin 2 (Lcn2) is an essential component of the antimicrobial innate immune
system. It attenuates bacterial growth by binding and sequestering the iron-scavenging
siderophores to prevent bacterial iron acquisition. Whereas, the ability of Lcn2 to
sequester iron is well-described, the role of Lcn2 in regulating immune cells during
bacterial infection remains unclear. In this study, we showed that upon infection with
Escherichia coli (0157:H7), Len2-deficient (Lcn2~/~) mice carried more bacteria in blood
and liver, and the acute-phase sera lost their antibacterial activity in vitro. Neutrophils from
Len2~/~ mice were defective in homeostasis and morphological development. E. coli
0157:H7 infection of Lcn2~/~ mice resulted in a reduced neutrophil migration capacity,
with 30% reduction of extravasated neutrophils, and impaired chemotaxis, as shown by
a reduction in the secretion of chemoattractants, such as tumor necrosis factor (TNF)-a,
monocyte chemoattractant protein (MCP)-1, and macrophage inflammatory protein
(MIP)-2, which are instrumental in eliciting a neutrophil response. We also found that some
secreted cytokines [interleukin (IL)-6, IL-18, and TNF-a] were decreased. Transcripts of
inflammatory cytokines (IL-6, IL-18, TNF-a, and IL-10), chemokines (MIP-2 and MCP-1),
and iNOS production were all strongly repressed in Lcn2~/~— macrophages. Furthermore,
Len2 could induce the production of chemokines and promote the migration and
phagocytosis of macrophages. Thus, Lcn2 deficiency could impair the migration and
chemotaxis ability of neutrophils and disturb the normal secretion of inflammatory
cytokines of macrophages. Therefore, the heightened sensitivity of Lcn2~/~ mice to E.
coli ©O157:H7 is not only due to the antibacterial function of Lcn2 but also a consequence
of impaired functions of immune cells, including neutrophils and macrophages.

Keywords: lipocalin 2, Lcn2-deficient mice, bacterial challenge, neutrophil, macrophage

INTRODUCTION

Iron is an essential micronutrient required for almost all aerobic organisms, with crucial
functions in many critical metabolic processes, such as DNA synthesis, oxygen transport,
redox reaction, and synthesis of hemoglobin (1). Both hosts and pathogens depend on and
compete for iron for their proliferation and biologic functions. Therefore, iron always lies at the
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center of an eons-long battle between hosts and their pathogens
(2). In the struggle for iron, bacteria have evolved aggressive iron-
acquiring mechanisms through the expression of siderophores
to steal iron from host proteins, such as transferrin and ferritin
(3). As a leading bacteria that cause diarrhea in humans and
livestock animals, Escherichia coli can detect low iron signal as
an environmental cue to trigger the synthesis of siderophore
enterobactin, which has high affinity for iron (4, 5). In order to
restrict bacteria from obtaining iron, the hosts have also adopted
some “nutritional immunity” mechanisms for the competition of
iron, including lipocalin 2 (Lcn2) (6). Len2 has higher affinity to
enterobactin-Fe>* than enterobactin receptor protein FepA of E.
coli, so it can inhibit the iron uptake pathway of E. coli and disrupt
bacterial iron acquisition (7).

Len2, also known as neutrophil gelatinase-associated
lipocalin (NGAL), siderocalin, or 24p3, is a multipotent
25-kDa protein and mainly secreted by neutrophils. As a
member of the lipocalin superfamily, Len2 forms a barrel-
shaped tertiary structure with a hydrophobic calyx that binds
several lipophilic molecules (8). It is a pleiotropic mediator
of various biochemical processes, such as iron delivery
(9), apoptosis (10), and cell migration and differentiation
(11). Len2 also plays an important role as an early marker
for kidney damage (12). Of all those functions, the best
characterized one is that Lcn2 obstructs the siderophore
iron-acquiring strategy of bacteria and thus inhibits
bacterial growth. Indeed, Lcn2-deficient (Lcn2~/7)  mice
were more sensitive to bacterial infection than wild-type
(WT) mice and exhibit higher mortality rates after systemic
administration of E. coli (13, 14). In this regard, Len2 plays
an essential role in the innate immune response against
bacterial infection.

Despite being named as a neutrophil protein and originally
identified as a component of neutrophil granules, Len2 can
also be expressed in other cell types, including macrophages,
hepatocytes, epithelia, and adipocytes (13, 15, 16). Len2 has
been reported to be an acute-phase protein based on elevated
levels in serum, epithelium, urine, and feces of patients with
active inflammatory disease (17-19). However, the precise
role of Len2 in bacterial infection remains to be elucidated.
Therefore, in this study, we investigated the role of Lcn2
in E. coli O157:H7 infection using gene-targeted Lcn2~/~
mice. Our results present evidence to show that Lcn2 was
dramatically upregulated and mainly induced in the liver in
challenged mice. We showed that Lcn27/~ mice exhibited
increased susceptibility to bacterial infections, in keeping
with the proposed function of Len2 in iron sequestration.
Moreover, we found that neutrophils derived from Lcn2/~
mice were defective in homeostasis, morphology, and migration.
Additionally, Lcn2 was necessary for macrophages to induce
inflammatory cytokines and phagocytose bacteria. Therefore,
the observed sensitivity of Lcn2™/~ mice to the pathogen
E. coli O157:H7 is not only related to the antibacterial
function of Len2 resulting from sequestration of iron but also
a consequence of impaired immune cell function, such as
neutrophils and macrophages.

MATERIALS AND METHODS

Mice and Cell Culture

C57BL/6 WT and C57BL/6 Len2-deficient (Len2~/~) male mice
(~20g) were obtained from Animal Center of Chinese Academy
of Sciences (Shanghai, China) and Jackson Laboratory (USA),
respectively. All mice were housed in specific pathogen-free cages
and received food and water ad libitum in Zhejiang University
with a 12-h dark-light cycle at 24°C. No mouse died during the
experiment. Mouse studies were approved by the Animal Ethics
Committee of Zhejiang University.

RAW264.7 macrophages were obtained from the Cell Bank
of the Chinese Academy of Sciences (Shanghai, China) and
maintained in RPMI-1640 (Gibco, USA) supplemented with
10% fetal bovine serum (FBS) (Gibco, USA), penicillin (KeyGen
Biotech, China) (100 IU/ml), and streptomycin (KeyGen Biotech,
China) (100 pg/ml) at 37°C in humidified air containing 5%
CO,. Cells were seeded in six-well dishes at 1 x 10° cells per
well and grown overnight until 80% confluent. They were then
digested by EDTA-trypsin (KeyGen Biotech, China) and used for
a variety of experimental procedures.

E. coli in vitro Infection

E. coli O157:H7 (ATCC43889 strain) was obtained from China
General Microbiological Culture Collection Center (Beijing,
China) and grown in Luria-Bertani (LB). Prior to in vitro
infection, cells were extensively washed with phosphate-buffered
saline (PBS) (Genome Biotech, China) and incubated in complete
RPMI-1640 without antibiotics for 2~3h until 90% confluent.
The concentration of bacteria solution was determined by
a standardized calibration curve of OD600/colony-forming
units (CFU).

E. coli in vivo Infection

Each mouse (5-6 weeks) was infected by intragastric
administration with 2 x 10% CFU of E. coli O157:H7 diluted
in 200 pl PBS. Mouse behavior was carefully monitored
every 12h. For investigating the expression changes of Lcn2
after bacterial challenge, a total of 32 mice (n = 4 per time
point) were euthanized by cervical dislocation at 1, 4, 8,
24, 32, 36, 48, and 60h post infection (hpi). Liver, spleen,
kidney, jejunum, colon, lung, and heart were collected for
quantitative real-time PCR detection. For measuring the
bacterial burden, heparinized blood samples and homogenized
liver were collected at 32 hpi and plated on LB agar to
determine CFU. Blood samples were also used for Wright-
Giemsa staining (Phygene, China) and measurements of
serum Lcn2 protein. Liver and jejunum tissues were fixed
for paraffin sectioning and immunohistochemistry (frozen
sections). Uninfected control group (n = 4) received 200 pl
of sterile solution containing 10% (w/v) NaHCOj3; and 20%
(w/v) sucrose.

For determining the bacteriostatic ability of endogenous Lcn2,
WT and Len2~/~ mice (n = 6 per group) were intraperitoneally
injected with 2 x 10% CFU heat-killed E. coli O157:H7. Acute-
phase serum was collected at 5 hpi. E. coli O157:H7 (10° CFU)
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were then inoculated into RPMI-1640 with 20% acute-phase
serum from WT and Lcn2™/~ mice. The heat-killed E. coli
0157:H7 solution was produced by heating in a water bath at
100°C for 30 min.

Determination of Neutrophils in Peripheral

Blood and Peritoneal Exudates

Mice were intraperitoneally injected with 1ml 2 x 10% CFU
heat-killed E. coli O157: H7 to induce peritonitis (n = 6 per
group). Mice were sacrificed at 5 hpi. The peripheral blood was
drawn from retroorbital plexus, and the peritoneal exudates were
extracted from the peritoneal cavity. Neutrophils from peripheral
blood and peritoneal exudates were labeled by the phycoerythrin
(PE)-conjugated rat anti-mouse Ly6G (Gr-1) mAb (clone 1A8)
(BD Biosciences, USA). The percentage of neutrophils was
determined by flow cytometry analysis.

Immunohistochemical Assay

Tissues sections from liver and jejunum were deparaffinized
with xylene and rehydrated through a series of graded alcohol
solutions to deactivate endogenous enzymes. Then, they were
washed with PBS and immersed in 0.01M citric acid buffer at
98-100°C to reveal antigens. Cooled sections were stained using
a goat anti-mouse Lcn2 (1:250; R&D, USA) and appropriate
horseradish peroxidase (HRP)-conjugated secondary antibodies
(1:1,000; Pierce, USA).

ELISA

Serum Lcn2 was quantified using Len2 Mouse ELISA kits
(Boster, China) according to the manufacturer’s instructions.
Cytokine tumor necrosis factor a (TNF-a levels in serum and
peritoneal lavages were measured by Duoset ELISA cytokine kits
(Rapidbio, USA) according to the manufacturer’s instructions.
Interleukin (IL)-6, IL-1B, TNF-a, monocyte chemoattractant
protein (MCP)-1, and macrophage inflammatory protein (MIP)-
2 levels in the supernatants of the culture medium were
quantified using Mouse ELISA kits (eBioscience, USA) according
to the manufacturer’s instructions.

Bone Marrow-Derived Macrophage
(BMDM) Isolation and Culture

BMDMs were isolated from the cavity of femur and tibia of
WT and Lcn27/~ mice (n = 6 per group) after removing
the attached muscle tissues. They were then cultured in six-
well plates with complete DMEM medium containing 20% fetal
bovine serum (FBS), 1% penicillin and streptomycin, and 30%
conditioned L929 media as a source of macrophage colony-
stimulating factor (M-CSF). On day 7, BMDM cultures with
nearly 100% confluence were stimulated with 5 x 10® CFU E.
coli O157:H7 in DMEM for 24 h. Cytokines were analyzed in
the supernatants.

RNA Extraction and Quantitative
Real-Time PCR

Total RNA was extracted from cells and animal tissues by
the Trizol method (Sigma, China). For determining the tissue
specificity of Lcn2 gene expression, kidney, pancreas, heart,

lung, spleen, liver, jejunum, colon, adipose, bone, muscle,
testis, and brain were collected for RNA extraction. Reverse
transcription was performed on 2 ug of RNA using random
hexamers and reverse transcriptase (Thermo-Fisher Scientific,
USA). Quantitative real-time PCR was performed using the
FastStart Universal SYBR Green Master fluorescence quantitative
kit (Roche, Switzerland). All data were normalized to a
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) or B-actin measured in the same sample. The
sequences of the specific primers are listed in Table 1. The fold
change was calculated using A A threshold cycle method.

Analysis of Peripheral Blood Smears

A drop of peripheral blood was smeared onto a clean
glass side and quickly air-dried for 30min at room
temperature. The smears were then stained with Diff-
Quick staining kit (Dade-Behring) according to the
manufacturer’s recommended protocols. Representative
images were shown.

Scratch Wound Healing Assay

Cell migration was examined using the scratch wound
healing assay with RAW264.7 macrophages (20). RAW264.7
macrophages were seeded in six-well plates at a density of
2 x 10° cells/well and incubated overnight until cells were
~70% confluent as a monolayer. The monolayer of cells was
gently and slowly scratched linearly with a sterile 10-pl pipette
tip to create a wound. Cells were washed twice with PBS to

TABLE 1 | Primer sequences for the real-time PCR amplification.

Gene Primer (5 — 3)) Genebank no.

B-actin F: CCACCATGTACCCAGGCATT NM_007393.5
R: AGGGTGTAAAACGCAGCTCA

IL-1B F: AGTTGACGGACCCCAAAAG NM_008361.4
R: TTTGAAGCTGGATGCTCTCAT

IL-10 F: TGGGTTGCCAAGCCTTATCG NM_010548.2
R: TTCAGCTTCTCACCCAGGGA

GAPDH F: TGCGACTTCAACAGCAACTC NM_008084.3
R: GCCTCTCTTGCTCAGTGTCC

MCP-1 F: GATGCAGTTAACGCCCCACT NM_011333.3
R: ACCCATTCCTTCTTGGGGTC

TNF-a F: GCTCTTCTGTCTACTGAACTTCGG NM_013693.3
R: ATGATCTGAGTGTGAGGGTCTGG

MIP-2 F: CACTCTCAAGGGCGGTCAAA NM_009140.2
R: GGTTCTTCCGTTGAGGGACA

IL-6 F: CCCCAATTTCCAATGCTCTCC NM_031168.2
R: CGCACTAGGTTTGCCGAGT

GM-CSF F: GCCATCAAAGAAGCCCTGAAC NM_009969.4
R: TCTTCAGGCGGGTCTGCAC

iINOS F: CTCACCTACTTCCTGGACATTAC NM_010927.4
R: CAATCTCTGCCTATCCGTCTC

Len2 F: ACATTTGTTCCAAGCTCCAGGGC NM_008491.1
R: CATGGCGAACTGGTTGTAGTCCG
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FIGURE 1 | Elevated lipocalin 2 (Lcn2) during E. coli O157:H7 infection. (A) Real-time PCR analysis of the levels of Lcn2 mRNA expression in indicated tissues of
mice. (B) The mRNA levels of Lcn2 expression in indicated tissues of control and E. coli O157:H7-infected mice. (C) Serum levels of Lcn2 protein concentration in E.
coli O157:H7-infected mice after challenge at different time points. (D-G) The mRNA expression levels of Lcn2 in indicated tissues from E. coli O157:H7-infected mice
after challenge at different time points. (H) Protein levels of Lcn2 in mice detected on immunohistochemistry sections of liver and jejunum at 8 and 32 h after challenge
with E. coli O157:H7. Original magnification was 200x. Values are average means of triplicate experiments. Error bars depict SEM (n = 4 per time point). Results are
expressed as means + SEM. *P < 0.05, and *P < 0.01.

remove floating cells and treated with 1 pg/ml recombined Lcn2  (immediately after scratching) and 24 h. The migration distance
protein (Abcam, USA), while control groups were left untreated. =~ was calculated by subtraction of the gap distance from the same
The cells migrating from the leading edge were imaged at 0  pointat0and 24 h.
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Phagocytosis Analysis

After infection, the cells were incubated with serum-free medium
containing 0.5 mg/ml fluorescein isothiocyanate (FITC)-dextran
(4 kDa) (Sigma, America) for 2h. Extracellular FITC-dextran
was washed away with PBS. The cells were dissociated from the
cell culture dishes (Corning, USA) with EDTA-trypsin solution
(KeyGen Biotech, China), and the intracellular FITC fluorescence
intensity was measured by flow cytometry.

Immunofluorescence Analysis for INOS

Determination

RAW264.7 macrophages seeded on glass-bottom dishes were
fixed in 4% paraformaldehyde (KeyGen Biotech, China) and
then permeabilized with ice-cold 0.5% TritonX-100. The cells
were blocked in PBS containing 10% bovine serum albumin
(KeyGen Biotech, China) for 30 min and then were incubated
with rabbit monoclonal antibody inducible nitric oxide synthase
(iNOS) (Bioss Antibodies, China) and rat monoclonal antibody
F4/80 (Abcam, USA) overnight at 4°C. After washing with PBS,
cells were incubated with Alexa Fluor 488 goat anti-rabbit IgG
(Abcam, USA) and Alexa Fluor 647 goat anti-rat IgG (Abcam,
USA) for 1h at 37°C. Finally, cells were counterstained with 50
mg/ml 4',6-diamidino-2-phenylindole (DAPI) (KeyGen Biotech,
China) before capturing images with a confocal microscope
(Zeiss, Germany).

Statistical Analysis

Statistical analysis of experimental data was performed by
Student’s t-test and one-way ANOVA in SPSS 20.0 software. The
results are expressed as mean = SEM. The test results were
independently repeated three or six times. Levels of statistical
significance were set at P < 0.05.

RESULTS

Lcn2 Increases Dramatically During E. coli
0157:H7 Infection

In order to determine the tissue specificity of Lcn2 gene
expression, Lcn2 mRNA expression was examined by qRT-PCR
in most tissues of mice. Lcn2 mRNA was mainly expressed
in bone marrow, adipose, lung, and spleen, while it was less
expressed in muscle, testis, and brain (Figure 1A). The transcript
of Len2 was highest in the bone marrow, which was more than
3,000 times of that in the kidney. To test the hypothesis that
Len2 is one of the acute-phase proteins, we determined Lcn2
expression of challenged mice by intragastric administration
with a sublethal dose of a clinical strain of E. coli O157:H7
(Figure S1). Thirty-two hours after challenge, Lcn2 mRNA levels
were markedly (P < 0.01) increased in the liver, jejunum, kidney,
colon, and spleen (Figure 1B). The ratio of Lcn2 mRNA in
the liver of infected mice to that of control mice was about
300. Thus, it seems that Lcn2 expression is mainly induced
in the liver during E. coli O157:H7 infection. To investigate
the effect of bacterial infection on the level of Len2 in the
bloodstream, sera were collected, and Lcn2 was detected by
ELISA. The basal serum concentration of Len2 in uninfected
mice was ~300ng/ml (Figure 1C). After intragastric infection,

serum levels of Len2 increased to 1,110 ng/ml by 24 h, peaked
at 3,270 ng/ml by 32h, and then rapidly declined (Figure 1C).
This expression profile of Lcn2 protein was in concordance with
observations of Len2 transcripts in detected tissues, including the
liver (Figure 1D), spleen (Figure 1E), kidney (Figure 1F), and
jejunum (Figure 1G). Furthermore, immunohistochemical assay
was employed to detect the Len2 protein in the liver and jejunum.
E. coli O157:H7 infection induced a 12-fold increase of Lcn2 in
the liver and a five-fold increase in the jejunum (Figure 1H).
Thus, infection with E. coli O157:H7 elevated the levels of both
Len2 mRNA and protein in the tissues and bloodstream of mice.

Lcn2 Is Involved in the Antibacterial

Responses to E. coli 0157:H7 Infection

Since E. coli O157:H7 challenge induced increased Lcn2 levels
of transcription and protein in tissues and blood of mice, we
speculated that Len2 might play a role in responses against E.
coli O157:H7 infection. To test the role of Len2 in an acute lethal
infection, we challenged Lcn2™/~ or WT mice by intragastric
administration with 2 x 10% CFU of E. coli O157:H7 and
measured the bacterial burden. Compared with the titer in
control WT mice, the bacteria recovered from Lcn2™/~ mice
were ~20-fold higher in blood, where there are 2.7 x 10°
CFU/mg in Len2~/~ mice and 1.5 x 10° CFU/mg in WT mice
(Figure 2A). In the liver, there were 1.2 x 108 CFU/mg in
Len27/~ mice and 2.1 x 10° CFU/mg in WT mice. The bacteria
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FIGURE 2 | The bacteriostatic characteristics of lipocalin 2 (Lcn2). (A,B)
Bacterial loads in blood (CFU/mlI) and livers (CFU/mg) of E. coli
0157:H7-infected mice 32 hpi. (C,D) Serum levels of Lcn2 protein measured
and growth of E. coli O157:H7 in RPMI with 20% acute-phase serum from
wild-type (WT) or Lcn2~/~ mice. Values are average means of triplicate
experiments with two mice per genotype per experiment. Error bars depict
SEM (n = 6 per group). Results are expressed as means + SEM. P < 0.05
was considered statistically significant. P < 0.05.
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from Lcn2~/~ mice were ~60-fold higher (Figure 2B). In order
to determine the direct bacteriostatic activity of Lcn2, sera from
Len27/~ mice inoculated by heat-killed E. coli O157:H7 were
collected 5 hpi and used for bacterial incubation. Compared with
Lcn2~/~ mice, the serum from WT mice exerted remarkable
inhibition to E. coli O157:H7 (P < 0.05) (Figure 2C). Meanwhile,
there were more than 3,000 ng/ml Lcn2 proteins in the serum of
WT mice, but no Len2 was detected in serum of Len2™/~ mice as
expected (Figure 2D).

Lcn2 Deficiency Alters Neutrophil

Homeostasis

The above results showed that Lcn2 deficiency could promote the
growth of E. coli O157:H7, which indicated that Len2 might be
involved in the innate immune response to bacterial infection.
Previous studies showed that Len2 could limit bacterial growth
by sequestering the iron-laden siderophore (9, 13). Lecn2 has
also been shown to be dramatically upregulated in various
inflammatory conditions and is considered as an acute-phase
protein (12). Herein, we determined whether a deficiency of
Len2 has consequences for neutrophil development. We first
evaluated the hematological parameters of peripheral blood of
Len2~/~ and WT mice. The results showed that the numbers of
white blood cells, monocytes, and eosinophils were significantly

decreased in Len2~/~ mice (Figure 3A). In contrast, lymphocyte
and thrombocyte counts remained unchanged. Furthermore, a
granulocyte-specific marker (Ly6G, clone 1A8) was detected
using flow cytometry to confirm a decrease of neutrophils in
the peripheral blood of Lcn2™/~ mice (Figure 3B). In addition,
Wright-Giemsa staining of peripheral blood smears showed that
Len2=/— neutrophils had atypical bilobed nuclei (band cells),
whereas neutrophils of WT mice bore all of the characteristics
of mature cells, including ring-shaped segmented nuclei and pale
abundant cytoplasm (Figure 3C). Furthermore, the number of
circulating band cells in Len2~/~ mice is around 3%, while WT
mice had only 1% (Figure 3D).

Lcn2 Deficiency Reduces the Migration of
Neutrophils

Since Len2 deficiency can affect the homeostasis of immune
cells and the maturation of neutrophils, we speculated that
Len2 might play an effect on other functions of neutrophils,
such as chemotaxis and migration. Normally, the neutrophils
from compartments of the bone marrow, peripheral blood, and
extravascular space are in dynamic equilibrium (14). Under
inflammatory conditions, neutrophils extravasate from the blood
compartment to the sites of inflammation (21). We then analyzed
neutrophil kinetics in peripheral blood and peritoneum by
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flow cytometry following Gr-1 staining. Leukocyte extravasation
into the peritoneal cavity was studied in a mouse model of
inflammation induced by intraperitoneal injection with heat-
killed E. coli O157:H7 in WT and Lcn2~/~ mice. Flow cytometry
analysis of blood showed that the percentage of neutrophils in
the peripheral blood had no significant difference (P = 0.098)
between WT and Lcn2~/~ mice (Figure 4A). In contrast, the
percentage of extravasated neutrophils in challenged Len2™/~
mice was 30% lower (P < 0.01) than that observed in challenged
WT mice (Figure4B). Thus, the results suggested that the
migration of neutrophils from the blood into the peritoneum in
Len2~/~ mice was reduced. On the other hand, the release of
chemokines and cytokines initiates the inflammatory response.
Proinflammatory cytokines, such as TNF-a, and chemokines,
such as MCP-1, are instrumental in eliciting a neutrophil
response. The reduced migration of neutrophils may be due in
part to the reduced secretion of any of these chemoattractants.
To examine this possibility, we quantitated the levels of TNF-
a proteins and transcripts of chemokines. After the inoculation
with heat-killed E. coli O157:H7, TNF-a proteins of WT mice
were increased sharply both in serum and in peritoneal lavage
as expected (Figures 4C,D). However, the levels of TNF-a from
Len2~/~ mice were elevated mildly, which were significantly
(P < 0.01) lower than those from WT mice. Moreover, the
mRNA expressions of murine chemokines MCP-1 and MIP-2

were both decreased in livers of Lcn2™/~ mice (Figures 4E,F).
Thus, the above results showed that Lcn2 deficiency could
impair the migration and chemotaxis ability of neutrophils and
disturb the normal secretion of inflammatory cytokines under
inflammatory conditions.

Lcn2 Deficiency Represses the Induction
of Inflammatory Cytokines by

Macrophages

Macrophages are the primary producers of cytokines. The
observed reduction in cytokines in Lcn2™/~ mice may also be
explained that macrophages need Lcn2 to effectively recognize
inflammatory stimuli and to mount an effective cytokine
response. To directly test this assumption, we isolated BMDMSs
from mice treated with E. coli O157:H7 and determined the
levels of various cytokines. There was no Lcn2 expression
in macrophages from Lcn2~/~ mice (Figure5A). Secreted
inflammatory cytokines including IL-6, IL-1B, and TNF-a were
all significantly (P < 0.05) decreased in Lcn2™/~ macrophages
compared with WT macrophages (Figures 5B-D). Similarly,
the transcripts of inflammatory cytokines, such as IL-6, IL-
18, TNF-a, and IL-10, were all strongly (P < 0.01) repressed
in Len2™/~ macrophages (Figures 5SE-H). The transcript of
granulocyte-macrophage colony-stimulating factor (GM-CSF)
from Lcn27/~ macrophages was also significantly (P < 0.01)
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FIGURE 5 | Decreased expression of inflammatory cytokines produced by lipocalin 2-deficient (Lcn2~/~) macrophages. (A) Real-time PCR analysis of Lcn2 mRNA
expression levels in the E. coli O157:H7-infected primary bone marrow-derived macrophages (BMDMs) from wild-type (WT) and Lcn2~/~ mice. (B-D) ELISA analysis
of interleukin (IL)-6, IL-1B, and tumor necrosis factor (TNF)-a levels in the culture medium of the E. coli O157:H7-infected BMDMSs from WT and Lcn2~/~ mice. (E-L)
Real-time PCR analysis of cytokine mRNA expression levels in the E. coli O157:H7-infected pBMDMs from WT and Lcn2~/~ mice. (M) The infected BMDMs of WT
and Lcn2~/~ mice were subjected to staining with rabbit monoclonal antibody iINOS, rat monoclonal antibody F4/80, Alexa Fluor 488 goat anti-rabbit IgG, and Alexa
Fluor 647 goat anti-rat IgG in blocking buffer (1:200) and observed by fluorescence microscopy. Values are average means of triplicate experiments with two mice
used for the isolation of BMDMSs per genotype per experiment. Error bars depict SEM. Results are expressed as means + SEM. P < 0.05 was considered statistically
significant. *P < 0.05 and **P < 0.01.

decreased (Figure 5I), which might explain the reduction of role in the local recruitment of immune cells. The mRNA
proliferation and differentiation of monocytes. Chemokines are  levels of chemokines MIP-2 and MCP-1 were both significantly
generated at local inflammatory milieu and play an important  decreased in Lcn2~/~ macrophages (Figures 5J,K). Macrophages
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produce inducible nitric oxide synthase (iNOS) that enables
the cell to kill pathogens through the production of NO.
We further investigated whether deficiency of Lcn2 affected
iNOS production. In line with the results of transcription,
immunofluorescence analysis showed that iNOS expression was
depressed (P < 0.05) in Len2~/~ macrophages compared with
that of WT macrophages (Figures 5L,M). Thus, the results
indicated that Lcn2 played an important role in stimulating the
production of these antimicrobial effectors by macrophages and
maintained their balances.

Recombinant Lcn2 Promotes the Migration

and Phagocytosis of Macrophages
Macrophages are professionally motile cells that carry out a
variety of roles in immune surveillance. Transendothelial and
interstitial motility is an essential aspect of their function as
they must be able to move to specific sites upon demand. Since
BMDMs from Lcn2~/~ mice adhered to walls too firmly to
move, we used RAW264.7 macrophages to detect the effect of
Len2 on the migration of macrophages. Scratch wound healing
assay showed that the migration distances of macrophages
treated with recombinant Lcn2 were significantly (P < 0.01)
longer than that of control cells (Figures 6A,B). In addition,
chemoattractant cytokines MCP-1 and MIP-2 were both elevated
significantly (P < 0.05) after Lcn2 treatment (Figures 6C,D),
which might explain the increase of migration distance of
Lcn2-treated macrophages. Moreover, because macrophages are
also professional phagocytes and are highly specialized in
the removal of dying or dead cells and cellular debris, we
then determined the effect of Lcn2 on the phagocytosis of
macrophages. Flow cytometry analysis exhibited that Lcn2 could
promote the phagocytosis of FITC-Dextran by macrophages
(Figure 6E). Above results indicated that Lcn2 was involved in
the immunologic function of macrophages, such as migration
and phagocytosis.

DISCUSSION

Len2 has been implicated in diverse physiological processes
including apoptosis (22), iron trafficking (13), kidney
development (12), and innate immunity (14, 23). We herein
provide novel evidence that the absence of Lcn2 increased
sensitivity to E. coli O157:H7 infection by altering neutrophil
homeostasis, reducing the migration of neutrophils, and
repressing the expression of inflammatory cytokines by
macrophages. Additionally, Lcn2 can also promote the migration
and phagocytosis of macrophages.

Lcen2 is considered to be the marker of many inflammatory
diseases and involved in various inflammations, including
intestinal inflammation, skin inflammation, and metabolic
syndrome (24). It is an acute-phase protein known to be highly
upregulated during inflammatory conditions (13, 17). In this
study, we demonstrated that although bone marrow is the main
site of Len2 expression normally, Len2 was highly induced in
almost all detected tissues and mainly induced in the liver of mice
in response to E. coli O157:H7 infection. This result was in line

with that of a previous study (25). We also presented evidence
to show that Len2 was induced in a parabolic pattern. After
intragastric infection, the serum concentration of Lcn2 increased
distinctly and then decreased fast. Both mRNA and protein
expression showed that Lcn2 peaked by 32h after challenge.
These results are in concordance with observations that Lcn2
may be a marker for inflammation (13, 26). It suggested that
strongly induced Len2 by E. coli O157:H7 infection might play
an important role in innate defense against bacterial invasion.

E. coli O157:H7 has been a troublesome foodborne intestinal
pathogen and involved in numerous human illness outbreaks
(27), which requires iron to survive. Although humans or animals
contain plenty of iron, the amount available to bacteria may be
extremely limited because most iron is bound intracellularly by
heme and ferritin, or extracellularly by transferrin and lactoferrin
(28). Our previous studies showed that after the infection of E.
coli K88, iron was inclined to be sequestered within cells and
deposited more in tissues rather than serum, which was supposed
to restrict iron available to the bacteria (29, 30). To remedy
this difficulty, E. coli secretes siderophores to remove iron from
host iron-binding proteins and transports it into the bacterial
cell (29). However, Lcn2 from hosts can specifically bind to
siderophores to prevent bacterial uptake of iron. As a result, Lcn2
is bacteriostatic. In this study, we found that there were more
bacteria loaded in the blood and liver of Lcn2~/~ mice, which
indicated that Lcn2™/~ mice succumb to bacterial infection more
easily. Furthermore, in a murine model of inflammation with
heat-killed E. coli O157:H7 infection, we also found that serum
Lcn2 was protective against E. coli O157:H7. These results proved
that elevated Lcen2 after E. coli O157:H7 challenge might mediate
an innate immune response to inhibit bacterial infection based
on iron sequestration.

Len2 is a neutrophil gelatinase-associated lipocalin, which
is originally isolated from the specific granules of neutrophils
(31). We were then wondering whether the knockout of Lcn2
could affect the balance or development of neutrophils. First,
hemocyte analyzer showed that the number of leukocytes,
monocytes, and eosinophils in peripheral blood of Lcn2™/~
mice was significantly lower than that of WT mice. It suggested
that Len2 deficiency could disturb the normal homeostasis of
immune cells in peripheral blood (32). Neutrophils account
for a large proportion of leukocytes in the blood (50-70%)
and lead the first wave of host defense to infection or
tissue damage (33). They were derived from bone marrow
hematopoietic stem cells and eventually developed into mature
segmented cells through the following process: promyelocytes
> myelocytes > meta-myelocytes > band cells > segmented
cells (34). In this experiment, more immature band cells
in peripheral blood of Lcn2™/~ mice were observed, which
indicated that maturation of neutrophils was impaired in
Len2™/~ mice. Tt is unclear how Len2 deficiency contributes
to abnormal neutrophil development, but based on our
observations, we propose that Lcn2 expression is required
for normal neutrophil maturation. Normally, the majority of
neutrophils are stored in the hematopoietic cords of bone
marrow. Following infection, neutrophils start migrating from
the bone marrow to the circulation. The circulating neutrophils
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FIGURE 6 | Lipocalin 2 (Lcn2) can promote migration and phagocytosis of macrophages. (A,B) Scratch wound healing assay of mouse RAW264.7 macrophages and
quantification of the fold change of average migrated distance of cells was measured with microscope (n = 3, mean + SEM, scale bars, 100 um). (C,D) ELISA
analysis of monocyte chemoattractant protein (MCP)-1 and macrophage inflammatory protein (MIP)-2 levels in the culture medium of Lcn2-treated macrophages. (E)
Flow cytometry analysis of mouse RAW264.7 macrophages incubated with FITC-dextran. Values are average means of triplicate experiments with two repetitions per
treatment per experiment. Error bars depict SEM. *P < 0.05 and **P < 0.01.

then infiltrate from the bloodstream to the inflammatory sites ~ (35). In this study, we also found that the percentage of
through multiple processes that involve rolling, adhesion, and  neutrophils in the peritoneal fluid of challenged Lcn2~/~ mice
finally transmigration by passing through the endothelial cells ~ was significantly lower than that of WT mice, whereas there
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was no significant difference in the ration of neutrophils in
peripheral blood. This suggested that Lcn2 deficiency could
reduce the migration of neutrophils from the blood into
peritoneum. Chemoattractant-driven neutrophil migration to
the sites of infection and inflammation is a well-coordinated
and orderly process (36). In this study, reduced secretions of
proinflammatory cytokine TNF-a were found in both serum
and peritoneal lavage of Lcn2™/~ mice. The mRNA expression
of chemokines MCP-1 and MIP-2 were also both decreased
in livers of Lcn2™/~ mice. These results indicated that Len2
deficiency decelerated neutrophil migration by reducing the
expression of some cytokines and chemokines. Lcn2 was reported
to act as a central mediator to facilitate the crosstalk between
neutrophils and hepatic macrophages via induction of the
chemokine receptor CXCR2 (37). It was also found that the
adhesion capacity of neutrophils was significantly decreased after
Len2 deficiency (38). It suggested that the effect of Len2 on
neutrophil chemotaxis might be related to the expression of
adhesion protein and chemokine receptors. Further research is
needed to clarify the mechanisms.

Both neutrophils and macrophages provide the first line of
defense against invading pathogens. Our results showed that
Len2 deficiency not only altered neutrophil homeostasis but
also reduced their migration. We were then wondering whether
Len2 deficiency would influence the function of macrophages.
In this study, BMDMs were isolated from Lcn2™/~ and
WT mice and stimulated with E. coli O157:H7 to establish
an inflammatory model. Macrophages monitor the invading
pathogens, initiate an inflammatory response, and secrete a
large amount of inflammatory factors. The results showed
that Len2 deficiency resulted in the decreased production of
inflammatory cytokines, such as IL-6, IL-1p, and TNF-a. It
also downregulated the mRNA levels of all detected factors,
including proinflammatory factors, such as IL-6, IL-1f, and
TNF-q, anti-inflammatory factor IL-10, and chemokines MCP-
1 and MIP-2. Similarly, both protein and mRNA levels of iNOS
in BMDM of Lcn2~/~ mice were also decreased significantly.
These results suggested that Lcn2 deficiency could interfere
with the normal expression of inflammatory factors secreted
by macrophages after E. coli O157:H7 stimulation. This finding
is similar to the reports that TNF-a is largely inhibited by
Len2 deficiency in chronic inflammation caused by obesity
(39), Len2 can induce both IL-6 and IL-10 cytokines during
Brucella abortus infection (40). However, some studies have
also shown that the deficiency of Len2 in murine inflammation
model caused by lipopolysaccharide (LPS) can significantly
increase the expression of proinflammatory factors (41). It was
speculated that the difference was based on the way of causing
inflammation. Our study focused more on the secretory function
of macrophages from Lcn2~/~ mice instead of the effects of Len2
on inflammatory responses. Macrophages can not only stimulate
adaptive immunity by secreting cytokines but also kill pathogens
and clear up cell debris through phagocytosis (42). Here, we also
investigated the effect of Lcn2 on the migration and phagocytosis
of RAW264.7 macrophages by treating with recombinant Len2.
Exogenous Len2 could significantly increase the migration and
promote the phagocytosis of macrophages, which is conducive

to the rapid renovation of tissue damage when inflammation or
trauma occurs.

In summary, upon encountering bacteria E. coli O157:H7,
innate immune cells in most tissues produce and secrete Lcn2
immediately, which is induced in a parabolic pattern and, in turn,
limits bacterial growth. Targeted disruption of Lcn2 gene has
demonstrated its essential role in the early stages of the innate
immune response to bacterial infection. An absence of Lcn2 can
lead to an increased susceptibility of mice to E. coli O157:H7
infection. It was due to not only the loss of bacteriostatic action of
Lcn2 by iron sequestration but also a deficiency of immunological
functionality of neutrophils and macrophages. Lcn2 is required
for animals to mount a proper host defense to bacterial infection
by maintaining normal neutrophil maturation and modulating
the function of macrophages.
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The skin and intestine are active organs of the immune system that are constantly
exposed to the outside environment. They support diverse microbiota, both commensal
and pathogenic, which encompass bacteria, viruses, fungi, and parasites. The skin and
intestine must maintain homeostasis with the diversity of commensal organisms present
on epithelial surfaces. Here we review the current literature pertaining to epithelial barrier
formation, microbial composition, and the complex regulatory mechanisms governing the
interaction between the innate immune system and microbiota in the skin and intestine.
We also compare and contrast the skin and intestine—two different organ systems
responsible creating a protective barrier against the external environment, each of which
has unique mechanisms for interaction with commensal populations and host repair.

Keywords: skin, intestine, microbiome, innate immunity, AMPs

INTRODUCTION

The skin and intestine both rely on multifaceted mechanisms to maintain homeostasis and protect
against invading microbes. Components essential for proper homeostasis between the external
environments and the skin or intestine include the physical barrier formed by epithelial cells, the
chemical barrier, the presence of beneficial commensal microbiota, and finally the tissue-resident
and infiltrating immune cells. The barrier surfaces of the skin and intestine are not only habitats
for commensal microbiota, but they also represent potential entry sites for pathogens, including
bacteria, viruses, fungi, and parasites. The direct interface between the epithelial tissue barrier and
microbiota poses a challenge for the barrier-lining epithelial cells and resident immune cells to
distinguish dangerous pathogens from commensals and respond accordingly. Therefore, complex
regulatory mechanisms have evolved to allow for delicate coordination between host tissues and
their resident microbes. In this review, we provide an overview of the epithelial anatomy of the skin
and intestine and interactions between host and microbiota at these surfaces. We focus on the role
of microbiota and the innate immune system at homeostasis, in protection against infections, and
in tissue repair of the skin and intestine.

STRUCTURE OF THE PROTECTIVE BARRIER

The large surface areas of the skin and intestine—at least 30 m? of skin in adults and about
400 m? of intestinal epithelium—provides an expansive interface for interaction with the outside
environment and increases the risk of invasion by pathogens (1-3). Given their extensive surface
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areas, the skin and intestine not only harbor millions of
commensal microbiota, but they also must rely on multiple
protective strategies to prevent entry of pathogens. As a result, the
skin and intestine have developed site-specific physical, chemical,
microbial, and immunologic barriers to maintain health and
eradicate pathogenic bacteria.

Physical Barrier

The physical barrier of the skin and intestine provides the first
line of defense against external perturbation at these sites. The
physical barrier of the skin is formed by numerous layers of
epidermal and dermal keratinocytes (Figure 1). The outermost
layer of the epidermis is the stratum corneum, composed of as
many as 100 layers of keratinized cell envelopes (corneocytes)
that form a protective barrier (5). Barrier lipids, derived from
lamellar bodies form an occlusive matrix between corneocytes
(6). Deeper epidermal layers, including the stratum granulosum
and stratum spinosum, are major producers of keratin filaments,
which form a structural support for the epidermis (5). Finally,
the basal layer of the epidermis contains stem cells that
proliferate in homeostatic conditions and in response to injury in
order to reconstitute the physical epidermal barrier. Epidermal
keratinocytes maintain tight physical contact through tight
junctions and adherens junctions, which form protective layer
that is nearly impermeable to microbes. In addition to providing
physical protection at the skin barrier, tight junction proteins,
such as zona occludins proteins, play roles in proliferation
and differentiation of keratinocytes in the skin, allowing re-
establishment of the barrier against microbes after breach of the
skin from wounding (7).

In contrast to the stratified squamous epithelium of the
skin, the intestinal barrier is composed of a single layer of
columnar epithelial cells (Figure 2) (11). However, this single
layer of intestinal epithelial cells (IECs) is made of diverse cell
types with absorptive, secretory, and immune function (2). This
includes not only the absorptive enterocytes, which encompass
the majority of IECs, but also secretory goblet cells, Paneth cells,
and enteroendocrine cells. All cells that make up the intestinal
barrier are constantly renewed by intestinal epithelial stem cells
located in the bases of mucosal crypts (Figure2). As in the
skin, IECs are connected via tight junctions, which form a
strong physical barrier that impedes translocation of pathogenic
microbes or toxins.

Chemical Barrier

The chemical barrier of the skin is formed by numerous secreted
lipids and acids. As previously mentioned, the lipid layer secreted
by lamellar bodies, is important for maintaining an occlusive
matrix between cells and among layers of the stratum corneum
(12, 13). Site-specific lipid content also influences the microbial
composition of various cutaneous body sites (4, 14). In fact,
microbial composition is relatively homogenous among multiple
sebaceous sites but varies greatly between sebaceous and dry skin
sites (4). Pathogenic microbes are also directly inhibited by some
lipids or free fatty acids. For example, sapienic acid can efficiently
inhibit pathogenic Staphylococcus aureus (S. aureus), but does
not have sufficient activity against Staphylococcus epidermidis

(S. epidermidis) (15). Overall, the chemical barrier formed by
epidermal lipids and fatty acids is important for modulating
microbial survival at the skin surface.

In addition, the stratum corneum of the epidermis maintains
an acidic pH under homeostatic conditions. The term “acid
mantle” has been used to describe the acidic condition of the
stratum corneum (16). This acidic pH is important for skin
barrier function and microbial defense by providing hostile
environment for certain microorganisms (12). Furthermore,
there are a number of pH-dependent enzymes that are critical for
synthesis, production and maintenance of the lipid composition
in the skin. Lipids, such as triglycerides and cholesterol, are
hydrolyzed by skin-resident bacteria and yeasts into free fatty
acids. Free fatty acids maintain a low pH that inhibits growth
of pathogenic species such as Staphylococcus aureus (S. aureus),
while allowing persistence of commensal bacteria such as
coagulase negative Staphylococcus and Corynebacterium (1, 17).

The intestine relies on goblet cells to secrete a thick layer
of jelly-like mucus made of glycoproteins to separate luminal
bacteria from epithelial cells and create a distinct protected zone
(Figure 2) (18). Mucins create both a chemical and a physical
barrier between the intestinal lumen and EICs, and can even
directly modulate expression of tolerogenic and inflammatory
cytokines (19). In addition to providing physical protection,
mucin layer is also rich in secretory IgA and antimicrobial
proteins (AMPs) that provide a chemical immune defense against
potential invading microorganisms (20, 21). Mucin synthesis is
increased by short chain fatty acids (SCFAs), a fermentation
product of bacterial metabolism (22). Furthermore, mucin
production is decreased in germ-free mice, but production of
mucin can be rescued by activation of microbe-sensing receptors,
suggesting that commensal microbes enhance the intestinal
barrier (2, 23). The composition of the mucin layer differs
between the small and large intestine. The mucous layer of the
small intestine is physically penetrable by bacteria, and epithelial
cells are protected via secreted AMPs (24). In contrast, the large
intestine contains both penetrable outer mucus layer and an
impenetrable inner mucous layer (25).

DIVERSITY OF COMMENSAL MICROBIOTA

With the rise of new techniques such as 16S and whole genome
metagenomic shotgun sequencing, we have begun to understand
in greater detail the diversity and functions of microbiota that
colonize the skin and intestine (14, 26). The skin and intestine
support a tremendous diversity and number of microbiota. In
both the skin and intestine, commensal microbiota are important
for maintaining epithelial homeostasis and overall health of the
tissue (4, 27).

Site-Specific Differential Composition of

Microbiota

Although differing profoundly in taxonomic composition, the
skin and intestine are similar in that the microbial composition
varies among sites and niches. Recent sequencing studies have
extensively mapped the species inhabiting various skin or
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FIGURE 1 | Skin-microbial interactions promote innate immune function. The skin is an active immune organ whose function is augmented by the presence of
commensal microbiota. The epidermis is made up of numerous keratinocytes. The stratum corneum is sealed via intracellular lipids, and other epidermal keratinocytes
are connected via tight junctions. Dermal appendages include sweat glands, hair follicles, and sebaceous glands, all of which contribute to immune function.
Keratinocytes and dermal appendages release antimicrobial peptides and proteins (AMPs), which provide defense against pathogenic microbes. A number of bacteria
species are commensal colonizers of the skin surface. The top three bacterial species for each skin site are shown (4). Dry and sebaceous sites are colonized
predominantly by Cutibacterium acnes, whereas moist sites and the foot are colonized chiefly by Corynebacterium tuberculostearicum.

lipid composition of a skin site (14). For example, sebaceous
gland-rich areas, such as the glabella and back, are colonized
most predominantly by Cutibacterium (formerly known as

body sites with different compositions, including wet, dry,
and sebaceous sites (Figure1) (14, 28). Distinct skin sites
contain unique distribution of bacteria, in part governed by the
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FIGURE 2 | Microbiota augment intestinal innate immunity. Intestinal epithelial cells, which make up the physical barrier of the intestine, secrete antimicrobial peptides
and proteins (AMPs). Goblet cells secrete mucus which forms an additional layer of protection against pathogens. Dendritic cells present antigen to B cells within
Peyer’s patches, stimulating them to secrete IgA. The intestine provides unique niches in which commensal bacteria thrive. Bacteroides and Firmicutes species
comprise the majority of luminal bacteria, whereas segmented filamentous bacteria and Helicobacter pylori can penetrate into the mucus layer of the intestine (8, 9).
Alcaligenes species are able to inhabit Peyer’s patches (10).
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Propionibacterium) species, which are closely associated with
the common condition acne vulgaris (14). Moist sites, such as
the axilla and interdigital web spaces, are largely colonized by
Corynebacteria and Staphylococci species (14).

In addition to bacteria, which are the most abundant
kingdoms of organisms found on the skin, numerous fungi
and viruses inhabit the skin (14). In contrast to bacteria, which
are found in nearly all bodies sites and whose composition is
governed by physiologic conditions, fungal distribution varies
based on distinct body sites rather than physiologic conditions
(29). The core body and arms have a relatively homogenous
fungal composition and are predominantly colonized by
Malassezia species, whereas the foot harbors a much greater
fungal diversity (29). Viral composition, predominantly
Polyomaviridae and Papillomaviridae, shows most diversity
between individuals, rather than depending on body site or
composition (28).

In contrast to the skin, which is inhabited by aerobic bacteria,
aerotolerant anaerobes, or facultative anaerobes, the intestine is
mostly colonized by anaerobes, such as bacteria of the phyla
Bacteroidetes and Firmicutes (Figure 2) (8, 14). Whereas, the
microbial composition of the skin is largely determined by
environmental factors such as the presence or absence of sebum,
the intestinal microbiota is dependent on location, niche, and
external factors, such as diet (14, 30). The large intestine harbors
a higher microbial diversity and density within individuals than
the small intestine (31, 32). However, evidence suggests that the
microbial composition of the small intestine is more dynamic
than that of the large intestine, with large temporal fluctuations in
ileal microbial constituents within a single day (33). Fewer studies
have examined the microbial composition of the small intestine,
compared to the large intestine. However, one study utilized
16s rRNA sequencing to examine the bacterial compositions
of the jejunum, ileum, cecum, and recto-sigmoid colon (32).
Facultative anaerobic bacteria were present in all four locations
along the gastrointestinal tract. Lactobacilli, streptococci, and
Enterococcus were detected at high frequencies in the jejunum
and ileum. In addition to facultative anaerobes, which were the
major operational taxonomic unit in both the small and large
intestine, the large intestine was also found to contain obligate
anaerobic bacteria (32).

Within the small or large intestine, the environmental
niches can be luminal, mucus-associated, epithelial-associated,
or lymphoid tissue-resident (30). Which phyla of bacteria
inhabit a specific intestinal niche depends significantly on the
characteristics of both the bacteria and the niche itself. Luminal
bacteria are largely of the Bacteroidetes and Firmicutes phyla,
and represent the largest percent of intestinal biomass (8).
Recent studies have illuminated that the outer mucus layer of
the large intestine forms a unique “mucus-associated” microbial
niche with distinct bacterial communities (9). Specifically,
bacteria of this niche are adapted to thrive in high levels
of bioavailable iron and carbon, an ability conferred by their
distinct genome-encoded metabolic and mucolytic activities. For
example, Helicobacter pylori secretes urease to increase the pH
of the mucin layer and disrupts the strong glycoprotein bonds,
which allows it to burrow into the stomach mucosa (34).

The epithelial-associated bacteria make up a smaller
proportion of intestine bacteria since fewer bacteria are
able to infiltrate through the mucous layer (30). Epithelial-
associated bacteria express distinct genes that allow them to
colonize epithelial cells. For example, expression of commensal
colonization factor (Ccf) genes allows Bacillus fragilis to
metabolize carbohydrates present in the intestinal lumen and
therefore promotes their colonization of intestinal epithelium,
illustrating the importance of nutrient-specific factors in
determining microbial composition (35). Furthermore, although
B. fragilis is an anaerobic bacteria and thrives predominantly
in the intestinal lumen, it also grows well in nanomolar
oxygen concentrations, such as that found in intestinal
crypts (36). Epithelial-associated bacteria are also important
for proper function of the intestinal immune system. For
example, segmented filamentous bacteria adhere tightly to EICs
and induces a Thl7 response, conferring protection against
pathogenic mucosal bacteria (30). Intestine-associated lymphoid
tissues, including Peyer’s patches and lymphoid follicles, are
colonized largely by Alcaligenes species (10). However, it
should be noted that, under homeostatic conditions, these
bacteria do not spread to the spleen or produce a systemic
IgG response. Colonization of intestine-associated lymphoid
tissues by these bacteria only results in the local production of
Alcaligenes-specific IgA antibodies, highlighting the tolerogenic
response to a lymphoid tissue-resident bacteria (10). Overall,
the special distribution of intestinal bacteria is dependent on
niche-specific factors, such as availability of nutrients or site
specific microbial-host interactions.

Temporal Changes in the Commensal

Microbiome
Commensal species, which can vary according to topography
and anatomic environments, also undergo temporal changes as
humans develop over time. It was previously thought that in
utero fetuses were in a germ-free environment. However, data
have shown that bacteria can be cultured from the umbilical cord
and meconium of healthy full term babies (37, 38). 16S rRNA
gene sequencing recently confirmed the presence of microbiota
in newborn meconium and amniotic fluid (39). Meconium
samples contained bacterial DNA, the majority of which mapped
to Pelomonas puraquae. Conversely, amniotic fluid bacterial
DNA mapped to skin commensal species such as Cutibacterium
acnes and Staphylococcus species (39). The neonatal skin is first
colonized by microbes present in the birth canal. Subsequently,
an infants microbiome is shaped by contact with the outside
environment. Studies have shown that the skin flora of a baby is
largely shaped by the mother’s microbiome at birth and that there
are notable differences in both skin and intestinal microbiota
between infants born naturally or by C-section (40). The infant
can also be exposed to viruses, such as herpes simplex virus type
2, present in the mother’s vaginal tract (41). Over the course of
the first year of life, the infant’s skin microbiome is established
and begins to resemble that of adults (42).

The intestine similarly has a temporal shift in its microbial
flora as the baby transitions from an exclusively milk diet to
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solid foods (42). An initial diet of breast milk results in high
levels of facultative and obligate anaerobes, such as Escherichia
coli, Streptococcus, and Bifidobacterium species (43). Breast
milk provides a source of human milk oligosaccharides and
milk glycoconjugates, which are consumed by Bifidobacterium
species (44). Bacteroides and Clostridia species predominate as
babies are weaned and ingest more complex carbohydrates (43).
Clostridia species are particularly specialized in degrading plant
polysaccharides and are therefore able to thrive in the intestine
once complex carbohydrates are introduced into the infant
diet (45).

Beyond the early years of life, both skin and intestinal
microbiome become more stable, and within-individual variation
in microbial communities over time is much less than between-
individual variations (28, 46, 47). Despite the relative stability
of the skin microbiome, it is less stable over time than the
intestinal microbiome (48). Furthermore, the level of microbial
stability over time is significantly different among individuals;
some individuals have a very stable skin microbiome, whereas
others do not. Skin sites that have extensive environmental
contact, such as the palm, display the least stability in microbial
composition. Interestingly, individuals with a more diverse
intestinal microbiome (in terms of number of bacteria species)
also have a more stable microbiome over time, whereas
individuals with a more diverse skin microbiome have a less
stable microbiome over time (48). Microbial diversity decreases
in the elderly, coinciding with a decline in immunocompetence
in older populations (49). The complex shifts in establishing a
commensal population depending on skin and intestinal sites,
physiologic conditions, and temporality highlight the importance
of finely-tuned interactions between host and microbiota.

Environmental Influences on Microbiome

Composition

In both the skin and intestine, microbial diversity is influenced by
a plethora of exogenous factors, including diet, antibiotic use, and
obesity (50-52). In the skin, treatment with topical or systemic
antibiotics has been linked to shifts in the cutaneous microbiome.
For example, use of topical antibiotics, such a bacitracin,
neomycin, and polymyxin B (found in the commonly-used triple
antibiotic ointment) lead to decreased commensal Staphylococcus
strain in mice (53). Oral isotretinoin or tetracycline treatment
leads to decreased abundance of Cutibacterium on the skin
and the microbiome of sebaceous areas shifts to mimic that of
dry sites, containing a greater proportion of Staphylococcus and
Streptococcus species (54).

Diet is a strong driver of microbial composition in the
intestine. An animal-based diet increases the abundance of
bacteria that are bile-tolerant, such as Alistipes, Bilophila, and
Bacteroides (50). In contrast, a vegan or vegetarian diet is
associated with an increased prevalence of lactic acid bacteria,
including Ruminococcus, Eubacterium rectale, and Roseburia
(55). Prevotella species predominate in humans whose diets are
high in carbohydrates and simple sugars (56). High fiber diets
lead to a higher abundance of bacteria that ferment fiber into
SCFAs, which have a broad range of beneficial effects, including

immunomodulatory properties (57). Diet can even influence
the circadian dynamics of intestinal microbiota: diet-induced
obesity causes a dampening of diurnal variations in microbial
composition (58).

MAINTAINING HOST-COMMENSAL
HOMEOSTASIS VIA INNATE IMMUNITY

The skin and intestine have developed symbiotic relationships
with commensal microbes and established a homeostasis
that balances tolerating commensal microbes while defending
against pathogens.

Commensal Microbiota Help Maintain

Homeostasis in the Skin and Intestine

In the skin, the presence of commensal bacteria is crucial
for maintenance of a healthy cutaneous environment. In
development, skin immune tolerance begins developing in the
post-natal period when T reg cells begin expressing the pathogen-
specific FOXP3 transcription factor, coinciding with commensal
colonization (59). Later in development, the continued presence
of skin commensal bacteria modulates production of numerous
cytokines and AMPs that help to protect the skin against
pathogens. For example, commensal bacteria such as .
epidermidis can induce production of various cytokines by IL-
17TCD8™ T cells (60). S. epidermidis can also produce ligands
that suppress inappropriate immune activation by inhibiting
production of tumor necrosis factor-« and IL-6 (61). Recent work
demonstrated that germ-free mice have decreased expression of
Toll-like receptors (TLRs), AMPs, complement cascades, and
IL-1 cytokine signaling in the skin, when compared to specific
pathogen free mice (62).

Itis also well-established that bacterial colonization is essential
for maturation of the intestinal innate immune system and, as
in the skin, commensal microbiota work in tandem with the
immune system to protect the host against pathogens (63, 64).
For example, Bacteroides fragilis (B. fragilis) and commensal
Clostridium cluster such as IV and XIVa can accumulate
Foxp3™ Tyeg cells in mice and help build immune tolerance to
the commensal microbiome (65, 66). In addition, the lamina
propria harbors macrophages, whose function is phagocytosis of
pathogens. However, lamina propria-associated macrophages do
not express as strong proinflammatory phagocytic responses as
macrophages at other sites (67). This suggests adaptation of the
host in response to a large population of commensal microbiota,
which minimizes unnecessary inflammation (34).

Innate Immune Responses Upon Barrier
Injury Are Modulated by Commensal

Microbiota

The physical and chemical barriers discussed above are crucial
in preventing tissue penetration of the microbes by decreasing
direct contact between them. However, pathogenic microbes may
gain access to the tissue when there is a breach of these barriers.
Disruption of the skin barrier may occur through physical cut or
toxic chemical exposure. Barrier disruption is also associated with
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chronic intestinal diseases such as inflammatory bowel disease,
obesity, and diabetes, all of which can increase the intestinal
permeability (68). In the following section, we discuss innate
immune mechanisms upon barrier breach and how they are
modulated by commensal bacteria.

Prompt recognition and eradication of pathogens are
necessary to prevent infection. The innate immune system
provides a first line of defense against pathogens upon barrier
breach. Recent evidence has illuminated the role of commensal
microbes in strengthening innate immune defense against
pathogens (69). Pattern recognition receptors (PRRs) interact
with microbe- or pathogen-associated molecular patterns
(MAMPs or PAMPs) such as lipopolysaccharide (LPS) and
peptidoglycan (PG) on bacteria and nucleic acids from bacteria
(70). Upon activation of PRRs, downstream signaling leads to
release of inflammatory cytokines or activation of immune cells.
In the skin, PRRs are present on immune cells and keratinocytes.
TLR stimulation can mediate direct antimicrobial action through
the stimulation of macrophages to undergo phagocytosis and
can also induce cytokines that mediate the differentiation
of monocytes into macrophages and dendritic cells (70, 71).
Commensal microbes secrete molecules which may act directly
as TLR ligands; S. epidermidis secretes multiple small molecules
that act as TLR2 and EGFR agonists, stimulating production of
AMPs that have activity against group A Streptococcus and S.
aureus (72-74).

AMPs play a critical role in innate immunity by acting under
homeostatic conditions and destroying pathogenic microbes
through various mechanisms (75). Keratinocytes, the major cell
type in the skin, produce various AMPs (Figure 1) (49, 76).
Human p-defensin-1 (hBD-1) is constitutively expressed by
keratinocytes whereas hBD-2 and —3 are upregulated in response
to inflammation (77-79). Human cathelicidin (hCAP-18) is
cleaved and processed to the active form of antimicrobial peptide,
LL-37 which then disrupts microbial membranes (80). Some
specialized keratinocytes that make up appendages such as hair
follicles, sweat glands, and sebaceous glands have various AMPs
pertinent to their microenvironments (Figure 1). For example,
dermcidin is traditionally thought to be a sweat-gland specific
AMP, yet there are emerging evidences that it is also produced
by sebaceous gland in humans and mice (81, 82). Sebaceous
glands also produce cathelicidin and hBD-2 (83, 84). Commensal
bacteria have been shown to secrete AMPs. S. epidermidis secretes
phenol-soluble modulin y and § that have antibiotic effects
on S. aureus (85). Commensal bacteria can also act on lipids
secreted from sebaceous glands and hydrolyze them to free fatty
acids (FFAs) (86). FFAs have intrinsic antibacterial effects against
various Gram-positive bacteria; sapienic acid has activity against
methicillin-resistant S. aureus (MRSA) (87). Furthermore, FFAs
can induce sebocytes to upregulate expression of hBD-2 (88).

Just as external environmental effects are known to modulate
skin microbial composition, environmental factors also regulate
microbial recognition and AMP production in the skin. Ligand-
dependent activation of the vitamin D receptor (VDR) is
required for recruitment of macrophages to the injury site after
wounding (89, 90). Genes coding for TLR2 are induced by the
presence of 1,25-dihydroxy vitamin D3, which is regulated in

part by exposure to UV light (83). Furthermore, vitamin D3-
induced expression of TLR2 leads to cathelicidin production
upon exposure to microbial components. Conversely, TLR2
activation can lead to increased expression of the VDR, which
can be activated by vitamin D3 to produce cathelicidin (91).
Vitamin D3-eluting wound nanodressings have even been shown
to increased cathelicidin expression in human skin wounded
explants (92).

Similarly to epidermal keratinocytes, IECs express PRRs,
such as TLRS, NOD-like receptors (NLRs), and RIG-I-like
receptors (RLRs) (93). PRR signaling is important both in
homeostasis and in response to pathogenic bacteria, highlighting
the diverse functions of innate immunity at steady-state
and under disease conditions (94-96). PRRs also respond
differently under homeostatic vs. inflammatory conditions, in
part because of the presence of damage-associated molecular
patterns (DAMPs), which are released by injured epithelial
cells (97). Interestingly, steady-state activation of TLRs by
commensal intestinal microbiota is also important for proper
intestinal homeostasis. For example, mice deficient in TLRs,
downstream signaling components of the TLR pathway, or
normal commensal microbiota all displayed greater morbidity
and mortality following intestinal epithelial disruption (95).
Furthermore, TLR activation by commensal bacteria can enhance
the protective function of tight junctions against pathogens by
strengthening the zonula occludens-1 protein (94). The activated
macrophages also signal repair pathway that promotes rapid
enterocyte proliferation to repair the tissue defect by producing
growth factors (34, 43). This highlights the importance of
synergistic activity of commensal microbiota and host innate
immunity in maintenance of a healthy epithelium.

In addition to producing barrier-protective mucins, EICs
are also a rich source of AMPs (Figure2) (2). Enterocytes
produce AMPs including regenerating islet-derived protein
I1I,, (REGIII, ) and numerous S-defensins, which play diverse
antimicrobial roles, including spatial segregation of bacteria
(98, 99). Beyond their roles in barrier formation and production
of AMPs, enterocytes also facilitate the translocation of
secretory immunoglobulins, particularly IgA, across the
intestinal wall (100). Paneth cells, present in intestinal crypts,
produce additional AMPs, including «-defensins, lysozyme, and
phospholipase A2 (98, 101, 102).

Intestinal commensals are able to induce AMP production
in the intestine. Lactobacillus and probiotic E. coli strains
are able to induce secretion of hBD-2 from enterocytes (103,
104). Commensal microbiota in the intestine are also capable
of producing molecules that protect the host from chronic
inflammatory diseases. For example, polysaccharide A, produced
by B. fragilis, prevents inflammatory bowel disease (IBD) via
an IL-10-producing CD4" T cell-dependent mechanism (105).
SCFAs produced by commensals of the genuses Bifidobacterium
and Bacteroides interact with the G-protein-coupled receptor
43 (GPCR43) (106). Mice deficient in GPCR43 have impaired
resolution of inflammation in models of IBD, arthritis and
asthma. Similarly to vitamin D3-dependent regulation of AMPs
in the skin, butyrate regulates AMP production in the intestine.
Butyrate is a SCFA that is produced by fermentation of
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carbohydrates in the lumen by intestinal bacteria (107). Butyrate
strongly induces cathelicidin production in colonic epithelial
cells, and moderately induces h-BD1 and h-BD2 (108). Factors
produced by commensal bacteria in the intestine may also
prevent injury to IECs or facilitate intestinal repair. Numerous
commensal bacteria produce compounds that prevent damage
by noxious stimuli. Competence and sporulation factor (CSF)
produced by Bacillus subtilis activates the mitogen-activated
protein kinase (MAPK) pathway to protect epithelial cells
from oxidative stress (109). Similarly, Lactobacillus rhamnosus
produces two compounds, p75 and p40, which prevent
cytokine-induced apoptosis of IECs through epidermal growth
factor receptor (EGFR) signaling, which activates anti-apoptotic
Akt/protein kinase B (110-112). Tight junction assembly is
promoted by Bifidobacterium and butyrate from various bacteria,
underscoring the ability of commensal bacteria to promote
intestinal barrier function (113-115).

CONCLUSION

The skin and intestine are both active immune organs that
are under constant environmental exposure. Therefore, complex
regulatory mechanisms have evolved to maintain homeostasis.
In addition to acting as physical barriers, epithelial cells of the
skin and intestine produce AMPs, which act as endogenous
antibiotics to protect against potential pathogens. Immune cells
also constantly surveil both of these surfaces. More recently,
it has been appreciated commensal microbiota may induce
beneficial, tolerogenic immune responses under homeostasis or
prime the immune system to fight against pathogens upon
barrier breach. Some commensal bacteria may even produce
AMPs on their own. An improved understanding of beneficial
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Defensins represents an integral part of the innate immune system serving to ward off
potential pathogens and to protect the intestinal barrier from microbial encroachment.
In addition to their antimicrobial activities, defensins in general, and human B-defensin
2 (hBD2) in particular, also exhibit immunomodulatory capabilities. In this report, we
assessed the therapeutic efficacy of systemically administered recombinant hBD2 to
ameliorate intestinal inflammation in three distinct animal models of inflammatory bowel
disease; i.e., chemically induced mucosal injury (DSS), loss of mucosal tolerance (TNBS),
and T-cell transfer into immunodeficient recipient mice. Treatment efficacy was confirmed
in all tested models, where systemically administered hBD2 mitigated inflammation,
improved disease activity index, and hindered colitis-induced body weight loss on par
with anti-TNF-a and steroids. Treatment of lipopolysaccharide (LPS)-activated human
peripheral blood mononuclear cells with rhBD2 confirmed the immunomodulatory
capacity in the circulatory compartment. Subsequent analyzes revealed dendritic cells
(DCs) as the main target population. Suppression of LPS-induced inflammation was
dependent on chemokine receptor 2 (CCR2) expression. Mechanistically, hBD2 engaged
with CCR2 on its DC target cell to decrease NF-kB, and increase CREB phosphorylation,
hence curbing inflammation. To our knowledge, this is the first study showing in vivo
efficacy of a systemically administered defensin in experimental disease.

Keywords: host defense peptides, antimicrobial peptides, §-defensins, IBD, innate immunity

INTRODUCTION

Inflammatory bowel diseases (IBD) are multifactorial disorders characterized by chronic relapsing
inflammation of the intestine (1). They currently affect more than 4 million patients worldwide (2)
and are classified in two major entities, Crohn’s disease (CD) and ulcerative colitis (UC). While UC
is mainly restricted to the colonic mucosa, CD can occur at any site of the gastrointestinal tract but
predominantly in the terminal ileum and colon, and inflammation is typically transmural (3).
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The etiology of the different forms of IBD is not fully
understood. It has, however, been demonstrated that differential
defects of the intestinal antimicrobial barrier play an important
role in the pathogenesis of both CD and UC (4). Genetic
analysis revealed that small intestinal vs. colonic CD are different
disease entities and are characterized by distinct but overlapping
genetic signatures (5). Moreover, in UC compromised mucus
production, due to depletion of goblet cells, is a key triggering
event in disease pathology, whereas CD is characterized by
a defective intestinal barrier, which associates with complex
defensin deficiencies based on a variety of mechanisms (6-10).
The best described genetic links to small intestinal CD (11), i.e.,
NOD2, ATG16L1, XBPDI, are functionally involved in Paneth
cell function (12-15). Paneth cells of the small intestine secrete
different antimicrobial peptides into the intestinal lumen. Other
mechanisms involving compromised o-defensin regulation of
Paneth cells include the Wnt signaling pathway (16). A reduced
monocyte derived Wnt ligand secretion in CD may further
diminish Paneth cells and defensin expression (10). In the colon,
we and others have shown an attenuated induction of the
inducible human B-defensin 2 (hBD2) in CD patients, although
the mechanisms remains elusive (7).

Defensins represent an ancient highly conserved part of
the innate immune system. Most of these small endogenous
peptides possess broad-spectrum antimicrobial activity as well
as immunomodulatory functions. In humans, granulocytes
as well as Paneth cells secrete different a-defensins whereas
p-defensins are expressed by epithelial surfaces throughout
the body (17). hBD2 was discovered using a functional
antimicrobial readout by Harder and Schréder in the skin
(18). As shown in vitro hBD2 has strong antimicrobial and
immunomodulatory functions and is induced by inflammatory
stimuli or exogenous microbial substances (19). hBD2
promotes intestinal wound healing (19) and angiogenesis
(20) in vitro and can act as a chemoattractant for dendritic cells
(DCs), monocytes and T-cells through interaction with the
chemokine receptor 2 (CCR2) and 6 (CCR6) (21, 22). Thus,
in addition to a lack of mucosal antibacterial activity (23) low
defensin expression may also translate into a repressed anti-
inflammatory activity. Together, these data provide evidence
for an important role of defensins, including hBD2, in IBD
disease pathogenesis and potential therapy, but its mode of
action in vivo and their potential role as therapeutics remains to
be described.

Standard therapy in IBD is based on immunosuppression
with glucocorticosteroids and azathioprine as short and long
term therapy, respectively. Antibodies that target tumor necrosis
factor alpha (TNFa) attenuate disease-related inflammatory
pathways rather than act as a general immunosuppressants,
but 20-40% of patients are primary TNFa non-responders and
up to 50% lose their effective response over time, termed
secondary non-responders (24, 25). Despite successful
development of other biologicals against specific targets
like integrins or IL-12/23, the medical need for alternative
therapeutic strategies targeting the molecular mechanisms
underlying IBD is still high, providing a sound rationale
for examining hBD2 as a potential biological therapy for

the treatment of IBD and potentially other barrier function
related inflammatory disorders. However, a major limitation
for considering development of hBD2 was the difficulty to
produce sufficient quantities of defensin peptides at industrial
scale. We have therefore developed a cost efficient large-scale
production method of recombinant hBD2 (26). In this study,
we hypothesized that hBD2 could act as an anti-inflammatory
peptide independently of its classical antimicrobial function.
We found that recombinant hBD2 suppressed DC-mediated
secretion of proinflammatory cytokines such as TNF-a, IL-
12 and IL-1B. The mechanism was dependent on CCR2
signaling leading to a reduced NF-kB but increased CREB
phosphorylation. Extending the in vitro findings, we next
assessed the capability of hBD2 to suppress IBD in three different
animal models of experimental colitis. We administered the
therapeutic agent by subcutaneous injections to uncouple its
classical antimicrobial actions from its immunomodulatory
capabilities. hBD2 administration significantly improved
the responding phenotype in both DSS-, TNBS-, and T-cell
induced colitis, hence corroborating broad treatment efficacy
in discrepant gastrointestinal disease pathologies. These data
represent the first in vivo evidence that a human defensin, such
as hBD2, offers a systemic, anti-inflammatory biologic agent,
which could be used as a promising future therapeutic against
human IBD.

MATERIALS AND METHODS

Human Blood Samples

In this study blood was obtained from healthy individuals (males
and females in 1:1 ratio) that gave their written and informed
consent after they were informed about the study purpose,
sample procedure, and potential adjunctive risks. The study
protocol was previously approved by the Ethical Committee of
the University Hospital, Ttuibingen, Germany and the Ethical
Committee of Region Capital, Denmark (Den Videnskabsetiske
komite Region Hovedstaden).

Production and Purification of
Recombinant hBD2

Recombinant hBD2 was expressed in E. coli as a his-tagged
thioredoxin fusion protein with an enterokinase cleavage site and
purified essentially as described in the patent (W02010/007166
Treatment of inflammatory bowel diseases with human f-
defensin 2). An additional reversed phase purification step was
included to ensure removal of endotoxins. The processed and
purified hBD2 was diluted in water for injection supplemented
with 1% v/v formic acid and bound to a Daisogel SP-120-
C18 column and eluted with 1% v/v formic acid in 30%
v/v ethanol. The solvents were removed by evaporation in
a speed-vac and the final product formulated in PBS before
use. The proper folding and disulphide-bridge topology was
verified using tryptic digestion coupled with LC-MS/MS and
NMR spectroscopy. The purified hBD2 (endotoxin levels <
0.05 EU/ml) were kept in its natural tertiary structure with
purity >96%.
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In vitro Toxicity Tests

Red Blood Cell Assay

Blood was collected using EDTA as anticoagulant and diluted
in PBS to obtain an 8% red blood cell suspension. One part
of the red blood cell suspension was added to three parts of
test material (dissolved in PBS) in a poly propylene plate. One
percent sodium dodecyl sulfate (SDS) was used as a positive
control. Assay mixtures were incubated for 60 min at 37°C under
constant agitation of the plate. Incubation was terminated by
centrifugation at 2,000 rpm for 2-3 min. 50 1 of the supernatants
were transferred to a microtiter plate and measured at 540 nm.

Murine Fibroblasts L929 Neutral Red Uptake
Cytotoxicity was measured by the neutral red uptake procedure
of Borenfreund and Puerner, using mouse 1929 fibroblasts
(ATCC® CCL-1™) and a 24h exposure to hBD2 (27). L929
fibroblasts were grown in EMEM supplemented with 10% fetal
bovine serum (FBS). For testing 7.5 x 10* cells were seeded into
96 well plates and incubated for 24 h at 37°C to establish a near
confluent monolayer. Cells were challenged with the indicated
concentrations of hBD2, SDS was used as control.

In vivo Toxicity Test

In vivo toxicity of hBD2 was assessed in 6-8 weeks old female
NMRI mice (Taconic Europe). All animal studies were performed
according to Danish legislations for laboratory animals and
approved by Novozymes science ethics committee. hBD2 was
given subcutaneously (s.c.) in the intrascapular region using a
25G needle and a 1 ml syringe. Animals were dosed on day 0 with
the indicated amount of hBD2, applied as 10 mg/kg according
to the individual body weight. Clinical signs were recorded on
day 0 and monitored until experimental endpoints. Body weights
were recorded as a minimum on day 0, day 2, and day 4 prior
to euthanasia. Necropsy was performed after euthanasia and
kidneys, spleens and livers were weighed.

Pharmacokinetic Profile of hBD2

Two groups of female NMRI mice were weighed and injected s.c.
with either 1 mg/kg (n = 4) or 10 mg/kg (n = 3) hBD2 in 300 pl
HBD2 was diluted in 10 mM sodium acetate in 0.9% NaCl. Blood
samples were collected at different time points and stored at room
temperature for a minimum of 20 min before centrifugation at
2,000 x g for 10 min. Serum was separated and stored at —20°C
until analysis. Serum from the group that received 10 mg/kg was
analyzed by LC-MS/MS, the serum from the other group was
analyzed by HPLC.

Stimulation of Peripheral Blood

Mononuclear Cells (PBMCs)

Heparinized blood was diluted 1/1 v/v with RPMI (Gibco)
and was subjected to Ficoll-Paque Plus (GE healthcare) density
centrifugation within 2 h of drawing. Plasma was collected from
the top from individual donors and was kept on ice until it
was used at 2% in the culture medium (autologous culture
medium). Isolated PBMC’s were re-suspended in autologous
culture medium and seeded in 96-well culture plates with
115.500 cells per well (Figure1l) or 200.000 cells per well
(Figure2) in a total of 200ul. PBMC’s from the same
donor were stimulated with 100, 10 or 1ug/ml of hBD2
either alone or together with 20 pg/ml lipopolysaccharide
(LPS) (E. coli, O111:B4, Sigma L14391) or with 0.3 pg/ml
Pam3CSK4 (InvivoGen). The supernatants were collected after
incubation at 37°C for 24h, and stored at —80°C until
cytokine measurement.

The experiment in Figurel was performed with healthy
volunteers, which were recruited under an approval from the
Ethical Committee for Region Capital, Denmark. Interleukin
18 (IL-1P) and tumor necrosis factor alpha (TNF-a) (Figure 1)
were quantified in supernatants by flow cytometry using a
human inflammation cytometric bead array (CBA) according
to manufacturer’s instructions (BD) using a FACSarray flow
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FIGURE 1 | hBD2 reduced the pro-inflammatory effect of LPS and Pam3CSK4 in human primary PBMC’s. PBMC'’s were challenged with LPS (20 pg/ml) or
Pam3CSK4 (0.3 ng/ml), respectively, and treated with various concentrations of hBD2 (100, 40, 10, or 1 ug/ml). Release of (A) IL-1p and (B) TNF-a. Results are
presented as mean + SEM, (A) and (B) n = 150-194. Statistical analysis was performed by one-way ANOVA with Bonferroni post-test.
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FIGURE 2 | hBD2 reduced the pro-inflammatory effect of LPS in human primary PBMC's of ulcerative colitis patients. PBMC'’s were challenged with LPS (20 pg/ml)
and treated with 10 pg/mL hBD2. Release of of (A) IL-18, (B) TNF-«, (C) INF-y, (D) IL-23, and (E) IL-12p70 is shown in % normalized to LPS. Data are presented as
mean + SEM (n = 4) and analyzed by unpaired t-test.

cytometer. IL-1f, TNF- o, Interferon gamma (INF-y), Interleukin The experiment in Figure2 was performed with
12p70 (IL-12), and Interleukin 23 (IL-23) were analyzed using 8 subjects (4 controls and 4 colitis patients) to study
a human inflammation cytometric bead array (LegendPlex the impact of disease status on treatment efficacy.
Biolegends) according to manufacturer’s instructions. Clinical status of these subjects were subtotal remission
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(Simponi and Salofalk), remission (Vedolizumab), mild
disease  (Infliximab, Salofalk, and Prednisolon), and
moderate disease (Vedolizumab). PBMCs from these
subjects were analyzed for IL-1b, TNF-a, IFN-g, IL-

12, and IL-23 expression using a human inflammation
cytometric bead array (LegendPlex Biolegends) according
to manufacturer’s instructions.

Generation of Human Monocyte-Derived
Dendritic Cells (Mo-DCs)

Peripheral blood was drawn from healthy donors and diluted
one to one in PBS. The mixture was stacked in a falcon
tube on Biocoll separation solution (Biochrome) with a
ratio of three parts blood PBS mixture to two parts Biocoll.
For a density gradient centrifugation the falcon tubes were
centrifuged at 2,000 rpm for 30min at RT. The PBMC’s
were removed and washed twice with PBS. 1.5 x 10° cells
were seeded per well in a tissue culture-treated 6-well plate
in RPMI-1640 medium (Merck) supplemented with 10%
fetal calf serum (FCS; Sigma-Aldrich), 2mM L-glutamine
(Biochrome), 100 U/ml penicillin/streptomycin  (Gibco),
50 M 2-mercaptoethanol (Fluka), 1mM sodium pyruvate
(Biochrome), and 1x non-essential amino acids (Biochrome)
and incubated for 1h at 37°C and 5% CO; for monocyte
adherence. Then the cells were washed with media and PBS to
remove the non-adherent cells and were cultivated for 6 days
with media additional supplemented with 50 ng IL-4 and 100
ng GM-CSF (Miltenyi). Cytokines were added a second and
third time on day 2 and 4 whereas the cells were harvested
at day 6.

Generation of Bone Marrow-Derived
Dendritic Cells (BM-DCs)

BM-DC’s were generated using granulocyte-macrophage
colony-stimulating factor (GM-CSF) and RPMI-1640 medium
(Merck) supplemented with 10% fetal calf serum (FBS; Life
Technologies), 2mM glutamine (Thermo Fisher), 100 U/ml
penicillin/streptomycin  (Gibco), 50 uM 2-mercaptoethanol

(Roth), ImM sodium pyruvate (Biochrome), and 1x
non-essential amino acids (Biochrome) as previously
described (28). Shortly, 2 x 10° bone marrow cells

flushed from the tibias and femurs of C57BL/6 mice
were seeded in dishes containing 200 U/ml GM-CSF.
After 3 days extra medium containing GM-CSF was
added to the cells and on day 6 half of the medium was
replaced by fresh serum containing GM-CSF. After 7
or 8 days slightly attached cells were harvested. Female
C57BL/6JolaHsd mice were purchased from Janvier (St.
Berthevin  Cedex, France). Animal experiments were
performed in strict accordance with the German regulations
of the Society for Laboratory Animal Science (GV-
SOLAS) and the European Health Law of the Federation
of Laboratory Animal Science Associations (FELASA).
The protocol was approved by the Regierungsprisidium
Tiibingen (Anzeige 09.01.2014).

Cytokine Production by Human Mo-DC'’s
and Murine BM-DC'’s

2 x 10° murine BM-DC’s or human Mo-DC’s were seeded
in 96-well round bottom plates. First they were pretreated
with 100 ng/ml pertussis toxin (Sigma-Aldrich) or 5uM of
the CCR2 inhibitor RS 504393 (Tocris) and subsequently
stimulated with 100ng/ml LPS or 0.2 mg/ml TNF-a, 0.2
mg/ml IL-6 and 0.2 mg/ml IL-18 and 10 pg/ml or 100 pg/ml
hBD2. 24h later supernatants were collected and TNF-a
[Biolegend (BM-DC’s); R&D (Mo-DC’s)] was analyzed according
to the manufacturer’s instructions. IL-10, IL-12, and IL-1P
(LEGENDplex Biolegend) was as well-analyzed according to the
manufacturer’s instructions.

Flow Cytometry

2 x 10° murine BM-DC’s were seeded in 96-well round bottom
plates and treated as described above. Cells were removed
from the plate using Accutase (Sigma-Aldrich) and stained for
20 min at room temperature with Zombie Aqua (Biolegend) to
exclude dead cells and extracellular antibodies against CD11c-
APC (N418) (Miltenyi), MHCII-FITC (M5/114.15.2) (Miltenyi)
and CD86-BV421 (GL-1) (Biolegend). For p-CREB staining
cells were fixed and permeabilized with Foxp3 Staining Buffer
Set (eBioscience) and stained with primary antibody phosphor-
CREB mAb (Ser133; clone 87G3) (Cell Signaling) for 30 min in
the dark at room temperature followed by secondary goat anti-
rabbit IgG-DyLight™ 649 (Jackson ImmunoResearch) for 15 min
at 4°C. To detect intracellular p-NF-kB BM-DCs were fixed with
2% paraformaldehyde (VWR) in PBS, permeabilized with 90%
freezing methanol (Applichem) and stained with the primary
antibodies to phosphor-NF-kB p65 (93H1) (Cell Signaling) for
60 min in the dark at room temperature followed by goat anti-
rabbit IgG-PE-Cy7 (Santa Cruz Biotechnology) for 15 min at4°C.
PBS with 0,5% bovine serum albumin (Biomol) was used for all
incubations and washing steps. At least 50,000 cells were acquired
using a Canto-II flow cytometer (BD nces) with DIVA software
(BD Biosciences) and were further analyzed using FlowJo 10.5
software (Tree Star).

DSS Colitis Model

The DSS colitis study was performed by Farma-Cros Ibérica
according to directive 86/609 EEC and approved by Novozymes
science ethics committee. 7-8 weeks old male C57BL/6 mice were
used (Charles River) and each group consisted of 10 animals.
Animal allocation to all experimental groups was done in a
randomized manner. Colitis was induced by supplementing the
drinking water with 2% dextran sodium sulfate (DSS, 30-50 kDA,
MP Biomedicals) for 7 days. On day 1 all mice were weighed
and the drinking bottle was filled with the DSS solution, this
solution was replaced on day 3 and 5. On day 8 the remaining
solution was discarded and replaced with autoclaved water. Mice
were divided into 3 groups. One group received PBS as sham
treatment intravenously. One group received on day 1, 4, and 8,
300 pg/mouse of a mouse anti-TNF-o antibody (¢ TNE Ramcon)
intraperitoneally. The animals in the other group were dosed s.c.
with 0.1 mg/kg hBD2 once a day, starting at day 1 until day 10.
Animals were euthenized on day 10. Daily clinical assessment was
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carried out to calculate a validated clinical disease activity index
(DAI) ranging from 0 to 4 according to the following parameters:
body weight loss, presence or absence of rectal bleeding, stool
consistency. One mouse in the DSS control group had to be
euthanized before the end of the study.

TNBS Colitis Model

The TNBS colitis study was performed by Farma-Cros
Ibérica according to directive 86/609 EEC and approved by
Novozymes science ethics committee. Male BALB/cByJ mice
were used (Janvier) and each group consisted of 15 animals.
Animal allocation to all experimental groups was done in
a randomized manner. Colitis was induced on day 0 by
intracolonic (distal) administration of trinitrobenzene sulfonic
acid (TNBS), 1 mg/mouse in 50% ethanol under mild anesthesia
(ketamine/xylazine). Treatment of the animals started on day 0
after induction of colitis. All compounds were applied s.c. Mice
received PBS (TNBS control), Prednisolone (10 mg/kg), or hBD2
0.1 mg/kg), respectively. In the TNBS control group as well as
in the Prednisolone group, 2 animals had to be sacrificed before
the end of the experiment. All other animals were sacrificed on
day 10. Daily clinical assessment was carried out to calculate
a validated clinical DAI ranging from 0 to 4 according to the
following parameters: body weight loss, presence or absence of
rectal bleeding, stool consistency.

T Cell Colitis Model

This study was performed by the Department of Biomedical
Science at the University of Catania according to directive 86/609
EEC and approved by Novozymes science ethics committee. 8
weeks old female BALB/c and C.B-17 female SCID mice were
purchased from Harlan (Italy). Colitis was induced in severe
combined immunodeficiency (SCID) mice by transplantation
of CD4%7/CD25~ T cells from the BALB/c mice. Briefly,
lymphomonocytes isolated from spleen or lymph nodes from
BALB/c mice were subjected to negative selection of CD4™ T
cells. Afterwards, CD4%/CD25™ cells were positively isolated by
binding to the beads from the CD4™" T cell suspensions and the
CD41/CD25~ were collected from supernatant. Cell preparation
was considered successful if the analysis of purified cells by flow
cytometry (FACSCalibur, BD Bioscience, Heidelberg, Germany)
using CellQuest software showed that >95% of the cells
were viable (based on forward and side-scatter characteristics
and/or 7- actynomycin-D staining) and CD4-positive (using
a FITC-conjugated anti-mouse CD4-antibody, BD, Heidelberg,
Germany), as well as more than 98% depleted of CD25 (using
a APC-conjugated anti-mouse CD25-antibody, BD, Heidelberg,
Germany). CD47/CD25™ cells were intraperitoneally injected to
SCID mice at a concentration of 500,000 cells in a final volume of
0.2 ml RPMI 1640. Sham treated animals (n = 6) received 0.2 ml
pure RPMI 1640. Diseased mice were randomized divided into
4 groups (n = 11) and treated once daily by s.c. application of
PBS (vehicle), hBD2 (0.1 and 1 mg/kg, respectively) or 0.3 mg/kg
Dexamethasone (Dexa., applied intraperitoneally). Treatments
started 7 days post T cell transfer and continued daily for 86 days.
Animals were weighed three times a week and monitored twice a
week starting from day 42 for the clinical status, summarized as

DAI. The DAI included body weight loss, stool consistency, and
the presence of blood at the rectum. One animal in the vehicle
and one in the Dexamethasone treated groups had to be sacrificed
before the end of the study. At the end of the study, animals
were sacrificed and the colon was removed and carefully cleaned
for further analysis. First, the colon was weighed then a section
from the middle was removed and fixed for pathologic survey.
The rest of the colon (5cm) was used to quantify the activity of
myeloperoxidase in the tissue.

Myeloperoxidase Activity Assay
Myeloperoxidase activity was performed on 5cm of colon
previously frozen at —80°C. Colon was homogenized in 0.5%
of HETAB dissolved in 10mM of Phosphate-Citrate Buffer
(pH 7.0) to enable the release of MPO enzyme from the
neutrophil granules. Homogenated samples after three freeze-
thaw cycles were spun at 3,000 x g at 4°C for 30 min. Pellets
were resuspended in 0.5% HETAB in 10 mM Phosphate-Citrate
Buffer and spun again at 3,000 x g at 4°C for 30 min. 500
ul of supernatant were delivered into a vial along with 500
ul of TMB in Phosphate-Citrate Buffer containing Perborate
Sodium. Changes in absorbance at 620 and 450 nm were read by
a spectrophotometer (IRIS). Peroxidase enzyme diluted in 0.5%
HETAB in 10 mM Phosphate-Citrate Buffer and H20 was used
as standard. Two-fold dilutions of standard were prepared at the
highest concentration of 50 pg/ml. Reagents and samples were
kept refrigerated. Substrate solution was prepared just before the
assay. MPO activity expresses the amount of enzyme that is able
to degrade 1 M of peroxide/min and it is expressed as U/g
tissue weight.

Preparation of Histological Samples

Sections of the colon were taken from each animal and preserved
in neutral buffered formaline for subsequent histological analysis.
Sections were stained using haematoxylin and eosin for
further scoring.

Statistical Analysis

Release of cytokines from PBMC’s was compared using two-
way ANOVA and Tukey post-test or unpaired students ¢-test
as appropriate. Weight change, colon weight and MPO activity
were compared using one-way-ANOVA and Bonferroni post-
test, while clinical and pathological scores were analyzed by a
Kruskal-Wallis-test for non-parametric data with a Dunn’s post-
test. All statistical analyses and graphs were done using GraphPad
Prism 8 (GraphPad Software, USA).

RESULTS

hBD2 Modulated the Effects of Toll-Like

Receptor Ligands in PBMC’s

We selected human PBMCs challenged with LPS as an ex vivo
read out model to assess the anti-inflammatory potential
of hBD2. While LPS-challenged PBMCs secreted ample
amount of interleukin 1-B (IL-1B) (Figure 1A) and TNF-a
(Figure 1B), co-treatment with increasing doses of hBD2
consistently mitigated release of both cytokines. hBD2 is a
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positively charged peptide and could potentially bind to the
negatively charged LPS, hence mediate the observed effect
indirectly without interfering with the pathway. To investigate
this possibility, we included an alternative toll like receptor
(TLR) ligand, Pam3CSK4; a neutral/negative charged synthetic
peptide. As shown in Figure 1, hBD2 significantly reduced the
Pam3CSK4 induced release of IL-1p and TNF-a, corroborating
a strong anti-inflammatory effect of hBD2 on human
PBMC:s ex vivo.

We next evaluated if the immune modulating capabilities of
hBD2 could be extended to colitis patients. This patient group
is known to exhibit an altered response to immunomodulatory
stimuli compared to healthy controls. We therefore expanded
the proinflammatory panel to also include interferon (INF)-y,
IL-12p70, and IL-23. Despite the low n-size in this proof-of-
concept sub-experiment, hBD2 treatment successfully attenuated
the proinflammatory immune response in LPS-stimulated
PBMC:s (Figure 2).

Cytokine Production of DC’s Was Affected
by hBD2 in a TLR- and CCR2-Dependent

Manner

Since PBMCs comprise a variety of cell types we aimed to
characterize the responsive cell type, and furthermore the
receptor that was targeted by hBD2. DCs upregulate cytokine
production when their TLRs engage their cognate ligands (29).
Thus, we hypothesized that DC mediated cytokine secretion was
affected by hBD2. We generated human mo-DCs and murine
BM-DCs in vitro, and subsequently challenged them with LPS
with or without two different concentrations of hBD2. Similar
to the previously reported PBMC response (Figures 1, 2), hBD2
treatment dose-dependently curbed TNF-a production in LPS-
challenged DCs (Figures 3A,B).

To test whether the hBD2-mediated cytokine modulation was
restricted to TLR signaling, we next investigated the cytokine
production of BM-DCs stimulated with a TLR-independent
cytokine cocktail. While hBD2 treatment alleviated LPS-induced
TNF-a, IL-12p70, and IL-1PB secretion concomitant with a
substantial induction of the anti-inflammatory cytokine, IL-10,
same treatment failed to modulate TLR-independent activation
of BM-DCs (Figures 3C,D and Figures S1B,C).

Since hBD2 is able to bind to G protein-coupled receptors
expressed on monocytes and DCs (22), we pretreated BM-
DCs with pertussis toxin prior to the stimulation with LPS
and hBD2. Inhibition of G protein-coupled receptor signaling
prevented the observed immunomodulatory capacity of hBD2.
Thus, BM-DCs pre-treated with pertussis toxin and stimulated
with LPS and hBD2 showed similar TNF-a, IL-1f, IL-10, and IL-
12p70 secretion compared to BM-DCs treated solely with LPS
(Figures 3E,F and Figures S1D,E).

To specify the G protein-coupled receptor interaction of
hBD2 we pre-treated BM-DCs with the CCR2 specific inhibitor,
RS504393, and subsequently stimulated with LPS and hBD2. Pre-
treatment with RS504393 prevented the anti-inflammatory effect
of hBD2 (Figures 3G,H and Figures S1E,G). Together these data
demonstrate a central involvement of CCR2 in hBD2-mediated

DC cytokine modulation; a trait that was shared between human
(Figure S1A) and mouse DCs.

hBD2 Modulates NF- kB and CREB

Phosphorylation

NF-kB represents a key signaling pathway triggered by TLRs.
This pathway can also be activated by the proinflammatory
cytokines TNF-a and IL-18 (30). NF-kB activity is mediated
by direct interaction with the CREB coactivator CBP. However,
phosphorylated CREB, that can be induced by G protein-
coupled receptors, needs in addition CBP to compete with NF-
kB and thereby limiting the NF-«kB activity (31). We analyzed
the NF-kB and CREB phosphorylation of hBD2 treated BM-
DCs. Stimulation with proinflammatory cytokines showed an
increase in NF-kB phosphorylation although to a lower extent
than what was observed during LPS stimulation. Co-incubation
of both stimuli with hBD2 showed only a reduced NF-«kB
phosphorylation when BM-DCs were treated with the TLR
ligand LPS in combination with hBD2 (Figures 4A,I). However,
pre-treatment with the CCR2 inhibitor RS504393 prior to
stimulation showed comparable levels of NF-kB phosphorylation
irrespective of hBD2 treatment (Figures 4B,I). CCR2 inhibition
therefore prevented the hBD2-mediated reductions in NF-kB
activation. Although the mechanism behind this observation
remains elusive, LPS-challenged BM-DCs showed reduced
maturation status when stimulated with hBD2, corroborated
by lower levels of their key activation markers, MHCII and
CD86 (Figures 4C,E). Again, pre-treatment with the CCR2
inhibitor prevented this lower expression (Figures4D,F). We
hypothesized that the CREB signaling pathway could counter
NF-kB phosphorylation. We therefore analyzed the CREB
phosphorylation status in a next step of experiments. We
demonstrated that triggering G protein-coupled receptors
led to an increase in CREB phosphorylation (Figures 4G,I)
and simultaneously to a reduced NF-kB phosphorylation
(Figure 4A), suggesting that phosphorylated CREB competes
with NF-kB for their mutual cofactor, CBP. In contrast, pre-
treatment with the CCR2 inhibitor prevented the increase in
CREB phosphorylation (Figures 4H,I).

Recombinant hBD2 Showed Good
Tolerability and Rapidly Entered the
Bloodstream After Subcutaneous
Administration, Hence Allowing Systemic

Immunomodulatory Actions

To identify possible toxicity of recombinant expressed hBD2
we first addressed the hemolytic potential of hBD2 on human
red blood cells. As shown in Figure S2A we could not detect
any hemolytic effect of <300 pg/ml hBD2. We next tested the
effect on the viability of murine fibroblasts. No negative effect of
hBD2 up to a concentration of 1750 pg/ml could be identified
(Figure S2B). Combined, these data corroborates high in vitro
tolerability. To assess hBD2 toxicity in vivo, NMRI mice were
challenged s.c. with different doses of hBD2 and monitored for
4 days for the development of clinical symptoms. On day 4,
mice were euthanized for necropsy. Table 1 records the clinical
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FIGURE 3 | Cytokine production of DC’s was affected by hBD2 in a TLR- and CCR2-dependent manner. Human mo-DC’s and murine BM-DC'’s were treated with
LPS (10 ig/ml) alone or co-incubated with various concentrations of hBD2 (100 pwg/ml or 10 pg/ml). Murine BM-DCs were additionally treated with pertussis toxin or
the CCR2 inhibitor RS prior to stimulation with LPS or a cytokine cocktail containing TNF-a (0.2 mg/ml), IL-6 (0.2 mg/ml), and IL-18 (0.2 mg/ml). Release of TNF-a in
(A) human Mo-DC'’s and in (B) murine BM-DC's was quantified by ELISA. Release of TNF-a (C,E,G) and IL-10 (D,F,H) in murine BM-DCs was quantified by
LEGENDplex. Results are presented as mean + SEM, n = 3. Statistical test used is one-way ANOVA with Bonferroni post-test.
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FIGURE 4 | hBD2 modulates NF-kB and CREB phosphorylation. BM-DC’s were incubated for 60 min with LPS (10 jug/ml) or a cytokine cocktail containing TNF-a
(0.2mg/ml), IL-6 (0.2 mg/ml), and IL-18 (0.2 mg/ml) alone or in combination with hBD2 (100 j.g/ml). BM-DCs were additionally pretreated with pertussis toxin or the
CCR2 inhibitor RS prior to stimulation. The cells were stained with CD11c, MHCII, and CD86 antibodies followed by intracellular staining against p-NF-«kB or p-CREB
and analysis by flow cytometry. Statistical analysis of (A,B) p-NF-«B, (C,D) MHCII, (E,F) CD86, and (G,H) p-CREB staining. (I) Shows histograms of FACS analysis.
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TABLE 1 | Clinical symptoms after subcutaneous administration of hBD2.

Test Dose level Clinical signs on the day of dosing Necropsy
compound mg/kg
No clinical Pruritus Clinical Clinical signs at the end of Macroscopic
signs signs the day of dosing findings

Vehicle 0 3/3 0/3 0/3 0/3 0/3
HBD2 0.5 3/3 0/3 0/3 0/3 0/3

10 0/3 3/3 3/3 0/3 0/3

40 0/3 3/3 3(severe)/3 0/3 0/3

symptoms observed. Although minor acute effects were observed
(minutes), no adverse effects were observed at necropsy. Shortly
after challenge (10-15min) the mice receiving 10 or 40 mg/kg
hBD2 showed mild clinical signs such as decreased locomotor
activity, proneness, ptosis, piloerection, pruritus, bradypnoea,
reddish discoloration around the eyes and swelling around the
eyes and snout. All clinical signs were transient and only mice
dosed with 40 mg/kg hBD2 were still affected at 60 min post
dosing. Of note, 40 mg/kg is 40 times higher than the highest
dose used in our in vivo experiments. The lowest dose group, 0.5
mg/kg hBD2 and the vehicle group did not develop any clinical
signs after systemic challenge. No further clinical signs were
observed during the subsequent 4 day observation period nor
could we find any abnormalities during necropsy. Additionally,
body weight gain and organ weight were recorded. Mice did not
show any weight loss nor did the organ weight differ significantly
between the groups (Figures S2C,D). In summary, these results
indicate that hBD2 is well-tolerated in vivo.

We next analyzed whether s.c. administered hBD2 would
enter the blood stream. For that purpose we injected mice s.c.
with 1 or 10 mg/kg hBD2 and quantified the amount of hBD2
in serum at different time points after injection. As shown in
Figure S2E, hBD2 entered the blood stream rapidly after s.c.
injection and remained detectable for more than 2h. These
findings indicate that s.c. applied hBD2 might not only act locally
but could also have systemic effects in vivo.

hBD2 Ameliorated the Outcome of DSS
Colitis in vivo

The above described results prompted us to investigate the
clinical potential of hBD2 using murine models of experimental
colitis with different disease pathologies. First, we assessed the
anti-inflammatory and protective effect of hBD2 in DSS colitis.
DSS causes a chemical injury to the intestinal mucosa. This
results in the exposure of the lamina propria and submucosal
compartments to luminal antigens and enteric bacteria which
results in inflammation and ulcer formation (32). Treatment of
DSS colitis with s.c. administered hBD2 (0.1 mg/kg) resulted in
a significant improvement of colitis; the therapeutic effect was
superior to anti-TNF-a treatment (Figure 5). hBD2 prevented
excessive weight loss (Figure5A) and improved the DAI
(Figure 4B). Furthermore, scoring of the colonic mucosa for
damage revealed a significantly reduced mucosal damage in mice
treated with hBD2 (Figure 5C). Histological assessment of colon

(Figure 5D) showed strong mucosal damage caused by DSS,
characterized by a massive loss of the crypt architecture. In
contrast, treatment with hBD2 prevented this loss of crypts and
maintained a normal mucosa, comparable to the naive mice.

hBD2 Significantly Improved TNBS Colitis
in vivo

We next tested the efficacy of hBD2 in TNBS induced colitis.
TNBS reacts with proteins in the colon (haptenation), thus
making them immunogenic. TNBS is dissolved in ethanol, which
permeabilizes the colonic epithelium. The immunogenic proteins
then cause a predominantly Thl type response restricted to
the colon (33). In contrast to DSS colitis, TNBS colitis did
not result in weight loss, but rather prevented weight-gain in
mice during the time of our experiment. Weight changes were
similar between groups, although hBD2 treated mice trended
toward increased weight gain from day 1-7 (Figure 6A). Yet,
s.c. treatment with 0.1 mg/kg hBD2 significantly reduced colon
weight and a similar tendency was also observed for prednisolone
(Figure 6B), indicating a reduced infiltration of inflammatory
cells. Finally, s.c. treatment with hBD2 significantly improved
the macroscopic (Figure 6C) as well as the microscopic score
of mouse colons (Figures 6D,E) comparable with the effect of
prednisolone. Microscopic analysis of the colon showed a loss of
crypts in diseased mice, while mice receiving 0.1 mg/kg hBD2
showed a nearly normal mucosa comparable to prednisolone
treated mice.

Protective Effect of hBD2 in T Cell Transfer
Colitis

Finally, we tested hBD2 in a model of T cell transfer colitis.
In this model CD4™ T cells from immunocompetent mice are
adoptively transferred into severe combined immunodeficiency
(SCID) mice, lacking T cells. The transferred T cells respond
to enteric bacteria with the release of IL-2 and INF-y
(34). The inflammation is restricted to the colon, and
extends diffusely from the cecum to the rectum. Besides
affecting the lamina propria, the pathogenesis can also be
transmural (35). Importantly, in addition to the different disease
pathology, this model also results in chronic inflammation
as oppose to the acute models (DSS and TNBS) previously
examined. Colitis was induced in SCID mice by transferring
CD4%/CD25~ T cells from WT mice. One group of SCID
mice did not receive a T cell transfer (naive). Mice that
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FIGURE 5 | hBD2 ameliorated the outcome of DSS colitis in vivo. Colitis was induced by adding 2% DSS into the drinking water. On day 8 DSS was removed from
the drinking water. Mice were treated either once a day s.c. with 0.1 mg/kg hBD2 or intraperitoneally with an anti-TNFa antibody (300 jg/mouse) on day 1, 4, and 8.
(A) Weight change of mice during the experiment, (B) development of DA, (C) histology score from the colon of the mice at the end of the experiment, and (D)
representative images from the colon of differentially treated mice. Results are presented as mean + SEM, control group n = 9 and treated groups n = 10.
Appropriate statistical comparison are shown within the graph by a Kruskal-Wallis-test for non-parametric data with a Dunn’s post-test.

received a T cell transfer gained significantly less weight 0.1 mg/kg hBD2 did not improve the outcome of T cell mediated
than naive mice. Based on the chronic nature of this  colitis (Figures 7A-F).

model and the involvement of numerous cell type of the

immunological arsenal, we applied two different doses of DISCUSSION

hBD2 to increase the therapeutic window. Colitis mice

treated with 1 mg/kg hBD2s.c. showed less weight loss  Herein we report that hBD2 can be used as a systemically
(Figure 7A) and demonstrated an improved DAI (Figure 7B)  administered anti-inflammatory biological. hBD2 is well-
in comparison to the T cell colitis control group. Same  tolerated, both in vitro, and in vivo. These observations are
trait was observed for the stool score (Figure7C). The in line with published in vitro studies testing hBD2 with
increased scores in the untreated colitis group appeared earlier ~ huyman mesenchymal stem cells, osteoblasts, keratinocytes,
than in the hBD2 treated group indicating a protective  and HeLa cells without observing cytotoxic effects (36). Otte
effect of hBD2. Furthermore, treatment with 1 mg/kg hBD2 et al. (19) additionally found that hBD2 was well-tolerated
significantly reduced the colon weight (Figure 7D) supporting by intestinal epithelial cells. Of note and in contrast to
the conclusion of mitigated inflammation. Only a minor  hBD2, high concentrations of hBD3 demonstrated cytotoxic
effect of hBD2 on colonic myeloperoxidase activity could be  effects in human dendritic cells and keratinocytes (37). After
observed (Figure 7E). Histological analysis (Figure 7F) showed  subcutaneous injection we observed a dose dependent pruritus
pI'OI’lOlll’lCCd inflammation in colitis mice without treatment, of short duration which Only occurred at doses magnitudes
while mice treated with 1 mg/kg hBD2 showed less signs of  higher than the later identified therapeutic doses. At all doses
inflammation and tissue disruption. Less signs of inflammation (up to 40 mg/kg), body weight and organ weights of liver, spleen
were also observed in the colon of dexamethasone treated mice.  and kidney were unaffected.

Furthermore, dexamethasone also improved DAI, stool score Peak hBD2 drug serum concentrations were also dose
and colon weight significantly and was therefore superior to dependent and in the range of 2-10 pg/ml after single doses of
hBD2 in the T cell transfer model. The high dose of hBD2 | vs. 10 mg/kg. Using medium concentrations in a similar range
(one log higher than previous experiments) seemed essential as  we confirmed that hBD2 attenuates inflammatory responses
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FIGURE 6 | hBD2 significantly improved TNBS colitis in vivo. Colitis was induced by a single dose of TNBS into the colon. Mice were then treated s.c. with different
doses of hBD2 (0.1 mg/kg) or Prednisolone (10 mg/kg) once a day and monitored for 7 days. (A) Development of mouse weight during the experiment. After
euthanization, the colon of the mice was examined for (B) colon weight, (C) macroscopic abnormalities, and (D) microscopic evidence of inflammation. (E)
Representative images from the colon of differentially treated mice are shown. Results are presented as mean + SEM, control group n = 14, prednisolone group

n =14, and hBD2 group n = 15. Appropriate statistical comparisons are shown within the graph by a Kruskal-Wallis-test for non-parametric data with a Dunn’s

Prednisolon

of human PBMC’s in vitro. TNF-a, IL-1f, and IL-12p70 were
consistently reduced after hBD2 treatment, whereas the anti-
inflammatory cytokine, IL-10, was significantly increased. TNF-
a is a well-known key inflammatory mediator of IBD and a
successful target of modern biologicals in the treatment of IBD

and other inflammatory diseases (38). In addition, IL-18 has
recently been described to mediate intestinal inflammation in
IBD patients with IL-10 receptor deficiency, and is thus proposed
as a potential therapeutic target (39). In a follow-up pilot study
using 4 colitis patients and 4 healthy controls, we confirmed the
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FIGURE 7 | Protective effect of hBD2 in T cell transfer colitis. Colitis was induced by transferring CD4*/CD25~ T cells from WT mice to SCID mice. Development of
colitis was observed for 94 days. Daily treatment with hBD2 (0.1 mg/kg or 1 mg/kg, s.c.) and Dexamethasone (0.3 mg/kg, i.p.) started 7 days after the transfer.

(A) Weight change of mice during the experiment was monitored as well as (B) development of clinical symptoms as DAI. (C) Alteration of stool consistency was
assessed as stool score. At the end of the experiment (D) colon weight was measured and (E) activity of myeloperoxidase (MPO) was quantified. (F) Representative
images from the colon of differentially treated mice are shown. Results are presented as mean + SEM, n = 6 (sham treated animals), n = 10 (vehicle and
dexamethasone mice) and n = 11 (hBD2 mice). Appropriate statistical comparisons are shown within the graph by a Kruskal-Wallis-test for non-parametric data with
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immunomodulatory capabilities of hBD2 in both groups, lending
further credence to the hypothesis that hBD2 might be used as a
novel biological to either treat colitis patients or alternatively to
keep such patients in remission.

In a next step, we identified DCs as one cell population
amongst PBMCs whose cytokine secretion is modulated by
hBD2. Because it is already known that hBD2 is able to induce
chemotaxis by binding to the CCR2 receptor (22), we investigated
whether the observed hBD2 mediated downregulation of
inflammation might depend on CCR2. In line with this
hypothesis, the effects of hBD2 in human mo-DC'’s as well as in
murine BM-DC’s were completely blocked by a CCR2 inhibitor.
We found a potential interaction between the downstream
signaling molecules of the TLR and CCR signaling pathways.
One possibility is that the signaling molecules NF-kB and
CREB compete for the coactivator CBP. But also other signaling
molecules such as the extracellular signal-regulated kinase (ERK)
that plays an important role in TLR signaling (40) as well as
CCR signaling, by inducing e.g., expression of CCR1 and CCR2
in human monocytic cells may play important roles (41, 42).
Unfortunately, it is not possible to test the CCR2 dependency
of the hBD2 effect in vivo because CCR2™/~ mice are protected
from experimental induced colitis (43).

Based on the feasibility of recombinant hBD2 production
(26), negligible toxicity, and strong anti-inflammatory CCR2
dependent modulation of DCs, we hypothesized that hBD2
could be used as a systemic anti-inflammatory biological. This
strategy uncouples the classical intra-intestinal functions of
hBD2 from their potent immunomodulatory capacity, and thus
represents a new paradigm in therapeutic use of antimicrobial
peptides. Indeed, subcutaneously administered hBD2 improved
the outcome of colitis in three different in vivo models of
IBD, namely DSS-, TNBS-, and T-cell transfer-mediated colitis.
This is in line with our observation of hBD2 to rapidly
enter the blood stream after s.c. administration and is likely
mediated by its anti-inflammatory activity on several blood cell
populations, and especially the DC fraction, as described above.
We therefore tested and found that hBD2 administered s.c. could
act as an immune-modulator, attenuating inflammation, that
characterizes IBD. This finding is consistent with the observation
of Aden et al. (44) who studied the development of colitis in IL-
23 receptor deficient mice (1123R*™¥C) and found these to display
decreased levels of leukocyte derived IL-22 and of Reg3b, a C-type
lectin with antimicrobial activity (45). Systemic administration
of Reg3b significantly improved DSS-colitis in I123RAFC mice
by recruiting IL-22 secreting neutrophils supporting a protective
role for Reg3b in colitis (44). In addition, the hBD2-induced
wound healing in intestinal epithelial cells in vitro (19) may
add another mechanism of action. Finally, rectally applied
porcine P-defensin 2 (pBD2) has been used for the treatment
of DSS colitis in mice by Han et al. (46). They found pBD2
to be protective against mucosal injury and disruption of the
epithelial barrier associated with DSS colitis. Furthermore, they
reported decreased inflammatory infiltrates and expression of
inflammatory mediators upon treatment with pBD2 as well as
an increase in intestinal tight junction structure and function
compared to untreated DSS control mice. In contrast to the local

administration employed by Han et al., we provide evidence for a
distinct anti-inflammatory effect with systemic application.

Despite ongoing development of therapeutic approaches,
new treatment strategies for the management of IBD are still
urgently needed. Corticosteroids remain the standard therapeutic
options for active CD and UC. However, their beneficial effects
are associated with severe side effects such as osteoporosis,
moon face, mood disturbances, glaucoma, and hypertension
(47). In recent years, several new therapeutics targeting the
molecular mechanisms of intestinal and systemic inflammation
have been developed. Among these, anti-TNFa antibodies have
been the most successful and most commonly used biological
(48). However, primary and secondary lack of response as well
as serious side effects, limits their use. More recently, antibodies
targeting IL-17 in CD and IL-13 in UC have been proposed as
IBD management. Yet, despite promising preclinical data, both
antibodies failed to improve the outcome of CD or UC (49) in
patients. Secukinumab, an anti-IL-17 antibody, even worsened
the disease in a clinical trial in CD patients (50) and two anti-
IL-13 antibodies also failed to produce positive results in clinical
trials for UC (51, 52). This negative effect of IL-17 blockade may
in part be explained by blocking the hBD2 pathway, which is also
mediated by IL-17.

In conclusion, the results presented here constitute the
first invivo proof of therapeutic efficacy of a systemically
administered human defensin. It is, however, important to stress,
that in all tested models, hBD2 were administered before the
onset of clinical inflammation. We therefore provide strong
evidence for the potential of hBD2 treatment to keep patients
in remission, but studies are warranted to examine if hBD2 also
exhibits treatment efficacy of acute and relapsed inflammation.
The use of natural host defense peptides could provide a
new chapter of effective, minimal-side-effect treatment strategies
of IBD.
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Inflammation, Tissus Epithéliaux et Cytokines, LITEC EA 4331, Université de Poitiers, Poitiers, France

This study aimed to characterize cathelicidins from the gray short-tailed opossum
in silico and experimentally validate their antimicrobial effects against various pathogenic
bacteria and West Nile virus (WNV). Genome-wide in silico analysis against the current
genome assembly of the gray short-tailed opossum yielded 56 classical antimicrobial
peptides (AMPs) from eight different families, among which 19 cathelicidins, namely
ModoCath1 — 19, were analyzed in silico to predict their antimicrobial domains and
three of which, ModoCath1, -5, and -6, were further experimentally evaluated for their
antimicrobial activity, and were found to exhibit a wide spectrum of antimicroial effects
against a panel of gram-positive and gram-negative bacterial strains. In addition, these
peptides displayed low-to-moderate cytotoxicity in mammalian cells as well as stability
in serum and various salt and pH conditions. Circular dichroism analysis of the spectra
resulting from interactions between ModoCaths and lipopolysaccharides (LPS) showed
formation of a helical structure, while a dual-dye membrane disruption assay and
scanning electron microscopy analysis revealed that ModoCaths exerted bactericidal
effects by causing membrane damage. Furthermore, ModoCath5 displayed potent
antiviral activity against WNV by inhibiting viral replication, suggesting that opossum
cathelicidins may serve as potentially novel antimicrobial endogenous substances
of mammalian origin, considering their large number. Moreover, analysis of publicly
available RNA-seq data revealed the expression of eight ModoCaths from five different
tissues, suggesting that gray short-tailed opossums may be an interesting source of
cathelicidins with diverse characteristics.

Keywords: antimicrobial peptides, antiviral function, West Nile virus, host defense peptides, cathelicidins,
Monodelphis domestica, gray short-tailed opossum, circular dichroism

INTRODUCTION

Antimicrobial peptides (AMPs), known as host defense peptides (HDPs), serve as alternatives
to antibiotics owing to their antimicrobial properties and immunomodulatory responses, along
with the rare possibility of acquiring bacterial resistance (1). Cathelicidins are a family of AMPs
that have been identified in most vertebrates as innate immune defense peptides; they contain
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characteristic well-conserved cathelin-like domains (CLDs)
comprising four Cys residues and a mature bioactive peptide
at the C-terminal end (2). Cathelicidin propeptides undergo
post-translational modification through proteolytic cleavage by
specific enzymes, releasing the active antimicrobial domain (3).
The number of cathelicidin genes differs among species, from one
in humans to at least twelve in the opossum (4).

The identification and characterization of endogenous AMPs
has been limited to only a few species. However, the availability
of genome sequences from diverse species along with AMP
databases and bioinformatic tools facilitates the identification of
novel AMPs (5, 6).

Marsupials differ from eutherian mammals, particularly in
their reproductive and developmental traits (7, 8). For instance,
marsupials are exposed to harsh environments containing
pathogenic bacteria during early development within a brood
pouch or burrow containing an abundant and diverse microbial
flora (9, 10). Cathelicidins in milk and the brood pouch lining
immunologically protect naive joeys from harmful bacteria in the
environment (11, 12). Therefore, such biological characteristics
may have contributed to the expansion and diversification of
AMPs during evolution in marsupials (4, 13). Cathelicidins of
Monodelphis domestica have been studied previously; however,
the genes were not completely identified and characterized (14).

Although several studies have reported that LL-37 exerts
antiviral activity against human immunodeficiency virus (HIV),
herpes simplex virus type 1 (HSV-1), influenza A virus, and
Zika virus, the list of AMPs exhibiting antiviral effects and their
characterization remain limited (15-19).

West Nile virus (WNV) is an arthropod-borne virus of genus
Flavivirus, similar to the Dengue, Zika, or yellow fever viruses.
WNYV has recently emerged in different regions worldwide and
poses a major threat to public health (20). This mosquito-borne
virus causes infections in humans and is considered the primary
cause of viral encephalitis worldwide (21).

At the initial site of viral inoculation, the skin serves as a first-
line host defense against flaviviruses and leads to the initiation
of the early innate immune response (22). Keratinocytes, the
most abundant epidermal cells, are permissive to WNV and
express inflammatory and antiviral proteins upon infection
(23). Thus far, no antiviral agent to combat WNV infections
or vaccines are available. Therefore, the characterization of
antimicrobial peptides provides insights into new antiviral and
antibacterial therapies.

MATERIALS AND METHODS

In silico Identification of AMP-Like
Sequences From the Genome of
Monodelphis domestica

The sequences of 1,173 non-redundant AMPs of mammalian,
avian, and fish origins were downloaded from UniProtKB/Swiss-
Prot', using the query “antimicrobial peptide AND reviewed:
yes.” Consequently, 420 sequences corresponding to eight

Uhttp://www.uniprot.org/uniprot/

major AMP families including alpha-defensin, apolipoprotein
A2, beta-defensins, BPI/LBP superfamily, calycins, cathelicidins,
hepcidin, and LEAP-2 were identified (Supplementary Table S1).
Thereafter, BLASTp and tBLASTn analyses were carried out’
against the reference genome of the opossum (GCF_000002295.2
MonDom5). Furthermore, keyword searches were carried in the
NCBI and Immunome Database for Marsupials and Monotremes
(IDMM) (24) with the query, “cathelicidin AND Monodelphis
domestica.”

In silico Functional Characterization and
Nomenclature of Cathelicidin-Like
Sequences in the Monodelphis

domestica Genome

Exons/introns were predicted using Splign Transcript to
Genomic Alignment Tool> (25). Signal peptides and CLDs
were determined using SignalP 4.1 server* (26) and HMMER®
(27), respectively. DBAASP® (28) and Antimicrobial Sequence
Scanning System (AMPA”) (29) were used to predict potential
antimicrobial activity using the default threshold. Protein
secondary structures were analyzed using the PSIPRED protein
sequence analysis workbench®. Proteolytic cleavage sites were
predicted to define the mature peptide region, using ExPasy
PeptideCutter’ and PROtease Specificity Prediction servER
(PROSPER") (30), respectively. The mature peptide regions in
the predicted cathelicidin sequences of M. domestica were named
ModoCath 1 to 19, concurrent with the previous annotation in
IDMM, where “Modo” and “Cath” stand for M. domestica and
cathelicidin, respectively. Hydrophobicity, net charges, molecular
weight and sequence similarities of ModoCaths were analyzed
using APD3" (31) and Protparam tool".

Bioinformatic Analysis of ModoCath

Expression Using RNA-Seq Data

We downloaded 74 RNA-seq runs of Monodelphis domestica from
NCBI SRA database' (Supplementary Table S2). Expression
levels of cathelicidins were determined relative to EMC7
(accession, XM_001380762.4). Downloaded fastq sequences were
mapped to the full-length coding sequences of 19 ModoCaths
and EMC?7, using BWA aligner (version 0.7.17) (32). Sorted bam
files with uniquely mapped reads were obtained using samtools
(version 1.9) (33). The average depth and coverage of expressed
transcripts was calculated using bedtools (version 2.25.0) (34) and
R software (version 3.6.0) (35).

Zhttp://blast.ncbi.nlm.nih.gov
*https://www.ncbi.nlm.nih.gov/sutils/splign
*http://www.cbs.dtu.dk/services/Signal P/
Shttps://www.ebi.ac.uk/Tools/hmmer/
Chttps://dbaasp.org/prediction
“http://tcoffee.crg.cat/apps/ampa/do
8http://bioinf.cs.ucl.ac.uk/psipred/
http://web.expasy.org/peptide_cutter/
https://prosper.erc.monash.edu.au
"http://aps.unmc.edu/AP/prediction/prediction_main.php
https://web.expasy.org/protparam/
Bhttps://www.ncbi.nlm.nih.gov/sra
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Peptide Synthesis and Evaluation of
Antibacterial Activity

Peptides corresponding to the predicted antimicrobial
regions of ModoCathl (AModoCathl, N-VKRTKRGARRGL
TKVLKKIFGSIVKKAVSKGV-C), ModoCath5 (AModoCath5,
N-WYQLIRTFGNLIHQKYRKLLEAYRKLRD-C), ModoCath6
(AModoCath6, N-VRRSKRGIKVPSFVKKVLKDVVSESIS-C)
and PMAP36 (N-GRFRRLRKKTRKRLKKIGKVLKWIPPIVGSI
PLGCG-C) were synthesized via solid-phase peptide synthesis
and purified via high-performance liquid chromatography using
a commercial service (GenScript, Piscataway Township, NJ,
United States). The MIC of synthesized peptides was determined
against a panel of bacteria comprising 3 gram-positive strains,
Staphylococcus aureus ATCC 6538 (ATCC, Manassas, VA,
United States), Bacillus cereus ATCC 10876, and Enterococcus
faecalis ATCC 29212, and 3 gram-negative strains, Escherichia
coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853, and
Salmonella  typhimurium ATCC 14028. Ampicillin (Sigma
Aldrich, St. Louis, MO, United States) and gentamicin sulfate
(Sigma Aldrich) were used as controls for antimicrobial activity.
The MIC was determined using a colorimetric method specified
by the Microbial Viability Assay Kit-WST (Dojindo, Kumamoto,
Japan) in accordance with the manufacturer’s protocol and the
Clinical and Laboratory Standards Institute (CLSI) guidelines
(2018). Briefly, four colonies of each bacterium were inoculated
into 5 mL Luria-Bertani (LB) broth medium at 37°C for 4
to 6 h. The cells were washed with sterile saline (0.9% NaCl)
twice and seeded in a single well of a 96-well plate at the cell
density of 10° CFU/well. Subsequently, 180 pL/well of fresh
Mueller-Hinton broth (MHB) was added to the plate. Different
concentrations of each peptide and reference antibiotics were
serially diluted in 10 wL of MHB and added to each well. The
plate was incubated at 37°C for 6 h. Cation-adjusted MH broth
(CAMHB) was used to culture E. faecalis. Subsequently, 10 pL
of the coloring reagent was added, and cells were incubated
at 37°C for 2 h. UV absorbance was measured for each well
at 450 nm, using a microplate spectrophotometer (xMark
spectrophotometer; Bio-Rad, Hercules, CA, United States). MIC
values were determined when the difference in the optical density
(OD) between treatments and blanks (media and coloring
reagent only) decreased to < 0.05. Experiments were conducted
in triplicate. The MIC of AModoCathl and 5 in different
physiological salts (150 mM NaCl, 1 mM MgCl,, 4.5 mM KCl
and 2.5 mM CaCl,) and pH conditions (pH 5, 6, and 7) was also
determined against E. coli (ATCC 25922). The pH conditions
were achieved by using acetic acid (Sigma Aldrich).

In vitro Analysis of Serum Stability of

the AMPs
The Ethics Committee of the Konkuk University Hospital
approved the use of human serum samples for research studies,
and human serum was obtained from Konkuk University
Medical Center (KUMC) Biobank.

Antimicrobial peptides were dissolved in 25% (v/v) pooled
human serum from five individuals, and incubated at 37°C.
Aliquots were extracted in triplicate after 0, 60, and 120 min

incubation, and their antimicrobial activity against E. coli
(ATCC 25922) was assessed using the incubated samples, as
described above.

Determination of in vitro Mammalian Cell
Cytotoxicity

Two mammalian cell lines, including human embryonic kidney
cells (HEK293T) and human breast cancer cells (MCF7) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Hyclone™, Logan, UT, United States) supplemented with 10%
FBS (Hyclone™) and 1% penicillin/streptomycin (Hyclone™)
and incubated at 37°C and 5% CO; up to 80% confluence.
Cellular adherence to the substratum was disrupted using
Accutase (Innovative Cell Technologies, San Diego, CA,
United States). In total, 1 x 10* to 4 x 10* cells in each
well of a 96-well plate containing 8, 16, 32, and 64 pg/mL
of ModoCath peptides were incubated for 24 h at 37°C and
5% CO,. Additionally, HEK293T cells were incubated in the
FBS-free medium. Triton X 100 (Sigma Aldrich) was used as a
positive control for complete cell lysis, and untreated cells were
used as the negative control. After incubation, the medium was
removed from the wells, and 10 pL of coloring solution (Cell
Proliferation Reagent WST-1"™; Sigma Aldrich) and 100 pL
of DMEM (HycloneTM) were added to the wells in accordance
with the manufacturer’s protocol. Absorbance was measured
for each well at 440 nm (peptide-treated and control) and
650 nm (background) and recorded as the OD, using a microplate
reader (xMark™ spectrophotometer; Bio-Rad). Cell viability was
calculated using the following equation:

(OD peptide — OD background)
(OD negative — OD background)
(1)

Cell Viability(%) = 100x

All experiments were performed in triplicate.

Circular Dichroism Spectroscopy

Circular dichroism (CD) spectra signals were recorded at 25°C
using a Jasco J-810 spectropolarimeter (Jasco, MD, United States)
at an emission range of 195 - 260 nm, scanning speed of
50 nm/min, 1 nm bandwidth, 4 s response time, and four
accumulations using a rectangular quartz cell (0.1 cm path
length). All peptides were scanned at a concentration of
25 uM dissolved in 10 mM sodium phosphate buffer, pH 7.0.
Lipopolysaccharide (LPS, Sigma Aldrich) titrations were carried
out with increasing concentrations from 0 - 0.16 mg/mL to
25 uM peptide in 10 mM sodium phosphate buffer pH 7.0. LPS
was prepared via temperature cycling between 4 and 70°C, and
vortexed for 10 min. LPS was stored at 4°C overnight before
use. The CD spectrum signal for the peptides was obtained after
subtracting LPS respective spectrum from that of LPS and peptide
mixtures. All experiments were triplicated.

Dual-Dye Membrane Disruption Assay

Four colonies of B. cereus (ATCC 10876), E. coli (ATCC 25922),
and S. aureus (ATCC 6538) were inoculated into 5 mL LB
broth and incubated at 37°C for 5 h. Cells suspensions were
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centrifuged at 3000 x g and 25°C, washed and resuspended
in phosphate buffered saline (PBS) + (0.14 M NaCl, 2.7 mM
KCI, 10 mM Na;HPOy, and 1.8 mM KH,POy4 supplemented
with 10 mM glucose and 0.5 mM MgCl,; pH 7.4) to an ODggg
of 0.1. Concurrently, a blank PBS+ sample without cells and
cells treated with Nisin (Sigma Aldrich) and vancomycin (Sigma
Aldrich) were used as controls (36). TO-PRO-3 iodide (Sigma
Aldrich) and DiOC;,(3) (Sigma Aldrich) dyes were then added
into the sample and controls to a final concentration of 625
nM and 10 wM, respectively. The plates were incubated at 25°C
in the dark for 5 min, and the cells were then treated with
ModoCath peptides to final concentrations of 0.1x, 0.2x, and
1x MIC, respectively. Thereafter, the absorbance spectra for
TO-PRO-3 iodide and DiOC, were determined (Supplementary
Figure S1). The absorbance of the plates was read at hex 640 nm
and Aem 700 nm for TO-PRO-3 iodide and hey 480 nm and
hem 530 nm for DiOC,(3) using a fluorescence microplate reader
(Gemini EM, Molecular Devices, Sunnyvale, CA, United States),
where hex and hep, indicate wavelengths for excitation (hey) and
emission, respectively.

Field Emission Scanning Electron

Microscopy

Escherichia coli (ATCC 25922) cells at an ODggg value of 0.2
were inoculated in LB medium with 1.5 wg/mL AModoCathl,
10 pg/mL AModoCath5 or 4 pg/mL PMAP36 followed by
incubation for 2 and 4 h, respectively, at 37°C. The bacterial
cells were harvested by centrifugation at 4,500 rpm, after which
the pellets were washed twice with PBS and fixed with 2.5%
glutaraldehyde (Sigma Aldrich) in PBS for overnight at 4°C. Cells
were then washed thrice with PBS and dehydrated using graded
ethanol at 50, 70, and 90% for 10 min each, and 100% for 15 min.
Subsequently, samples were dried with hexamethyldisilazane
(Daejung Chemicals and Metals Co. Ltd., Siheung, South Korea)
for 15 min. For observation, prepared samples were sputter-
coated with platinum using Ion Sputter MC1000 (Hitachi High-
Technologies, Tokyo, Japan) prior to imaging with a Hitachi HR
FE-SEM SU8010 (Hitachi High-Technologies).

Isolation and Culturing of Normal Human
Epidermal Keratinocytes From Skin

Samples

The Ethics Committee of the Poitiers Hospital approved the
use of human skin samples for research studies. All subjects
provided written informed consent in accordance with the tenets
of the Declaration of Helsinki. Normal abdominal or breast
skin samples were obtained from patients undergoing plastic
surgery and thoroughly washed with PBS free of calcium and
magnesium (PBS; Gibco, Thermo Fisher Scientific, Waltham,
MA, United States) after fat removal. The skin samples were
minced into fragments of approximately 125 mm?, using scalpel
blades. Skin samples were incubated overnight at 4°C in a
dispase solution (25 U/mL; Life Technologies, Carlsbad, CA,
United States). Epidermal sheets were removed from the dermis,
and keratinocytes were dissociated via trypsin digestion (trypsin-
EDTA; Gibco) for 15 min at 37°C. The cell suspension was

then filtered through a 280-pm sterile filter. DMEM (Gibco)
supplemented with 10% (vol/vol) of FBS (Gibco) was added, and
the suspension was centrifuged at 300 x g and 25°C for 10 min.
Keratinocytes were seeded at a density of 107 cells in 75-cm?
tissue culture flask in keratinocyte-serum free medium (K-SFM;
Invitrogen, Carlsbad, CA, United States) supplemented with
bovine pituitary extract (25 pg/mL; Invitrogen) and recombinant
epidermal growth factor (EGF) (0.25 ng/mL; Invitrogen). The
cultures were incubated at 37°C in a humidified atmosphere with
5% CO; until 80% confluence and then stored frozen in liquid
nitrogen until use. Finally, keratinocytes were seeded in sterile
24-well culture plates at 10° cells/well in K-SFM supplemented
with bovine pituitary extract and EGF and cultured to 80%
confluence. Cells were then starved overnight in K-SFM alone
before stimulation.

Assessment of the Viability of

Keratinocytes

Primary keratinocytes were cultured in 96-well plates at 4 x 10%
cells per well in 0.1 mL K-SFM (Invitrogen) up to 80%
confluence before being treated with various concentrations of
ModoCath peptides for 24 h. Cell viability was assessed using
the cell proliferation kit IT (XTT; Roche, Basel, Switzerland) in
accordance with the manufacturer’s protocol. The XTT labeling
mixture was added after 24 h of incubation in the absence or
presence of peptides at the indicated concentrations.

WNYV Strain Production

A lineage WNV clinical strain, isolated from a human brain
during an epidemic occurring in Tunisia in 1997, was provided
by Dr. I. Leparc Goffart (French National Reference Center for
Arboviruses, Marseille, France). The viral stock was produced on
the Aedes albopictus clone C6/36 cells (ATCC® CRL-1660™),
Cells were cultivated in Leibovitz’s L-15 medium (Gibco)
supplemented with 2% of tryptose-phosphate (Gibco) and 5% of
FBS (Gibco) in a 75-cm? tissue culture flask at 28°C until 50%
confluence and then infected at a multiplicity of infection (MOI)
0f 0.01 for 72 h. Cell supernatants of infected cells and uninfected
C6/36 cells, used as the control, were clarified via centrifugation
in 50-mL tubes for 15 min at 1500 x g. Thereafter, the viral
suspension and the supernatant from the uninfected C6/36
suspension were ultrafiltered using Amicon ultra-4 centrifugal
filter units 100 kDa (Dominique Dutscher, Brumath, France) for
5 min at 3,000 x g. The viral suspension and the supernatant
from the uninfected C6/36 suspension were frozen at —80°C
in cryotubes containing 500 pL of Leibovitz’s L-15 medium
supplemented with 0.5 M sucrose and 50 mM HEPES. The final
viral titer was 1077 TCID50 (50% tissue culture infective dose)
per milliliter as determined using 10-fold serial dilutions of the
virus sample on Vero cell monolayers (described below).

Viral Quantification via the End-Point

Dilution Assay

Vero cells were seeded in 96-well plates the day before titration
at 2 x 10° cells/well in DMEM (Gibco) supplemented with 2%
SVE. The suspension was successively diluted from a dilution of
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10~! to 1077 in DMEM medium supplemented with 2% SVF.
Thereafter, 100 L of each dilution was deposited in a row of six
wells. Initial data were obtained after 120 h of incubation at 37°C
in 5% CO;. The wells containing cells with cytopathic effects
were considered positive for viral infection. The titer of the viral
suspension was then determined using the Karber’s method for
assessing the TCID50.

Viral Infection

Human primary keratinocyte cultures (60-80% confluence)
from three different patients were infected at a MOI of
0.1 and incubated for 24 h at 37°C in 5% CO, in K-SEM
(Invitrogen) medium. Cell culture supernatants and cell
monolayers were harvested for viral quantification via RT-
qPCR and transcriptomic analysis of inflammatory markers, as
described below.

Antiviral Assays

The antiviral properties of ModoCath peptides were first
assessed by evaluating their impact on growth kinetics of the
virus inoculated on primary human keratinocytes. Keratinocyte
cultures from three different patients were incubated with one
of the three peptides at a final concentration of 16 pg/mL
for 1 h before addition of WNV at a MOI of 0.1 TCID50
per cell. Uninfected cultures with or without the peptides
were used as the control. After 24 h of incubation at 37°C
in 5% CO; in K-SFM (Invitrogen) medium, cell culture
supernatants and cell monolayers were harvested for viral
quantification via RT-qPCR and transcriptomic analysis of
inflammatory markers. The virucidal properties of ModoCath
peptides directly on the virus were assessed by pre-incubating
0.1 mL of the virus stock (described above) with peptides
for 1 h at 37°C before titration via the end-point dilution
assay using Vero cells, as described above. The viral titer thus
determined was compared to that of similarly assayed untreated
viral suspensions.

RNA Extraction

For viral RNA quantification in cell supernatants, 200 wL of
total DNA/RNA from keratinocyte supernatants was extracted
using a NucliSENS easyMAG® automated system (bioMérieux,
Marcy-I'Etoile, France) in accordance with the manufacturer’s
protocol. For intracellular viral RNA quantification and
evaluation of the host inflammatory response, total RNA
was extracted from the keratinocyte monolayer using the
Nucleo-Spin RNA extraction kit in accordance with the
manufacturer’s instructions (Macherey-Nagel, Diiren, Germany).
RNA concentrations and purity were determined using the
Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific).

Viral Quantification via RT-gPCR

Viral quantification in cell supernatants and keratinocytes was
performed using a previously described one-step real time
RT-PCR assay (23). Total RNA (5 pnL) was added to the
reaction mixture containing 12.5 wL of Master Mix (Invitrogen),

0.5 L (0.2 uM) of forward (5-GTGCGGTCTACGATCAGTTT-
3’) and reverse primers (5-CACTAAGGTCCACACCATTCTC-
3), 025 pL (0.1 wM) of 5FAM and 3'Dark Quencher
probe (5-AATGTGGGAAGCAGTGAAGGACGA-3), 0.5 puL
of SuperScript III reverse transcriptase (Invitrogen) and DNA
polymerase platinum Taq (Invitrogen), 0.5 WL of RNase out
(Invitrogen), and 5.25 WL of water. The calibration range
was determined using a transcript produced using a plasmid
containing the WNV genome without the genes encoding
structural proteins. Transcripts were diluted to obtain a
calibration range allowing for the quantification of viral load from
102 to 107 RNA copies/mL.

Transcriptomic Analysis of the Innate
Antiviral Immune Response in

Keratinocytes

Total RNA (1 pg) was reverse-transcribed using SuperScript II
kit (Invitrogen). Quantitative real time PCR was performed in
96-well plates with a LightCycler 480 system (Roche). A reaction
mixture comprised 5 L of AceQ SYBR Green qPCR Master Mix
(Vazyme Biotech, Nanjing, China), 1 pM forward and reverse
primers designed using Primer 3 software, and 12.5 ng of cDNA
template in a total volume of 10 wL. PCR conditions were as
follows: 5 min at 95°C, 40 amplification cycles for 20 s at 95°C,
15 s at 64°C, and 20 s at 72°C. Relative mRNA expression
of target genes was normalized to that of two independent
control housekeeping genes (GAPDH and 28S rRNA gene) and

reported using the A ACT method as fold-changes in RNA: 2A A
CT = 2A CTsample— A CTreference .

Quantification of Type Il Interferon

Secretion

Keratinocyte secretion of active type III IFNs (IL-28A, IL-
28B, and IL-29) was quantified using HEK-Blue™ IFN-
» reporter cells expressing an inducible secreted embryonic
alkaline phosphatase (InvivoGen, San Diego, CA, United States)
according to the manufacturer’s instructions. The activity of the
secreted alkaline phosphatase was measured as a colorimetric
reaction at 630 nm using the Quanti-Blue reagent (InvivoGen).

RESULTS

Identification of 56 AMP Genes From
in silico Analysis of the Monodelphis

domestica Genome

The strategy for the in silico identification of AMPs from the
Monodelphis domestica genome is described in Supplementary
Figure S2. We identified a total of 56 putative AMP genes in
M. domestica, including one alpha-defensin, one apolipoprotein
A2, 3 beta-defensins, 21 BPI/LBP superfamily members, 7
calycins, 21 cathelicidin-like, one hepcidin, and one LEAP-2 (e-
value < 0.001; Supplementary Tables S3, S4). Among the 21
cathelicidins, 7 were previously undescribed, and their putative
names were assigned as ModoCath 13 to 19 after excluding
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secreted phosphoprotein 24 and cathelicidin-related peptide Oh-
Cath-like isoform X2, which failed to meet the characteristics
of functional cathelicidins (Supplementary Tables S5, S6). The
conservation of the CLD and cysteine motif among the 20
opossum cathelicidins is shown in Supplementary Figure S3.
Basic proline-rich protein-like isoform X1 was excluded because
it had a longer sequence than that of others.

In silico Prediction of Eight Monodelphis
domestica Cathelicidins With

Antimicrobial Activity

The 21 cathelicidin-like sequences were analyzed in silico to
predict protein secondary structures and the antimicrobial
activity core region using AMPA, DBAASP and PSIPRED protein
sequence analysis workbench databases. The analysis identified
eight sequences, including AModoCathl, 2, 4 to 7, 12, and
19, which were strongly predicted to possess antimicrobial
activity-related structures (Supplementary Figure S4 and
Supplementary Table S6). Biochemical features of the core
sequences from the eight cathelicidins, deduced using APD3
and Protparam, showed the antimicrobial activity-conferring
regions to be 27 to 41 amino acids long and 3.04-4.85 kDa in
molecular weight (Table 1). The ratios of hydrophobic residues
and net charges for the core regions were 25 to 41% and
+4 to +12, respectively. Their sequence similarities to known
AMPs were less than 50%, indicating that they were novel.
Interestingly, AModoCath12 and AModoCathl9 shared the
same core sequence (Supplementary Figure S4 and Table 1).

Difference in Antibacterial Specificity of

AModoCath1, 5, and 6

Among the eight ModoCath peptides with predicted
antimicrobial activity, we chemically synthesized three
peptides, AModoCathl, 5, and 6, based on the uniqueness
of their sequences which are not based on statistical
evaluation (Supplementary Figures S4, S5). The antimicrobial
activity of the peptides was evaluated against our bacterial
panel, comprising 3 gram-negative strains, Escherichia coli,
Pseudomonas aeruginosa, and Salmonella typhimurium, and 3
gram-positive strains, Staphylococcus aureus, Bacillus cereus,
and Enterococcus faecalis. All three peptides showed strong
antibacterial activities with differences in bacterial strain
specificity (Table 2). AModoCathl showed the strongest and
broadest activity against both gram-positive and gram-negative
bacteria, with MICs of 0.75 to 3 wg/mL, except for B. cereus
(30 pg/mL). AModoCath5 showed antibacterial activity toward
gram-positive strains with MICs of 1.5 to 6 jLg/mL. AModoCathé6
showed bactericidal activity only against E. coli in our panel.

Stability of the Bactericidal Activity of
AModoCath1 and 5 in Serum and

Various Salt and pH Conditions

For the pharmaceutical application of AMPs, their stability in
serum as well as the physiological condition in which they
are placed are important factors to consider. We evaluated the
effect of serum on the antimicrobial activity of AModoCathl

and 5 at different concentrations. The peptides were incubated
in 25% human serum for 0-120 min, and the antimicrobial
activity of the peptides against E. coli was assessed over time
(Supplementary Figure $6). Results show that the antimicrobial
activity of AModoCathl and 5 was affected to varying degrees
at different concentrations and incubation times. However, the
activity was unaffected at > ~2x MIC after 60 min incubation,
and decreased following 120 min incubation with human
serum. Therefore, our results showed that the two cathelicidins,
AModoCathl and 5, with broad-spectrum antimicrobial activity
do not exhibit significant susceptibility to inhibitory substances
within human serum.

We also evaluated the antimicrobial activity of AModoCathl
and 5 in various salt and pH conditions (Supplementary
Table S7). No inhibitory effect was observed in their activity at
150 mM NaCl, 1 mM MgCl,, 4.5 mM KCI or 2.5 mM CaCl,,
all of which correspond to various physiological conditions (37).
Interestingly, the MIC of AModoCathl was found to decrease
slightly from 0.75 to 0.5 pg/mL, potentiating the activity in the
physiological salt conditions than in bacterial culture media.
Regarding the varying pH conditions, a minimum of 2-fold
increases were observed in the activity of AModoCathl and 5 in
acidic conditions (pH 5 and 6) compared to neutral pH.

Low-to-Moderate Level Cytotoxicity of
AModoCath1, 5, and 6 to Mammalian
Cells

Cathelicidins with strong antimicrobial activity could negatively
affect mammalian cells (38, 39). Therefore, the degree of cellular
damage caused by ModoCaths to HEK293T and MCF7 cells
and human primary keratinocytes was assessed by evaluating
the viability of cells exposed to various concentrations (8-
64 pg/mL) of AModoCathl, 5, and 6 (Table 3). Cell survivability
was >~90% at concentrations below 16 pg/mL for all tested
cells for AModoCathl and 6, indicating that the cells were
minimally affected at that concentration. However, AModoCath5
showed variation in cell viability from 67 to 96% at the same
concentration, showing slightly higher cytotoxicity than the
other ModoCaths. Moreover, the viability of MCF7, a human
breast cancer cell line, was not significantly affected by the
three ModoCaths, indicating the lack of direct antitumorigenic
activity (Table 3). In addition, the cytotoxicity of ModoCaths to
HEK293T cells in the absence and presence of serum was not
different significantly (Supplementary Table S8).

Secondary Structure Formation of
AModoCath1 and 5 After Interaction

With E. coli LPS

Next, we analyzed the peptide conformation of AModoCathl
and 5 using circular dichroism (CD) analysis. LPS was titrated
against each peptide to evaluate the secondary structure
formation upon interactions. Results reveal gradual formation
of the oa-helical structure upon increasing concentration of
E. coli LPS (Figure 1), demonstrating that peptide binding
to LPS triggers formation of AModoCathl and 5 secondary
structure. Further, AModoCathl contained a randomly coiled
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TABLE 1 | Characteristics of the antimicrobial activity domain for the eight cathelicidins of Monodelphis domestica selected for their antimicrobial activity.

Name in this study Core sequences with antimicrobial activity Length <H>2 z° (+) Molecular weight (Da) Similarity (%)°
AModoCath1 VKRTKRGARRGLTKVLKKIFGSIVKKAVSKGV 32 37 12 3510.37 41.66
AModoCath2 VKRTKRGIKKGISKVLKKFFSSMIKKAVSK 30 36 12 3422.31 39.47
AModoCath4 GIRGFWNGFRGR 12 33 3 1422.61 46.15
AModoCath5 WYQLIRTFGNLIHQKYRKLLEAYRKLRD 28 35 5 3623.27 35.71
AModoCath6 VRRSKRGIKVPSFVKKVLKDVVSESIS 27 37 6 3042.66 36.66
AModoCath7 IVRRSKRGIKVPGFVKKFLKDVVSETI 27 40 6 3100.79 37.50
AModoCath124 VKRTKREISKILEEIFSTVIKIFIPKGFYKGIQLVNEIIKE 41 41 4 4849.87 38.63
AModoCath199 VKRTKREISKILEEIFSTVIKIFIPKGFYKGIQLVNEIIKE 41 41 4 4849.87 38.63

aThe ratio of hydrophobic residues. ® The charge. °Similarity to known AMPs. 9The sequence of the predicted antimicrobial activity domain is identical.

TABLE 2 | Antimicrobial activity of three opossum cathelicidins comparing to conventional antibiotics against standard bacterial strains.

Strains

MIC (rg/mL, pM)

AModoCath1 AModoCath5 AModoCathé Ampicillin? Gentamycin? Nisin®? Vancomycin®
Gram-negative bacteria
E. coli ATCC 25922 0.75 (0.21) 5(1.38) 5 (1.64) 1(2.86) 1(2.09) >32 (9.54) 32 (22.08)
P aeruginosa ATCC 27853 2 (0.57) >32 (8.83) >32 (10.51) >128 (366.33) 1 (2.09) ND ND
S. typhimurium ATCC 14028 2 (0.57) >32 (8.83) >32 (10.51) 1(2.86) 1(2.09) ND ND
Gram-positive bacteria
S. aureus ATCC 6538 3 (0.85) 1.5 (0.41) >32 (10.51) 1(2.86) 1(2.09) 15 (4.47) 5 (3.45)
B. cereus ATCC 10876 30 (8.5) 6 (1.66) >32 (10.51) 16 (45.79) 1(2.09) 32 (9.54) 4 (2.76)
E. faecalis ATCC 29212 2 (0.57) 2 (0.55) >32 (10.51) 2 (5.72) 5 (10.45) ND ND

aAntibiotics for control according to the CLSI standard. b Antimicrobials for control used in the membrane activity assay. ND, Not determined.

TABLE 3 | Viability of human cells treated with varying concentrations of three
opossum cathelicidins.

Peptide Concentration Cell viability & SD (%)
(ng/mL)
HEK293T Human primary MCF7
keratinocytes
AModoCath1 8 108.1 +£9.9 97.1+£29 91.2+25
16 105.5+6.9 91.4+1.6 89.2 +£0.6
32 66.9 + 5.0 56.2 + 8.4 791 +1.8
64 55.7 £ 6.2 5.8+ 3.7 42.4 £ 21
AModoCath5 8 93.7 £8.3 98.1 £ 0.6 98.4+4.2
16 67.4 £ 3.1 96.2 £ 3.5 84.6 +£0.6
32 478 £ 2.7 79.1 £18.0 28.4 + 0.7
64 35.0+0.8 489 +£15.5 10.3+2.8
AModoCath6 8 103.8 + 5.0 98.0+1.6 89.2+1.4
16 95.6 + 8.4 100.3 £1.3 93.2+0.9
32 89.0 £ 13.1 101.0+ 26 928 +1.0
64 88.8 + 8.1 892+7.2 952 +1.0
Triton X-1002 116+£25 82+04 114 +£04

aThe control for cell lysis. The experiment was triplicated.

structure in LPS-free aqueous solution with a negative peak
at 198 nm (Figure 1A). Surprisingly, AModoCath5 showed
a helical structure even in aqueous solution, with a negative
peak at 208 nm (Figure 1B). Although both AModoCathl

and 5 demonstrated increased mean residual ellipticity at 208
and 222 nm with increasing LPS concentrations and increased
helicity (40), the spectra for AModoCath5 contained double
minima at 208 and 222 nm, indicating higher helicity compared
to that of AModoCathl. Comparatively, PMAP36, a well-
characterized cathelidicin with a helical structure (41), also
showed a similar CD spectral signature to AModoCathl with
different concentrations of LPS (Figure 1C).

Disruption of Bacterial Membrane
Permeability by ModoCaths

Fluorescent dyes have been used to determine the integrity of
membranes (36). The increased fluorescence intensity of TO-
PRO-3 iodide and DiOC;(3) in cells indicates the penetration
of dyes to the cytoplasm due to the damaged membrane and
disruption of membrane potential. The treatment of B. cereus,
E. coli, and S. aureus with AModoCathl, 5, and 6 resulted in
an increase in fluorescence from the cells cultured with either
dyes regardless of cell type (Figure 2). This result is identical to
that obtained on treatment with Nisin, a lantibiotic, known to
create a pore that disrupts membrane permeability. The lower
effect of Nisin treatment on the membrane permeability of E. coli
than that of S. aureus and B. cereus was also consistent with the
activity preference of Nisin on gram-positive bacteria rather than
gram-negative bacteria (42).

The disruption of membrane potential, as indicated by
DiOC,(3) fluorescence after peptide treatment, differed among
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FIGURE 1 | Changes in the structural conformation of AModoCath1 and 5 peptides upon interaction with LPS. The CD spectra were recorded for AModoCath1
(A), A ModoCath5 (B), and PMAP36 (C) following incubation with increasing concentration of LPS. The CD spectra of LPS were subtracted from their respective
spectra in combination with the peptide mixtures. The predicted secondary structures of these peptides using PSIPRED are presented together with amino acid
sequences. The MICs of AModoCath1, 5 and PMAP36 against E. coli are also presented (D). Representative data from one set of experiments are shown.
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bacterial strains. However, the magnitude of changes was
consistent with the strength of the bactericidal activity of
ModoCaths (Table 2). In contrast, vancomycin, which does
not disrupt the cell membrane, showed no changes in the
fluorescence output of either dye. Therefore, we concluded that
the antibacterial activity of the three ModoCaths validated in this
study was mediated by the increase in membrane permeability
owing to membrane disruption.

Damage to Bacterial Cell Envelop and
Leakage of Cell Contents Following
Exposure to ModoCaths

To visualize the morphological changes occurring in bacteria
following treatment with AModoCathl and 5, high resolution
electron microcopy was performed. The synthesized PMAP36
peptide, which is a representative of cathelicidins with membrane
disrupting activity, was used as a comparison (Figure 3A). Intact
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FIGURE 2 | Disruption of bacterial membrane permeability by AModoCath peptides. The fluorescence of TO-PRO-3 iodide and DIOC»(3) was detected from
B. cereus (ATCC 10876), E. coli (ATCC 25922), and S. aureus (ATCC 6538) treated with AModoCath1, 5, and 6 at the concentration of 0.1x, 0.2x, and 1x MIC.
Nisin and vancomycin were used as controls. (A) The fluorescence of TO-PRO-3 iodide was measured for membrane permeability at hex 640 nm and hem 700 nm.
(B) The fluorescence of DIOC5,(3) was detected at hex 480 nm and hem 530 nm for cell polarity. The log?2 ratio of detected signals between treated and non-treated
wells is expressed on the Y-axis. Error bars represent the standard deviation from three replicated experiments. Modo 1, 5, and 6 indicate AModoCath1, 5, and 6,
respectively.
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FIGURE 3 | Scanning electron microscopy images of bacterial cells treated with AModoCath1, 5 and PMAP36. Electron micrographs showing E. coli cells treated
with 2x MIC of AModoCath1 (1.5 pg/mL, B,E), AModoCath5 (10 ng/mL, C,F), and PMAPS36 (4 wg/mL, A) for 2 or 4 h. Panel D represents the untreated control.
PMAP36 was used as a representative control for membrane disrupting cathelicidins. Scale bar, 2 um.
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E. coli without any treatment was used as negative control
(Figure 3D). Field emission scanning electron microscopy
(FE-SEM) images of E. coli cells following 2 or 4h of
peptide treatments showed complete or partial disruption of
bacterial membranes with subsequent outflow of cytoplasm
(Figures 3B,C,E,F). The images show that both AModoCathl
and 5 induce formation of pores (Figures 3B,C) and blisters
(Figures 3E,F) on the bacterial surface, leading to leakage of
cytoplasmic materials (Figures 3E,F) in peptide-exposed cells,
which ultimately becomes so severe as to cause formation of coral
reef-like structures among bacterial cells, most notably in E. coli
cells treated for 4 h with AModoCath5 (Figure 3F).

Strong Inhibition of West Nile Virus

Replication by AModoCath5

Before studying the ability of ModoCaths to inhibit West Nile
virus replication, their cytotoxic effects on human primary
keratinocytes were evaluated (Table 3). The concentration of
16 pg/mL, resulting in cell viability greater than 90% for the
three peptides, was chosen to test the antiviral activity of
AModoCathl, 5, and 6. Results showed a potent inhibitory effect
of AModoCath5 on WNV replication in primary keratinocytes;
ModoCathl and 6 exhibited no antiviral effects (Figure 4).
The concentration of viral RNA was significantly reduced in
supernatants of cells treated with AModoCath5, resulting in
approximately 500-fold decrease in virus production. In the
cell monolayer, AModoCath5 treatment also resulted in a 1-log
(93%) decrease in WNV viral loads.

In the second step, the cell innate immune response to
WNV infection was characterized in absence and presence of the
peptide, in order to evaluate the potential immunomodulatory
effects of AModoCath5 on cellular antiviral responses. The
expression profile of players involved in the cellular antiviral
response was studied by transcriptomic analyses. mRNA

expression levels of molecules, such as the type III interferon
interleukin 28A (IL28A), the chemokine CXCL10, as well
as three interferon-stimulated genes (ISGs; IFIT2, ISG20,
and viperin), which are known for their antiviral activities,
were monitored (Supplementary Figure S7A). AModoCath5
treatment in keratinocytes during WNV infection did not
significantly modulate the cellular antiviral response compared
to that in untreated infected cells. The presence of AModoCath5
resulted in lower CXCL10, IFIT2, and IL28A mRNA levels,
which can be related to the reduced viral replication in
keratinocytes treated with this peptide. While viperin expression
was not modified, AModoCath5 tended to increase 1SG20
expression in WNV-infected keratinocytes. However, at the
protein level, type III interferon secretion in response to
WNYV infection was not modulated by AModoCath5 treatment
(Supplementary Figure S7B).

In addition, the virucidal properties of AModoCathl, 5, and
6 were assessed by measuring WNV infectious titers following
pre-incubation in the presence of these peptides at a final
concentration of 16 pg/mL for 1 h at 37°C. The infectious titer
measured in the presence of the peptides was compared to that of
the untreated virus suspension. No direct virucidal effect of the
ModoCath peptides was observed (Supplementary Figure S8).
Taken together, our results show that AModoCath5 strongly
inhibits WNV replication in primary human keratinocytes by
mechanism of action that remains to be defined.

DISCUSSION

Endogenous AMPs are natural substances encoded by a diverse
group of genes in vertebrates to eliminate pathogens or
control microbiota of the host. Although many AMPs are
being discovered from diverse species, detailed analysis of their
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FIGURE 4 | West Nile virus replication in human primary keratinocytes treated
with AModoCath1, 5, and 6. Primary keratinocytes were treated with the
peptides at a final concentration of 16 pg/mL before being infected with WNV
at a MOI of 0.1 for 24 h. Viral loads were determined in the cell supernatant
(A, in log10 viral RNA copies/mL) and in cell lysates (B, in log10 viral RNA
copies/ng total RNA) from infected keratinocytes. Data are represented as
mean + SEM of three independent experiments. **p < 0.01, *p < 0.05,
compared with the infected control without peptides. Modo 1, 5, and 6
indicate AModoCath1, 5, and 6, respectively.

biological activity, which is critical for the development of
possible clinical applications, is still lacking. Here, we sought to
address this shortfall by characterizing the AMP repertoire of
the gray short-tailed opossum by in silico analyses, particularly
for cathelicidins, which are greatly expanded in the species in
comparison to eutherian species (4, 13). We determined the core
sequences of eight opossum cathelicidins predicted to have strong
antimicrobial activity. Three selected peptides, AModoCathl, 5,
and 6, were demonstrated to possess potent antimicrobial activity
with different antimicrobial spectra, including potent antiviral
activity against WNV.

The antimicrobial activity of a single opossum cathelicidin,
ModoCath4, has been previously demonstrated (14).

Determination of the active core sequence for cathelicidin
propeptides depends on the predicted enzyme cleavage site,
secondary structures, cationic charges, and hydrophobicity (3,
28, 29). In this study, we slightly revised the core sequence
of three opossum cathelicidins previously thought to have
no antimicrobial activity after adjusting the neutrophil
elastase cleavage site (14). Interestingly, we were able to
detect antimicrobial activity against pathogenic bacteria for all
three tested peptides, suggesting that the precise determination
of the active domain sequence is critical to assess the activity
of cathelicidins. These results suggest that the five untested
sequences listed in Table 1 may also show antimicrobial
activities. Together with ModoCath4 from a previous study
(14), antimicrobial activity has so far been confirmed for four
opossum cathelicidins.

With the exception of certain marine organism AMPs that
have been found to tolerate salt concentrations up to 450 mM,
higher salt concentrations often interfere with AMP activity (43).
Salt sensitivity is also observed in various antimicrobial peptides
such as magainins, indolicidins, gramicidins, bactenecins (44).
Notably, defensins have been reported to become inactivated
in the presence of high salt concentrations (45, 46). In fact,
studies have shown that lung infection by P. aeruginosa in cystic
fibrosis patients is often related to inactivity of AMPs at the
higher salt concentrations found in the lungs of these patients
(46). For this reason, increasing the salt tolerance of AMPs to
a minimum of 150 mM NaCl has been a goal of numerous
studies (43, 47-49). Interestingly, the activity of AModoCathl,
which had the highest net charge among the peptides used
in this study, was potentiated in various salts at physiologic
concentrations, while the bactericidal activity of AModoCath5
was negatively affected (Supplementary Table S7). Hence, the
charge distribution and conformational stability appear to be
important factors contributing to salt insensitivity (43, 47-49).
Alternatively, the salt tolerance exhibited by AModoCathl may
have been attributed to the extreme positive net charge (+12) and
structural stabilization by salts.

The antimicrobial properties of AModoCathl and 5 were
improved by a minimum 2-fold at solutions with a lower pH
(Supplementary Table S7). This result is consistent with previous
studies which reported that the bactericidal activity of AMPs
is equal to or superior at lower pH than at a neutral pH
(50). Particularly, His-rich peptides, such as clavanins which
contain a number of histidines in place of the more common
lysine or arginine residues, were potentiated at an acidic pH,
reducing their microbicidal concentrations and shortening their
killing times (51, 52). These enhanced bactericidal activities in
acidic conditions is attributed to an increase in the positive
charge of AMPs facilitating electrostatic interactions of peptides
with anionic microbial surfaces. Our results suggest that
ModoCatbhs, or their derivatives, may prove effective as treatment
options for infections occurring in areas of the body with a
physiologically acidic pH.

Therefore, the high level of antimicrobial activity elicited
by AModoCathl and 5 was due to the high net positive
charge and amphiphilic a-helical conformation observed in CD
spectroscopy (Figure 1). Although AModoCathl and PMAP36

Frontiers in Immunology | www.frontiersin.org

March 2020 | Volume 11 | Article 347


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Cho et al.

Antibacterial and Antiviral Opossum Cathelicidins

share only 42% sequence homology, they showed similar activity
against E. coli (Figure 1D) which is likely due to the similar CD
spectra for these two peptides upon LPS interactions, as well as
their net charges (Table 1).

Further, ModoCath peptides induced blebs on bacterial
surfaces similar to that observed following treatment with
PMAP36 (Figures 3A,E,F). This phenomenon has been
previously described for other AMPs with membrane-perturbing
activity, such as magainin 2, temporin L and SMAP-29 (53-55).
Additionally, the appearance of blebs has been reported as
indicative of a given peptide’s ability to destabilize the outer
membrane of gram-negative bacteria following displacement of
divalent cations that function to bridge and neutralize LPS (56).
The results from SEM analysis are consistent with those of the
membrane disruption assay (Figure 2).

Comparison of AMP gene numbers among eutherian
and marsupial species indicated the extensive expansion of
cathelicidins in marsupials during evolution (Supplementary
Table S9). Our analysis identified 19, 7, 11, and 11 cathelicidin
genes from the gray short-tailed opossum (Monodelphis
domestica), tammar wallaby (Macropus eugenii), Tasmanian
devil (Sarcophilus harrisii), and koala (Phascolarctos cinereus),
respectively. This, in contrast to the presence of a single gene in
humans and mice, suggests the importance of cathelicidins to
marsupials, for instance to compensate for the lack of an adaptive
immune system in neonate marsupials (8).

Using publicly available RNA-seq data (Supplementary
Table S2), we detected the expression of eight cathelicidins-
ModoCathl, 2, 4, 5, 7, 8, 16, and 18-from 5 tissues: placenta,
lung, spleen, kidney, and Meckel’s cartilage and anterior malleus
(Supplementary Table S10). ModoCath4 and 8 in particular
were expressed at higher levels than the others. The diversity of
cathelicidin expression was highest in the spleen.

Although antiviral properties of cathelicidins have been
less intensively studied than their bactericidal effects, several
cathelicidins including LL-37, protegrin-1, SMAP-29, BMAP-
27, and frog temporin have shown antiviral activity against
several pathogenic human viruses (15-18, 57). To our knowledge,
our study is the first to report that AModoCath5 possesses
strong antiviral activity against WNV. Although we only
tested its antiviral activity on WNYV, AModoCath5 may
also exhibit broad antiviral activity against other flaviviruses
and, potentially, other enveloped viruses. The antimicrobial
spectrum of ModoCath5 seems to be similar to that of
LL-37 showing both antibacterial and antiviral activities. LL-
37 acts either through direct inactivation of the viral particles
or upregulation of the cellular antiviral response (15, 16,
58, 59). However, by contrast with LL-37, AModoCath5
displayed no direct virucidal effect at the tested concentrations
(Supplementary Figure S8). Moreover, AModoCath5 did not
modulate inflammatory mediator production in WNV-infected
human primary keratinocytes (Supplementary Figure S7).
Therefore, further research is still required to determine the
mechanism of antiviral activity of AModoCath5 assessed during
keratinocyte infection.

Despite great interests in the therapeutic use of endogenous
AMPs and current progresses on characterization of new

AMPs, including research on its potency and specificity toward
pathogens, action mechanisms, and cytotoxicity to mammalian
cells, our knowledge is still limited. Animals such as opossums
harboring a large-sized cathelicidin repertoire could become an
interesting model to study the systematic effect of cathelicidins.
Considering the broad-spectrum bactericidal and antiviral
activity, AModoCath5 could be an interesting candidate for
therapeutic exploitation.
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An Update Review on the Paneth Cell
as Key to lleal Crohn’s Disease

Jan Wehkamp® and Eduard F. Stange*

University of Tubingen, Medizinische Kilinik I, Tubingen, Germany

The Paneth cells reside in the small intestine at the bottom of the crypts of Lieberkihn,
intermingled with stem cells, and provide a niche for their neighbors by secreting
growth and Wnt-factors as well as different antimicrobial peptides including defensins,
lysozyme and others. The most abundant are the human Paneth cell a-defensin 5 and
6 that keep the crypt sterile and control the local microbiome. In ileal Crohn’s disease
various mechanisms including established genetic risk factors contribute to defects in
the production and ordered secretion of these peptides. In addition, life-style risk factors
for Crohn’s disease like tobacco smoking also impact on Paneth cell function. Taken
together, current evidence suggest that defective Paneth cells may play the key role in
initiating inflammation in ileal, and maybe ileocecal, Crohn'’s disease by allowing bacterial
attachment and invasion.

Keywords: Paneth cell, Crohn’s disease, ileum, bacterial recognition, autophagy, endosomal stress, necroptosis

INTRODUCTION

Crohn’s disease was originally described and finally established (1) as a chronic ileal inflammation
leading to strictures and finally resection of the involved segment. Over time it became evident
that there was also a form of colonic Crohn’s disease (2) and actually the disease may involve all
parts of the gastrointestinal tract from mouth to anus. The respective localization is remarkably
stable in a given patient whereas the disease behavior may advance from a mere inflammatory
process to strictures as well as fistulas penetrating the gut wall (3). This categorization into ileal,
colonic, and combined, usually ileocecal or ileocolonic localization also has a genetic background
(4). Originally thought to be an autoimmune type of disease, the current view is that the immune
response is directed against and induced by the intestinal microbiome and the gut inflammation
is at least in part a collateral damage of this interaction (5). The separate localization types imply
that if indeed Crohn’s disease was characterized by a defective barrier toward intestinal microbes
(6), the cellular and molecular basis of this defect was likely to be local and differ between ileal and
colonic Crohn’s disease.

One possible explanation may be provided by the Paneth cell which resides predominantly in the
small intestine, although it may also be induced by inflammation as a metaplastic cell in other parts
of the intestine, such as in the colon. The history of this cell (7) dates back to 1872 when it was first
observed by Schwalbe in Freiburg but described in more detail in 1888 by Josef Paneth in Vienna
(who actually quoted Schwalbe and showed one of his pictures). It took nearly a century to elucidate
the function of Paneth cells: in an exhaustive study on the Paneth cell in gastrointestinal disease
published in 1969 it was still speculated that the granules contained a kind of zymogen, possibly a
peptidase and was therefore involved in digestion (8). Finally, lysozyme was detected in Paneth cells
of the small intestine (9), compatible with their now established role in bacterial killing. However,
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quantitatively and biologically the most important Paneth cell
products are the antibacterial a-defensins, i.e., human defensin
5 (HD5) (10) and, to a lesser degree, human defensin 6 (HD6)
(11). Apparently, the antibiotic peptides secreted form a chemical
barrier preventing bacterial invasion and any defect in Paneth
cell function may therefore compromise mucosal integrity. We
therefore provocatively (and tongue in cheek) renamed this entity
of ileal Crohn’s disease as “Paneth’s disease” (7) and ten years after
it seems appropriate to look at the current state of the Paneth cell
in Crohn’s disease. Paneth cells are Janus-faced: they were given
the title “maestros of the crypt” (12) but they may also be the
culprits in Crohn’s disease, hiding backstage behind the T-cells.

PANETH CELL AND DEFENSIN
PHYSIOLOGY

Located at the base of the crypts of Lieberkiihn, the Paneth cells
appear to serve a dual function: support of the surrounding
LGRS positive stem cells and antibacterial secretion. The first
and quite essential role is based on the local secretion of trophic
factors supporting the stem cell niche of neighboring crypt base
columnar cells, from which all other small intestinal cell lineages
originate (13). The trophic factors include epidermal growth
factor, transforming growth factor o and Wnt3. Coculture of
Paneth cells with stem cells is 10 times more efficient in the
formation of organoids than single type stem cell cultures. This
suggests an important role of this interaction also in vivo.

The limited population of about 5-15 Paneth cells per crypt is
under strict control by a complex net of differentiation factors,
the most important being the Wnt-factor TCF4 (also known
as TCF7L2) (14). TCF4 drives both a stem cell/progenitor gene
program and a Paneth cell maturation program. Indian hedgehog
is another important mediator, that is secreted by mature Paneth
cells and forms a feedback loop down-regulating differentiation
from Paneth cell precursors (15). Finally, during mouse Paneth
cell development colony stimulating factor-1 is important (16) as
well as other downstream mediators of Wnt (17).

Following differentiation, Paneth cell granule secretion into
the crypt lumen is governed by cholinergic and bacterial factors
(18), probably mediated by NOD2 (19) and TLR9 (20). TLR (toll
like receptor) signals are transferred through MyD88, limiting
microbial adherence and invasion through Paneth cell direct
sensing and antibacterial secretions (21). Interestingly, as shown
in organoids only the apical and not the basolateral surface of
Paneth cells was responsive to lipopolysaccharide or live bacteria
(22). However, even simple molecules like butyric acid or leucine
may induce Paneth cell a-defensin secretion (23). Another factor
involved, especially in maintaining the o-defensin precursor
activating enzyme MMP7 in the starving mouse is mTOR (24).
However, regulation may also be independent of microbiota
such as lymphocyte derived interleukins which trigger Paneth
cells to secrete antibacterial peptide, in this case angiogenin 4
(25). In addition, it was recently shown that also monocytes
may induce Paneth cell defensins, probably via Wnt-factors (26).
Others emphasized the key role of interferon signaling in Paneth
cell function (27), thereby affecting microbial ecology (28). It is

conspicuous that the Paneth cell also seems to be the main source
of IL17 (29) as well as TNE, a major inflammatory cytokine and
therapeutic target in the intestine (30).

Notably, Paneth cells produce a whole array of antibacterial
peptides in addition to the a-defensins and angiogenin, including
lysozyme as mentioned above but also lectins like Regllla in
man or Regllly in the mouse as well as type II secretory
phospholipase A2 (12). Nevertheless, the key antibacterials are
the two a-defensins (31), with different main modes of action.
HD5 is a direct antibacterial and, if the human gene is “knocked
into” a mouse, this will then change its commensal microbiome
composition (32) and the mouse becomes resistant to Salmonella
infection (33): thus the host defensins select its commensal
microbiota but also protect against invaders. HD5 peptide in the
intestine is unstable, however, and may be degraded by proteases
into up to 8, 000 new antimicrobial peptide combinations which
dramatically increase the host’s ability to control pathogens
and commensals (34). In contrast, HD6 is rather stable and
predominantly acts by forming peptide nanonets inhibiting
bacterial movement (35) rather than direct killing. Killing is only
observed upon chemical reduction of the peptide (36), similar to
HBD1 (37). It should be noted that these a-defensins are not only
observed in the crypts and lumen of the small intestine but in
the mouse are also transported intact from the small intestine
to the colonic lumen, suggesting an impact also on the colonic
microbiome (38). In this species a-defensins are called cryptdins
also exhibiting strong bactericidal activity (39). However, their
primary function likely is the prevention of bacterial migration
through the ileocecal valve from the colon into and up the small
intestine, resulting in about 1000-fold lower bacterial counts in
the terminal ileum compared to the colon.

PANETH CELL FUNCTION IN CROHN’S
DISEASE

In a first series of ileal Crohn’s disease patients from Germany
both ileal HD5 and HD6 were diminished compared to controls
(40) whereas those with unaffected ileum and colonic disease
exhibited a normal expression. In the colon enhanced expression
of both o-defensins reflected Paneth cell metaplasia. In a
second series of American and German patients combined
low HD5-expression and protein in the affected Crohn’s
ileum was confirmed, and this finding was shown to be
independent of the degree of tissue inflammation, whereas IL-
8 was directly related to inflammation (41). Concomitantly
antimicrobial activity of ileal mucosa was compromised and all
other non-defensin antimicrobial peptides measured including
lysozyme or phospholipase A2 were in the normal range. This
suggested that the relative defensin deficiency was the key to
defective antibacterial activity. However, other antibacterials like
angiogenin (42) may also have important roles.

In further investigations this diminished Paneth cell defensin
expression was linked to the Wnt system, in particular TCF4
(43), LRP6, and TCF 1 (44). As mentioned above, monocytes
may activate Paneth cells, probably through Wnt factors but
this mechanism was shown to be defective in monocytes from
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Crohn’s disease (26). Thus, there is a direct link between bone
marrow derived and Paneth cells controlling the microbiome.

In a study from Australia low HD5 expression was confirmed
but not independent of inflammation (45). The authors
explained their findings by a loss of surface epithelium during
inflammation, i.e., in ulcerated areas inflammation may indeed
also affect the Paneth cell area. Avoiding problems of varying
biopsy sites an English study quantitated HD5 in ileal effluents
and found these to be reduced in Crohn’s patients. This occurred
without apparent inflammation compared to controls, but levels
were particularly low if there was active disease (46). Moreover,
HD5 in Crohn’s disease gut lumen persisted in a complex of
trypsin and chymotrypsin as well as in an immature precursor
form, probably compromising its antibacterial activity. It is
conceivable that the multiple proteolytic imbalances described
in Crohn’s disease affect the intraluminal degradation of HD5
mentioned above (33). In uninvolved Crohn’s jejunum HD6
expression was diminished but not HD5 (47). More recently
it was demonstrated that the HD5-gene showed a higher
methylation status in Crohn’s disease, regardless of inflammation,
although the number of HD5 positive Paneth cells was normal
(48). Thus, this apparently permanent gene methylation may be
important in silencing the HD5 gene.

In an initial pediatric cohort both HD5 and TCF4 were
low and correlated (49), whereas in another study of children
with Crohn’s disease only ileal TCF4 was diminished but not
HD?5 (50). Interestingly, in a very recent large study looking at
a global pattern of ileal gene expression low HD5 expression
was observed specifically in older children of 10 years age and
above while younger children did not exhibit this decrease (51).
Therefore, the authors suggested that this defensin deficiency
may explain the rapid rise of IBD during puberty. Finally, also
in pediatric patients, and independent of the genetic associations
with Paneth cell defects discussed below, a phenomenon related
to autophagy induced crinophagy was described specifically in
ileal Crohn’s disease (52). This was independent of inflammation
and resulted in a significant decrease in the number of secretory
granules. Taken together, despite some inconsistencies and
remaining controversy, the current evidence, independent of the
genetic studies discussed below, relates compromised Paneth cell
function and even morphology to ileal Crohn’s disease both in
(older) pediatric and adult populations. However, to prove a
primary role of such a defect, the genetic basis has to be clarified.

In addition to the changes in o-defensins, interesting
observations suggest that HBD-3 peptide expression (but not
mRNA) is actually increased in ileal Crohn’s disease and it is
relocated from the luminal surface and Paneth cell granules to
the basolateral surface and the lamina propria (53).

THE PANETH CELL AND GENETIC LINKS
TO CROHN'’S DISEASE

NOD2 (nucleotide binding oligomerization domain 2) came
into the focus since the revolutionary observation that single
nucleotide polymorphisms in various genes are related to the risk
of Crohn’s disease, in particular ileal Crohn’s disease (54, 55).

This first and relevant link is an intracellular receptor for bacterial
derived muramyldipeptide (MDP)and is expressed in several cell
types including monocytes and, notably, the Paneth cell (19).
After binding to MDP, NOD2 oligomerizes and binds to the
serine-threonine kinase RIP2 and finally the complex mediates
the signal to the IKK complex which then activates NFkB.
Expression of NOD2 and the NOD2/RIP2 complex is enhanced
in Crohn’s disease (19, 56) and, somewhat paradoxically, NOD2
may actually suppress HD5 and HD6 formation in cultured
Caco2 cells differentiated to Paneth like cells through action of
FGF9 (57). On the other hand, MDP-NOD2 stimulation induced
the defensin HNP-1 (human neutrophil peptide 1) in Caco-2
cells (58) and hBD2 (human f3-defensin-2) in several epithelial
cells (59). In the latter study induction with a mutated NOD2
failed to induce HBD2. This fits the concept that the NOD2
mutations in Crohn’s disease share a signaling defect, the most
pronounced occurs in the frameshift mutation 1007fs. Quite
strikingly, NOD2 is also a directly active antibiotic and this
action is also compromised by these mutations (60). However,
the relevance of this mechanism in vivo is unclear.

When ileal a-defensins were related to the NOD2 status of
the patients, in a first study (40) their expression was particularly
low in those with mutations. In a second study these results
were confirmed in a different cohort and the most pronounced
effect was noted in the patients with the frame shift mutation
(41). This was not observed in an Australian study (45) and
also not in the pediatric study comparing the older and younger
children (47). On the other hand, in the ileostomy patients
(46) HD5 levels in the effluent of NOD2 homozygotes and
compound heterozygotes were the lowest observed in the cohort.
Looking at Paneth cell morphology, Crohn’s patients carrying
at least two NOD2 mutations exhibited an increased number
of abnormal granules in Paneth cells (61). Finally, following
small bowel transplantation, with 35% of the patients possessing
NOD?2 polymorphisms, rejection was characterized by decreased
expression of Paneth cell antimicrobial peptides in the NOD2
mutant recipients, prior to the onset of inflammation (62).
Finally, it has been repeatedly demonstrated that the NOD2
genotype impacts on the ileal microbiome in Crohn’s disease
(63). It seems likely but is unproven that this alteration is
mediated by defensins. Unfortunately, in experimental animals
the findings are similarly controversial (64, 65) and NOD2~/~
mouse organoids were not impaired in a-defensin expression
(66). In contrast, in NOD2 deficient mice helicobacter hepaticus
induced ileal granulomatous inflammation and this was reversed
by transgenic expression of a-defensins in Paneth cells (67). Thus,
NOD2 may well be important for Paneth cell defensin expression
or secretion in mouse and man but the issue is not yet resolved.

Another risk gene identified in genome wide association
studies is ATG16L1 (68) and this moved autophagy into the
limelight. Autophagy is a process of degradation and recycling
of cellular components, reducing cellular stress, but also of
degrading bacterial components upon entry into the cell. It
operates through the encapsulation of organelles and cytoplasm
as well as bacteria within a membrane-bound organelle, termed
the autophagosome (69). In a similar sequence of events to
NOD2, next it was demonstrated that ATG16L1 and ATGS5,
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another autophagy protein, play key roles in intestinal Paneth
cells (70). ATG16L1 and ATGS5 deficient or defective Paneth cells
in both mouse and man exhibited striking abnormalities in the
granule exocytosis pathway. During an infection lysozyme may
be rerouted via secretory autophagy as an alternative secretory
pathway and this is also affected in the ATG16L1 mutated mouse
(71). At the same time some injury signals like acute phase
reactants and adipocytokines were enhanced. When combined
with a murine norovirus there was enhanced pathology following
administration of toxic dextran sodium sulfate (72). Finally,
the group succeeded in introducing the defective human
Atgl6L1 T300A variant gene into the mouse and again observed
abnormalities in Paneth, but also in goblet cells (73). In human
epithelial cells the variant impaired autophagy of S. typhimurium
(74). Most importantly, however, it was demonstrated in Crohn’s
disease patients that genetic variants synthesize to produce
Paneth cell phenotypes of Crohn’s disease: i.e., the granule defects
were more pronounced it the patient carried multiple NOD2
and ATGI6L1 risk genes (61). Moreover, high proportions of
abnormal Paneth cells were associated with shorter time to
disease recurrence after surgery. The additive action of these
genes is not surprising because NOD2 recruits ATG16L1 to
the plasma membrane at the bacterial entry site and mutant
NOD? fails in this regard (75). Quite surprisingly, in Japanese
patients there was a similar number of defective Paneth cells
as in American patients, but this phenomenon was related to
LRRK2 rather than ATG16L1 polymorphisms (76). LRRK2 is
known to help sort lysozyme in cooperation with NOD2 and is
also suppressor of autophagy: both processes may affect Paneth
cell morphology (77).

Next, the focus turned from autophagy in Paneth cells
to endosomal stress. This leads to accumulation of unfolded
proteins within the endoplasmic reticulum (ER) lumen and
a response directed by the receptor inositol-requiring enzyme
1 (IRE-1) which double-cleaves mRNA for XBP-1 (X-box
binding protein 1) synthesis (78). This splicing activates XBP-
1 to induce the unfolded protein response and, if it fails,
cellular apoptosis is induced. For example, ischemia/reperfusion
or obesity may lead to ER stress but there is also evidence
that inflammatory bowel disease mucosa is “ER-stressed” (79).
Moreover, the group reported that XBP-1 knockout mice exhibit
loss of Paneth and goblet cells, reduced antibacterial activity
and spontaneous enteritis. To complete the picture, and similar
to NOD2 and ATGI6L1, there was a clear-cut genetic link of
hypomorphic XBP-1 polymorphisms to IBD. In elegant studies
with single or double ATG and/or XBP-1 knockout mice it was
demonstrated that both pathways affect and partly compensate
each other. The combination of these genetic defects in the
single mouse at last established the Paneth cell as a site of
origin for intestinal inflammation (80). Further evidence that
both pathways are interlinked is based on the observation that
defective ATG16L1-mediated removal of IREla drives Crohn’s
disease like ileitis in the mouse (81). Finally, both pathways are
involved in interleukin-22 signaling (82), a classical epithelial-
protective cytokine. Novel findings now suggest that IL-22
actually orchestrates a pathological endoplasmic reticulum stress
response and may also have deleterious facets (83).

Other genetic links of relevant Paneth cell genes to Crohn’s
disease are KCNN4 (84) and the Wnt factors TCF4 (85) and LRP6
(86). In addition, an unbiased genetic screen may well unravel
further links as demonstrated recently (76).

THE PANETH CELL AND NON-GENETIC
LINKS TO CROHN’S DISEASE

Another important role in Paneth cell survival is played
by caspase-8 which, if knocked out, induces TNFa-induced
epithelial necroptosis and terminal ileitis. Its knock-out is also
associated with lack of Paneth cells and reduced numbers of
goblet cells (87). Accordingly, caspase-8 is essential to maintain
intestinal barrier function and restrict pathogen colonization
during S. typhimurium infection (88). Interferon lambda was
recently shown to promote Paneth cell death in mice and is
increased in inflamed ileal tissue in patients with Crohn’s disease
(89). Interestingly, glucocorticoids and tofacitinib, in current use
in IBD, prevented Paneth cell death. Recently, it was described
that also patients with inherited caspase-8 deficiency may develop
intestinal inflammation but the role of caspase 8-genetics in
Crohn’s disease is not fully established (90).

An overarching factor affecting inflammatory response, amino
acid metabolism, autophagy and also endoplasmic reticulum
stress is ATF4 (activating transcription factor 4). Its levels were
significantly decreased in inflamed mucosa of IBD patients and
its deletion in mice was associated with diminished Paneth cell
defensins (91). It should be emphasized, however, that although
non-genetically deleted animal-models of terminal ileitis like the
SAMP1/YitFc mouse also exhibit Paneth cell alterations (92),
not all Paneth cell defects lead to spontaneous inflammation.
In some models of ileitis the defective antibacterial system may
be secondary to dysbiosis (93). In a very recent report, it was
elucidated elegantly that even the Paneth cell specific knockout
of prohibitin 1 triggers Paneth cell defects and ileitis in the
mouse (94). Prohibitin 1 is not genetically linked to IBD but
mitochondrial dysfunction and low levels of this mitochondrial
protein have been observed. Interestingly, some species like the
pig, not the cleanliest animal on earth, appear to perform quite
well without Paneth cells.

THE PANETH CELL AND ENVIRONMENTAL
RISK

In a recent review of metaanalyses several environmental risk
factors for Crohn’s disease were reevaluated and confirmed
including smoking, antibiotic exposure, and vitamin D deficiency
(95). All of these three factors impact on Paneth cell function and
this link may represent a plausible mechanism of risk increase.
For example, exposing mice to intragastric smoke condensate
leads to alterations of ileal Paneth cell granules, antimicrobial
peptide production and a reduction of bactericidal capacity (96).
In Crohn’s disease patients the combination of tobacco smoking
and the ATG16L1 polymorphism combine to trigger Paneth cell
defects and apoptosis (97).
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FIGURE 1 | Overview of mechanisms regulating Paneth cell function and morphology. Those defective in ileal Crohn’s disease were labeled in red.

Acute antibiotic treatment is known to decrease the protein
level of lysozyme and of ReglIIy as well as the mRNA level of -
defensin 5 (98). However, the long-term effects of “earlier in life”
antibiotic treatment are unknown and therefore the analogy to
patients with antibiotics in childhood and later Crohn’s disease is
speculative. Also, in animal models vitamin D deficiency together
with high-fat feeding reduces a-defensin 5 and its activator
MMP 7, similar to vitamin D receptor knockouts (99). Obese
individuals exhibit decreased jejunal levels of HD5 and lysozyme,
whereas Paneth cell numbers were unchanged (100). Thus,
Paneth cell problems are not necessarily specific for Crohn’s
disease. Finally, chronic ethanol feeding also reduced a-defensin
5 in the mouse intestine (101) and possibly zinc deficiency plays a
negative role in this context (102). Remarkably, in some of these
circumstances (99, 101) oral administration of HD5 reversed the
pathological changes. However, at least alcohol consumption is
not an established risk factor for Crohn’s disease, whereas zinc
and vitamin D deficiency may well occur.

Finally, the microbiome may play a major role because
bacteria (103), Listeria and Salmonella in particular (104, 105),
as well as parasites like toxoplasma (106) and even viruses
(107) all interact with Paneth cell physiology. It is common that
patients report on an episode of gastrointestinal infection prior
to developing IBD but this is not, to the best of our knowledge,
an established link. Innate host defense, of course, is opposed
to these infections but also “sculpts” the local commensal
microbiome (30): as a consequence, Paneth cell defects may

induce dysbiosis (108-110). However, it still remains an open
question whether this dysbiosis is the hen or the egg, or both,
with respect to the inflammatory process (6, 111). A detailed
discussion of these host vs. microbiome issues is beyond the scope
of this review but it is quite conspicuous that adherent-invasive
E. coli associated with Crohn’s disease are resistant to both a- and
3-defensins (112).

CONCLUSION

After the first hints of a Paneth cell role in ileal Crohn’s
disease (19, 40), the Paneth cell as the key cell of defensin
production in the small intestine proved to be an exciting
focus of IBD-research, in recent years and in many respects.
The various defects of this specialized cell in ileal Crohn’s
disease (Figure 1), in particular the (necessarily primary) genetic
defects, have convinced many in the field that deficient defensins
may represent one of the key events in triggering the disease
(7, 113). The microbiome directed immune response and the
stable localization over time is unlikely to be explained by a
mere T-cell overresponse and, therefore, unlikely to represent
an autoimmune disease (107). Future studies on the regulatory
network of Paneth cells, maybe like those reported recently, using
transcriptomics approaches may delineate additional complexity
in these already remarkably versatile cells (114). Finally, and
this is what counts for the patients: if the chance to substitute
for mucosal defensins by systemic or oral administration, as
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mentioned above, really works out, this originally unlikely
hypothesis may lead to a promising new therapy both in
Crohn’s disease (115, 116) as well as in intestinal graft vs. host
disease (117).
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Big defensins are antimicrobial polypeptides believed to be the ancestors of B-defensins,
the most evolutionary conserved family of host defense peptides (HDPs) in vertebrates.
Nevertheless, big defensins underwent several independent gene loss events during
animal evolution, being only retained in a limited number of phylogenetically distant
invertebrates. Here, we explore the evolutionary history of this fascinating HDP family
and investigate its patchy distribution in extant metazoans. We highlight the presence of
big defensins in various classes of lophotrochozoans, as well as in a few arthropods
and basal chordates (amphioxus), mostly adapted to life in marine environments.
Bivalve mollusks often display an expanded repertoire of big defensin sequences, which
appear to be the product of independent lineage-specific gene tandem duplications,
followed by a rapid molecular diversification of newly acquired gene copies. This
ongoing evolutionary process could underpin the simultaneous presence of canonical
big defensins and non-canonical (3-defensin-like) sequences in some species. The
big defensin genes of mussels and oysters, two species target of in-depth studies,
are subjected to gene presence/absence variation (PAV), i.e., they can be present or
absent in the genomes of different individuals. Moreover, big defensins follow different
patterns of gene expression within a given species and respond differently to microbial
challenges, suggesting functional divergence. Consistently, current structural data show
that big defensin sequence diversity affects the 3D structure and biophysical properties
of these polypeptides. We discuss here the role of the N-terminal hydrophobic domain,
lost during evolution toward p-defensins, in the big defensin stability to high salt
concentrations and its mechanism of action. Finally, we discuss the potential of big
defensins as markers for animal health and for the nature-based design of novel
therapeutics active at high salt concentrations.

Keywords: antimicrobial peptide, defensin, evolution, nanonet, host defense (antimicrobial) peptides

INTRODUCTION

Host defense peptides (HDPs) comprise bioactive molecules produced by virtually all life forms.
Initially characterized for their antimicrobial properties and accordingly named antimicrobial
peptides (AMPs), they were described as peptides, usually cationic, which selectively target essential
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microbial components (1). More than natural antibiotics,
HDPs perform a wide range of both immune and non-
immune functions (2). Although every species has typically
its own repertoire of HDPs, molecular evolution has led to
the convergence on a few highly successful structural scaffolds
widely distributed in multicellular organisms. Defensins probably
represent the most striking example of this process, as they
are found in nearly all multicellular Eukaryotes, from fungi
and spermatophyte plants to animals (both Protostomia and
Deuterostomia) (3).

Defensins are gene-encoded disulfide-rich antimicrobial
peptides (4). They are produced by various tissues according
to species, and can be constitutively expressed or induced in
response to different stimuli (infection, injury, inflammatory
factors, etc.). Recent phylogenetic studies have classified
defensins into two analogous superfamilies, namely cis-defensins
and trans-defensins, that arose from different origins, but that
underwent convergent evolution in terms of structure and
function (5) (Figure 1). This classification is based on the spacing
and pairing of the cysteine residues and the orientation of the
peptide secondary structure. Cis-defensins contain two parallel
disulfide bonds that stabilize the final B-strand to an a-helix
(6). This folding is a key element in a 3D structure known as
cysteine-stabilized o-helix/p-sheet (CSaf) motif, which is shared
by all cis-defensins as well as by plant trypsin inhibitors and
scorpion neurotoxins (7). In trans-defensins, two disulfide bonds
point in opposite directions from the final B-strand and stabilize
different secondary structure elements (6). All trans-defensins
share a conformational structure consisting of three anti-parallel
B-strands stabilized by three disulfide bonds (8) but they adopt
a diversity of 3D structures that do not systematically include
a-helices (Figure 1). CSap-containing peptides from the cis-
defensin superfamily may have six, eight or ten cysteines whereas
trans-defensins contain six cysteine residues.

Cis-defensins are widely distributed across the fungal, plant
and animal kingdoms. In contrast, trans-defensins have arisen
and evolved exclusively in animals. Based on the disulfide
bond arrangement of their six conserved cysteine residues and
3D structures, trans-defensins are subdivided into different
families: a-defensins, B-defensins and big defensins (Figure 1).
Aside from these families, a defensin with a cyclic peptide
backbone was named 6-defensin; it is related to a-defensins and
exists only in some non-human primates (9). a-defensins are
peptides stabilized by the cysteine pairing Cys; —sCysz—4Cys3—s
(4), they were the first group of defensins to be described.
Originally isolated from rabbit granulocytes in 1984 (10), they
have only been identified in a few mammalians. B-defensins are
peptides holding three intramolecular disulfide bonds paired as
Cys1—5Cysy_4Cys3_¢. They occur from teleost fish to mammals
and are considered as the oldest type of vertebrate defensin (11).

The last family of trans-defensins known as big defensins
was isolated from the hemocytes, ie., circulating immune
cells, of the horseshoe crab Tachypleus tridentatus, an ancient
marine chelicerate (Merostomata) (12). Big defensins are
composed of a C-terminal B-defensin-like domain combined
with a hydrophobic globular N-terminal domain (Figure 2).
The T. tridentatus big defensin (Tt-BigDef) is stored in
hemocyte granules (13) and displays antimicrobial activities

and LPS-binding properties (12). Homologs of Tt-BigDef have
been identified in bivalve mollusks (Bivalvia) and amphioxus
(Cephalochordata) by molecular approaches (14-17).

With few exceptions, big defensin precursors are synthesized
as prepropeptides in which a prodomain is located downstream
of the signal sequence (15) (Figure 2A). This prodomain, whose
function remains unknown, ends with a conserved dibasic
site (either Lys-Arg or Arg-Arg), which is likely recognized
by a furin-like peptidase during big defensin maturation, like
other invertebrate AMPs (18, 19) (Figure 2A). Additional post-
translational modifications (e.g., oxidation of disulfide bonds,
C-termination amidation) give rise to mature big defensins (15).

Mature big defensins harbor a N-terminal hydrophobic region
and a C-terminal region that contains six cysteines (Figure 2A).
To date the horseshoe crab Tt-BigDef and the Pacific oyster
Cg-BigDefl are the only two big defensins for which a three-
dimensional structure has been obtained (20, 21) (Figure 2B).
Both molecules are highly soluble in solution. They are composed
of two distinct globular domains connected by a flexible linker.
Their hydrophobic N-terminal domain adopts a fl-al-a2-B2
fold while their cationic C-terminal domain shows the cysteine
pairing of B-defensins (Cys;—5Cysy—4Cys3—¢). The flexible linker
is longer in Cg-BigDefl than in Tt-BigDef, which determines a
different orientation of the N- and C-terminal domains in each
molecule (Figure 2B). Basic or dibasic sites (Arg-Arg or Lys-Arg)
are found between the two structural domains of big defensins.
The proteolytic cleavage of the native Tt-BigDef at this dibasic
site, experimentally achieved (12), generated two fragments with
distinct antimicrobial activities, as also observed for the two
synthetic domains of Cg-BigDefl (21). The covalent association
of Cg-BigDefl domains is synergistic and essential for salt-stable
antimicrobial activity (21).

The discovery of big defensins has rekindled the discussion
about the evolutionary history of trans-defensins (22). Both
structural and phylogenetic studies have provided compelling
evidence that big defensins could be the missing link in
vertebrate defensin evolution, as an invertebrate big defensin
gene has been hypothesized as the most probable ancestor
of present-day P-defensins (5, 22). It is noteworthy that
the N-terminal hydrophobic region is the hallmark of big
defensins, a trait that was lost during the transition from basal
chordates to their vertebrate relatives (22). In the subsequent
sections we explore the taxonomic distribution and extraordinary
diversification of the big defensin family in terms of sequence,
tissue expression, gene regulation and mechanism of action.
We discuss the functional meaning of the N-terminal domain
conservation and translational insights that can be gained from
a functional perspective.

PREAMBLE

In this review, we discuss the molecular diversity and biochemical
properties of big defensin sequences subject of previous studies
and deposited in publicly available repositories. However, to
provide a more comprehensive overview of the taxonomic
distribution of these HDPs, we extend our investigation to several
large, but still unexplored phyla, for which genomic or taxonomic
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cis-defensins £

Lucifensin

FIGURE 1 | The family alboum of defensins. Left-hand side of the album illustrates some classical cis-defensins: the fungal defensin plectasin from the ebony cup
mushroom Pseudoplectania nigrella (PDB: 1ZFU), the plant defensin NaD1from the flowering tobacco Nicotiana alata (PDB: 1MR4), the insect defensin lucifensin
from the green bottle fly Lucilia sericata (PDB: 2LLD) and the mollusk defensin MGD-1 from the Mediterranean mussel Mytilus galloprovincialis (PDB: 1FJN).
Right-hand side of the album exemplifies some members of the main families of trans-defensins: the big defensin Cg-BigDef1 from the Pacific oyster Crassostrea
gigas (PDB: 6QBL), the a-defensin HD5 (PDB: 2LXZ) and the p-defensin hBD-1 (PDB: 11JV) from humans. Protein Data Bank (PDB) numbers are indicated in

parentheses, a-helices in red, B-strands in blue and disulfide bonds in yellow.

trans-defensins | }§

Big defensin

resources are available. Consequently, while all the big defensin
sequences described in this review derive from the screening
of previously published sequence data, most of them had not
been formally identified or described before. The big defensin
sequences described in this article, with IDs and references, are
reported in Supplementary Table S1.

Our approach was based on in silico data mining and exploited
the conserved phylogenetic signal shared by all big defensins.
In brief, known big defensin sequences were retrieved from the
NCBI nr protein database and the redundancy of the dataset
was reduced with CD-HIT v4.6.8 (23), based on a pairwise
sequence identity threshold of 60%. The multiple sequences
alignment obtained with MUSCLE (24) was used to generate
a Hidden Markov Model profile for HMMER v3.3 (25). This
profile was used to screen the genomes and transcriptomes
of the species mentioned in the following sections based on
an e-value threshold of 1E73. In detail, gene annotations,
whenever available, were used to obtain protein predictions from
genomes, and TransDecoder v5.5.0 was used to virtually translate
transcriptomes. tBLASTn' was used as a complementary tool
for the identification of unannotated genes, using an e-value
threshold of 1E~3. All retrieved hits were manually curated and
the approach was re-iterated, by regenerating the HMM profile,
until no new hits could be found.

The results here presented are largely dependent on the
availability of -omic resources for the screening, on the
completeness of the transcriptomes that we analyzed and on the
quality of the genome assemblies and annotations. Therefore, our
inference about the presence or absence of big defensins in a given

Uhttps://blast.ncbi.nlm.nih.gov/Blast.cgi

taxa, as well as the estimates of the number of paralogous genes
per species are subject to future update and revision.

THE BROAD BUT DISCONTINUOUS
TAXONOMIC DISTRIBUTION OF BIG
DEFENSINS

Ecdysozoa (A Large Monophyletic Group
of Invertebrate Animals Belonging to
Protostomia, Which Undergo Molting,
e.g., Arthropods, Nematodes, and Other
Minor Phyla)

Although 25 years have passed since the initial discovery
of big defensins in T. tridentatus (12, 13), horseshoe crabs
(class Merostomata) still remain the only clade of arthropods
where these HDPs have been formally described. Indeed, while
orthologous sequences are expressed in the transcriptomes of
the two other extant genera of horseshoe crabs, i.e., Limulus
and Carcinoscorpius, no trace of big defensins has ever been
found in insects, arachnids and crustaceans, in spite of the high
amount of -omic data available. Based on the analysis of fully
sequenced genomes, this consideration can be further extended
to the Tardigrada, Nematoda and Priapulida, which points out
a very narrow taxonomic distribution of big defensins within
Ecdysozoa (Figure 3), the largest group of animals, with over 4.5
million estimated extant species (26).

The only other known case of peptides bearing a 3-defensin-
like cysteine array in Ecdysozoa is that of panusins, a family of
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Tachypleus tridentatus
(horseshoe crab)

Tt-BigDef
[PDB: 2RNG]

dibasic cleavage site, and a multi-domain polypeptide (mature big defensin). Hyd
the amino acid sequence alignment of certain mature big defensins. Cysteine pai
Table S1. (B) The 3D structure of canonical big defensins shows the two structu

FIGURE 2 | Structural domain organization of big defensins. (A) Big defensin precursors are composed of a signal peptide followed by a prodomain holding a

Crassostrea gigas
(Pacific oyster)

Cg-BigDefl
[PDB: 6QBL]

rophobic (green frame) and B-defensin like (orange frame) domains are indicated at
ring is indicated by gray lines. GenBank numbers are provided in Supplementary
ral domains connected by a flexible linker.

HDPs which have been first identified in a crustacean, the spiny
lobster Panulirus spp. (27, 28). In spite of a significant primary
sequence homology with the C-terminal domain of big defensins,
panusins are completely devoid of the N-terminal region and
more closely resemble the architecture of vertebrate f-defensins.
A similar sequence was recently identified in another decapod
crustacean, the lobster Homarus americanus (29).

Lophotrochozoa (A Large Monophyletic
Group of Invertebrate Animals Belonging
to Protostomia That Share the
Lophophore Feeding Structure and the
Trochophore Developmental Stage, e.g.,
Mollusks, Annelids, and Many Other
Minor Phyla)

In stark contrast with the scarce number of reports in Ecdysozoa,
big defensins have been found on multiple occasions in
Lophotrochozoa. They have been described in nearly all lineages
of Bivalvia (Mollusca), mostly including marine species of
mussels (16), scallops (14, 30, 31), oysters (15), clams (32, 33)

and ark shells (34), but also in a freshwater species belonging
to the family Unionidae (35). While no big defensin has been
formally reported in the other molluscan classes, the results of
our screening suggest that the phylogenetic spread of these HDPs
in Mollusca extends far beyond bivalves (Figure 3).

In spite of the relevant amount of -omic resources available for
Gastropoda (which include over 80, 000 classified species of snails
and slugs) (36), we could identify big defensins only in abalones
and in a few snails, which suggests that these HDPs are likely
to be present only in some (but not all) species. The existence
of big defensins in cephalopods (e.g., octopuses and squids) is
supported by both genomic and transcriptomic evidence: while
the only sequence deposited in public databases is a mRNA
expressed in the photophore of the squid Pterygioteuthis hoylei,
we could identify unannotated big defensin orthologs in the
genomes of Octopus spp. and Architeuthis dux. Moreover, a big
defensin transcript was also detected in Chiton olivaceus, a species
belonging to a minor molluscan class (Polyplacophora).

Very fragmentary information is available for the other
lophotrochozoan phyla, most likely due to the limited -omic
resources available and to the lack of efforts specifically focused
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Tardigrada
Nematoda
Priapulida
Cephalochordata
Urochordata
Vertebrata
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Echinodermata

— Merostomata
Crustacea

I
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|
* inferred gene loss

phyla with big defensin genes

I::'—:I inferred partial exon loss

phyla without big defensin genes

%Zancestral big defensin gene

phyla with B-defensin-like genes

FIGURE 3 | Schematic representation of the metazoan tree of life, reporting the presence of big defensins in all the major phyla relevant in the context of this study.
The topology of the tree follows the branching pattern resulting from a recent phylogenomic study (100). Taxa where big defensins have been reported are marked
with a green background and those where big defensins are absent are marked with a red background. Taxa where no big defensins are present, but f-defensin-like
peptides have been reported, are indicated with a light blue background. The hypothetical origin of the primordial big defensin gene is shown with a star. Inferred big

defensin gene loss events are indicated with a red box and inferred partial exon loss events are indicated with a blue box.

on the study of AMPs in these organisms. Big defensins have
been previously evidenced in Rhynchonelliformea, one of the
three subphyla of the phylum Brachiopoda (37). Here we can
also report the presence of big defensins in the transcriptomes
of several other distantly related lophotrochozoan species,
which include the bryozoan Flustra foliacea, two species
of sabellid polychaetes (Annelida), and two congeneric
species of phoronids. On the other hand, the genomes
of many other lophotrochozoans, such as the annelids
Capitella teleta and Helobdella robusta, or the ribbon worm
Notospermius geniculatus, as well as the genomes of the early
branching spiralian groups (e.g., Platyhelminthes, Rotifera
and Gastrotricha) are completely devoid of big defensin genes,
confirming the scattered distribution of these HDPs in metazoans
(Figure 3).

Deuterostomia (i.e., the Sister Group of
Protostomia, Characterized by a
Different Embryonic Development. This
Group Includes, Among the Others,
Echinoderms, Tunicates, Amphioxi, and
Vertebrates)

Among deuterostomes, big defensins have been only found
in Cephalochordata (amphioxi, or lancelets). The cloning of a
big defensin ¢cDNA from Branchiostoma japonicum (17) finds
full support in the presence of orthologous sequences in the
genomes of the other cephalochordate species Branchiostoma
belcheri, Branchiostoma floridae and Asymmetron lucayanum. On
the other hand, big defensins are apparently present neither
in Ambulacraria (Hemichordata + Echinodermata) nor in
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Urochordata (Figure 3). Even though vertebrates do not display
big defensins, they possess a related family of trans-defensins
named f-defensins (38). These defense peptides underwent a
remarkable diversification in vertebrates in which they spread
from teleosts to mammals (39). Although they share an identical
pairing of cysteines, they entirely lack the N-terminal region
typical of big defensins.

BIG DEFENSINS, g-DEFENSINS AND
PANUSINS: A SHARED EVOLUTIONARY
ORIGIN?

The phylogenetic distribution of big defensins suggests that these
sequences are monophyletic and derive from a primordial big
defensin gene already present in the latest common ancestor of
all bilaterian animals, before the speciation process that gave
rise to protostomes and deuterostomes (Figure 3). However,
the timing of the appearance of the first big defensin gene
is presently unclear, since no big defensin or any other
trans-defensin-encoding genes have ever been described in
extant representatives of early branching metazoan phyla (e.g.,
Porifera, Cnidaria, Ctenophora, etc.). Nevertheless, the scattered
distribution of these molecules in the animal phylogeny may
seem counterintuitive and requires some explanation. Over long
evolutionary timescales, gene death occurs with high frequency
(40), contributing to animal genetic and phenotypic variation
(41). The multiple independent rounds of lineage-specific gene
contraction/loss events documented along metazoan evolution
(42, 43) may be fully consistent with the discontinuous
taxonomic distribution of big defensins (Figure 3).

A key question that remains to be answered is whether big
defensins are evolutionarily related with vertebrate -defensins
and crustacean panusins, or the similarity in the disulfide array
of these peptides is rather the product of convergent evolution.
Zhou and Gao provided compelling evidence in support of
a shared evolutionary origin for vertebrate P-defensins and
invertebrate big defensins (22). Both gene types share a phase
I intron (i.e., with the splicing site placed between the first and
the second position of a codon) in a highly conserved position,
at the 5" end of the region encoding the C-terminal cysteine-
rich region. The conservation of gene structure and intron phase
are both considered important indicators of shared ancestry
among distantly related genes (44). This is further supported
by the recent release of horseshoe crab (Limulus polyphemus)
and gastropod (Pomacea canaliculata) genomes in which big
defensin genes share the very same highly conserved phase I
intron (Figure 4A).

Most big defensin genes are characterized by the presence
of three exons, with the coding region being split between the
second and the third exon, as in the case of most bivalves
and amphioxus (Figure 4A). However, several exceptions to
this general and likely ancestral gene architecture exist. For
example, the position of the initial ATG codon slid back into
exon 1 in gastropods, leading to the creation of a phase 0 intron
(Figure 4A). Moreover, the big defensin genes of horseshoe
crabs and scallops display an additional intron (found in phase

0 and phase 2, respectively), which splits exon 2 in two smaller
exons (Figure 4A).

Different genetic mechanisms may explain the divergent
structure of the precursor peptides encoded by invertebrate
big defensins and vertebrate p-defensins. Zhou and Gao (22)
proposed two equally plausible alternative hypotheses to explain
the loss of the N-terminal region in the vertebrate lineage:
(i) partial intronization of exon 2; (ii) exon shuffling and
combination of the 3’ exon, encoding the cysteine-rich module,
with diverse upstream leader regions.

The genomes of two bivalve mollusks, the Manila clam
Ruditapes philippinarum (45) and the zebra mussel Dreissena
rostriformis (46), may represent cornerstones for understanding
the molecular mechanisms behind the generation of genes
encoding B-defensin-like peptides from a canonical big defensin
gene. Indeed, both species display the simultaneous presence of
canonical big defensins (carrying the N-terminal hydrophobic
domain typical of this peptide family) and shorter non-canonical
peptides (lacking this domain), which are characterized by large
indels (~40 amino acids) and resemble vertebrate B-defensins
and crustacean panusins (Figure 4B) (33). As suggested by
phylogenetic inference (see the following section), these two types
of sequences are likely encoded by paralogous genes, ruling out
the possibility of their origin by exon shuffling. The genetic
mechanisms that led to the loss of the N-terminal region in
Ruditapes and Dreissena are, however, largely different. In fact,
the presence of a phase 1 intron and the contemporary presence
of a short exon 2 in the Manila clam would be fully consistent
with the intronization hypotheses proposed by Zhou and Gao
(22) (Figure 4A). On the other hand, the non-canonical big
defensin zebra mussel genes entirely lack intron 2 and therefore
only display a single uninterrupted open reading frame, which
is entirely embedded in the second exon (Figure 4A). This
observation strongly suggests that the loss of the N-terminal
region in Dreissena was not driven by intronization, but rather
by the deletion of the genomic region comprising the 3’ end
of exon 2 along with the entire intron 2, paired with the in-
frame rejoining between the remnant part of exon 2 and exon
3. Unlike panusins in decapods and B-defensins in vertebrates,
this evolutionary process acted on paralogous gene copies,
maintaining the original canonical big defensin genes intact.

Altogether, these observations highlight that different genetic
mechanisms may have independently originated B-defensin-like
molecules using canonical big defensin genes as templates in
vertebrates, crustaceans (i.e., panusins), bivalves and possibly
other unexplored taxa.

INTER- AND INTRA-SPECIFIC
SEQUENCE DIVERSITY: BIVALVES AS A
CASE STUDY

Due to the abundant literature on big defensins and the good
number of fully sequenced genomes available, bivalves represent
an excellent case study for investigating the processes behind the
remarkable primary sequence diversity observed, both between
and within species (Figure 5).
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Quite surprisingly, bivalve genome data support the presence
of a highly variable number of big defensin genes per
species, ranging from zero to several copies. In line with the
hypothesis of multiple independent rounds of lineage-specific
gene loss, a few bivalve species are completely devoid of big
defensins (e.g., Modiolus philippinarum, Sinonovacula constricta,
and Lutraria rhynchaena), or only show relict pseudogenes
with in-frame stop codons (e.g., the pearl oyster Pinctada
fucata). Other bivalve species, such different scallops, the
deep-sea hydrothermal vent mussel Bathymodiolus platifrons
and the ark shell Scapharca broughtonii only carry a single
functional big defensin gene. In contrast, many bivalve species
retain two or more potentially functional big defensin genes,
such as the freshwater mussel Venustaconcha -ellipsiformis,
with two paralogous gene copies, and R. philippinarum, with
four (two canonical and two non-canonical big defensin
genes, respectively).

A vparticularly complex situation can be observed in oysters
whose genomes usually bear multiple big defensin genes. Nine
out of the ten genes found in the reference genome of the Eastern
oyster (Crassostrea virginica) are found in two distinct clusters of
tandemly duplicated genes located on chromosome 2, containing
5 and 4 genes each. In a similar fashion, the genome of the Sidney
rock oyster Saccostrea glomerata is characterized by the presence
of six tandemly duplicated big defensin gene models, organized
in a single cluster. In both oyster species, the precursor peptides
encoded by these gene clusters display a highly variable level of
pairwise sequence identity, which ranges from over 90% to as
low as ~25%, suggesting very different timings for the underlying
gene duplication events. While at least three different big defensin
genomic sequences have been described in the Pacific oyster
Crassostrea gigas (15), the recent release of novel genomic data
suggests that the big defensin gene repertoire of this species may
be even larger (47).
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Another example of a bivalve species bearing multiple big
defensin genes is the zebra mussel D. rostriformis, which only
shows a single gene encoding a canonical big defensin (a second
copy is a pseudogene), and four tandemly duplicated non-
canonical genes. Finally, the genome of the Mediterranean mussel
Mytilus galloprovincialis contains six paralogous big defensin
genes, which are mostly scattered in different genomic locations
and encode proteins with different levels of pairwise similarity
(ranging from ~45 to over 90%) (48).

Although this has not been established yet, recurrent gene
conversion among recently duplicated paralogs may explain, at
least to some extent, the high level of intraspecific sequence
variation of big defensins, mirroring the case of some insect
AMPs, like attacins and diptericins (49, 50). The intricate
evolutionary scenario of bivalve big defensin genes can be only in
part disentangled with the aid of phylogenetic inference. Here we
present a highly simplified overview of the relationships between
the sequences identified in the mussel M. galloprovincialis, in
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the oyster C. gigas, in the freshwater mussel D. rostriformis and
in four scallop species (Figure 5). Although some uncertainties
remain due to the presence of some poorly supported nodes, the
topology of the tree enables to assert that:

(i) All the different variants found in the same species appear
to be monophyletic, suggesting an origin by independent
species-specific gene family expansion events, driven by
tandem gene duplication and, possibly, gene conversion
among paralogs;

(ii) Gene duplication has often been followed by a fast process of

molecular diversification, as evidenced by the high diversity

of the variants found in C. gigas, M. galloprovincialis and

D. rostriformis;

The magnitude of intraspecific big defensin sequence

diversity often exceeds interspecific diversity, as highlighted

by the comparison between the three aforementioned
species and the four scallop orthologs;

The D. rostriformis canonical and non-canonical big

defensin genes are monophyletic, which reinforces the

hypothesis concerning the shared evolutionary origins of
these HDPs;

(v) Altogether, these observations suggest that all bivalve big
defensins have originated from a single ancestral gene,
which was maintained in a single copy with little variation
is some taxa (e.g., Pectinidae) or underwent repeated
duplications and fast diversification in others.

(iii)

(iv)

The gene presence/absence variability (PAV) phenomenon
(which indicates the presence of a gene in some, but not all
the individuals belonging to the same species), adds a further
layer of complexity to the highly dynamic genomic context
outlined above. A growing body of evidence indicates that PAV is
pervasive in some bivalve species, such as mussels, where it often
targets HDP-encoding gene families (48). PAV most certainly
shapes the individual repertoire of big defensins in C. gigas, as
revealed by the patterns of presence/absence documented by PCR
in 163 specimens (51) (Supplementary Figure S1). Although
this situation would be potentially compatible with the presence
of a single big defensin gene characterized by three highly
polymorphic alleles (Cg-BigDefl, Cg-BigDef2, and Cg-BigDef3),
the release of two complete genome assemblies (47, 52) revealed
that the Pacific oyster, like the congeneric species C. virginica,
most certainly holds multiple big defensin gene copies.

The data recently collected from the analysis of the
M. galloprovincialis genome provide further data in support
of the relevance of PAV in the context of big defensin
intraspecific sequence diversity. Overall, a total of 33 unique
variants, belonging to six sequence clusters (Mg-BigDefl,
Mg-BigDef2/6, Mg-BigDef3, Mg-BigDef4, Mg-BigDef5, and
Mg-BigDef7), were identified in 15 resequenced individuals.
Although this categorization did not always allow to discriminate
between paralogous genes and allelic variants encoded by the
same genomic locus (e.g., up to four variants per cluster
were found in some mussels), it allowed to ascertain that
mussel big defensin genes are frequently subject to PAV
(Supplementary Figure S1).

POLYMORPHISM OF BIG DEFENSIN
EXPRESSION

Big defensins display highly different patterns of expression in
terms of tissues and inherent array of genes in one species.
According to species, big defensins are expressed in hemocytes
or epithelia, tissues which play important roles in immunity. The
expression of big defensins is specific to hemocytes in oysters (15)
and horseshoe crabs (12). In contrast, in mussels (16, 35), scallops
(30, 31) and clams (34), big defensins are mainly expressed
in epithelial tissues (Figure 6); their expression in hemocytes
is either undetectable or lower than in other tissues. Tissue-
specific expression of big defensin genes is sometimes observed.
For instance, in the Mediterranean mussel M. galloprovincialis,
Mg-BigDefl, Mg-BigDef3, and Mg-BigDef6 are constitutively
expressed in the digestive gland, gills and mantle, respectively
(16). Therefore, it can be speculated that mussel big defensin
genes carry distinct biological functions and control the host-
microbiota homeostasis at the main epithelial surfaces. While
the reasons behind the marked differences in tissue specificity
observed among different species is still unknown, one possible
explanation may be sought in the functional replacement with
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FIGURE 6 | Expression profiles of big defensin genes among different tissues
from bivalve mollusks. Big defensin expression in hemocytes (HE), gills (Gl),
digestive gland (DG), mantle (MT), muscle (MS), and gonad (GO) tissues from
the oyster Crassostrea gigas; the mussel Mytilus galloprovincialis; the scallops
Argopecten irradians, A. purpuratus, and Chlamys nobilis; the ark shell
Scapharca broughtonii and the freshwater mussel Hyriopsis cumingii, is
represented in a color code schema. Green squares indicate detection of big
defensin transcripts; red squares represent that the expression is undetected.
Question mark indicates that the expression in those tissues has not been
analyzed.
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other AMPs, such as mytilins, myticins and invertebrate-type
defensins in mussel hemocytes.

In addition, big defensin genes respond differently to
environmental stimuli. For instance, in healthy C. gigas oysters,
Cg-BigDef1 and Cg-BigDef2 are expressed at very low basal levels
whereas Cg-BigDef3 is constitutively expressed, and only Cg-
BigDefl and Cg-BigDef2 are induced in response to bacterial
challenge (15) (Figure 6), mirroring the case of other human f-
defensins (53). While Cg-BigDef3 does not respond to bacterial
challenge (15) its expression is repressed by OsHV-1 (Ostreid
herpesvirus type 1) viral infection (54). These different regulatory
patterns strongly suggest different roles in oyster immunity.
In the ark shell S. broughtonii and the freshwater mussel
Hyriopsis cumingii, Sb-BigDefl and Hc-BigDef are expressed
constitutively in different tissues and overexpressed in some of
them after challenge (34, 35). In scallops, a single big defensin
gene is expressed at low levels in hemocytes compared with
other tissues such as mantle or gills, but it is overexpressed in
hemocytes and epithelia after Vibrio challenge (30). A feature
common to all big defensins is the lack of response to damage-
associated molecular patterns, triggered by wounding or injection
of sterile seawater.

Further supporting an important role in immunity, recent
studies have shown that big defensins are regulated by the NF-
kB/Rel pathway, as revealed by transcriptional knockdown of
genes implicated in the pathway. Specifically, the silencing of
CgRel expression in the oyster C. gigas (55) and the inhibitor of
NE-kB transcription factor in the scallop Argopecten purpuratus
(56) indicates the participation of NF-kB/Rel pathway in the
regulation of big defensin expression.

In mussels and oysters, a third and important degree of
variability in big defensin expression is introduced by PAV (see
section above), with an extreme inter-individual variability in the
expression of big defensin isoforms encoded by different genes
and/or alleles (51).

Whether and how tissue-expression, gene-regulation and PAV
affecting big defensins may impact the biology and ecology of
mollusks remains to be determined. To better understand the
functions of big defensins more research is now needed at a
protein level. Until now this has been hampered by limitations
in producing big defensins and, as a consequence, specific
antibodies. Recently, in the scallop A. purpuratus, Ap-BigDefl
was localized not only inside hemocytes but also in the digestive
gland, mantle and gill tissues from challenged scallops (30).
With the recent developments to produce big defensins in large
amounts (21), new perspectives are now open for understanding
the biology of these HDPs, from tissue distribution to function
across multiple species.

FUNCTIONAL CONSEQUENCES OF BIG
DEFENSIN MOLECULAR EVOLUTION

An amazing feature of big defensin molecular evolution discussed
in this review is their loss, pseudogenization and molecular
evolution toward novel forms, including B-defensins, in diverse
phyla (Ecdysozoa, Deuterostomia) (Figure 3), as opposed to

their conservation and major diversification in Lophotrochozoa,
particularly in mollusks.

Potential Trade-Offs Between Immune

Function and Host Fitness

In species harboring the canonical big defensin structure
(horseshoe crab, amphioxus, scallop and oyster), big defensins
play immune functions: actually, they have antimicrobial
activities at the physiological salt concentrations of their marine
host, indicating they likely contribute to the defense against
infections (12, 14, 17, 21). The oyster Cg-BigDefl remains the
only big defensin produced in sufficient amounts to establish a
large activity spectrum (21). It shows a broad range of bactericidal
activities against reference, environmental, and clinical strains,
including strains multiresistant to antibiotics. Supporting further
a role in controlling infections, Cg-BigDef1 is one of the few
AMPs of C. gigas having significant antimicrobial activities
against Vibrio species pathogenic for oysters (21, 57).

The loss of big defensins in several classes of Ecdysozoa
and Deuterostomia suggests that the maintenance of these
HDPs could be highly costly for their hosts. AMP gene loss
and pseudogenization can result from a high fitness cost
either because AMPs can damage host tissues or kill beneficial
components of the host microbiota (58). As a consequence,
for species exposed to low infection pressures, AMPs can be
readily lost or accumulate mutations that compromise their
function (58). This trade-off hypothesis is supported by the
presence of a high number of pseudogenes in bivalves. In species
where only B-defensin-like peptides but no big defensins are
found, a likely hypothesis is an evolution toward other functions.
In deuterostomes, this is exemplified by human (-defensins,
which lack direct antimicrobial activity at physiological salt
concentrations but act as key immunomodulators controlling
infections (59). The ability of AMPs to carry multiple functions
beyond antimicrobial is illustrated by myticins, another family
of cysteine-rich peptides found in mussels (60, 61), or macins,
CSap-containing peptides found in a number of invertebrates
(62). The coexistence of both canonical big defensins and non-
canonical peptides lacking the N-terminal region in some bivalve
mollusks (R. philippinarum and D. rostriformis) may be indicative
of an ongoing process of neofunctionalization.

We have earlier hypothesized that strong selection pressures
imposed by marine environments may explain the scattered
distribution of big defensins across animal species, mostly in
marine species (21). Indeed, while most B-defensins are salt-
sensitive (63), big defensins retain antimicrobial activity at
high salt concentration and this property was assigned to the
hydrophobic N-terminal domain lost during evolution toward
big defensins (21). However, this view is partly questionned
by our identification of canonical big defensins in different
freshwater bivalve and gastropod species and by the observation
that big defensins are absent in many large phyla of marine
organisms (e.g., echinoderms and tunicates). As discussed in
the previous sections, the current discontinuous distribution of
big defensins may appear consistent with the massive genome
reduction events that have led to the loss of several thousand
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genes in multiple metazoan lineages (64, 65). At the same time,
it is certainly noteworthy that, to date, no big defensin has ever
been identified in terrestrial species. Therefore, while marine
habitats cannot be considered as the only drivers of the retention
of big defensins, it is likely that the evolutionary scenario we
have highlighted in this review is the product of a combination
between multiple ecological and evolutionary factors whose
relative weight could be only addressed in the future though
advanced phylogenomic profiling studies.

Conserved and Diversified Molecular
Patterns in Canonical Big Defensins

The ancestral N-terminal domain preserved in canonical big
defensins does not present any homology with known sequences
outside this AMP family, questioning its role in big defensin
mechanism of action. Remarkably, it has a well conserved
sequence that retains hydrophobic properties (Figure 7),
suggesting a similar function across big defensins. It has been
suggested that the insertion of the N-terminal domain into
membranes is involved in the antimicrobial activity of the
horseshoe crab Tt-BigDef (20). However, such a membrane
activity was shown to be uncoupled to the activity of oyster Cg-
BigDefl. Instead, Cg-BigDefl N-terminal domain drives bacteria-
triggered peptide assembly into nanonets that entrap and kill
Staphylococcus aureus (Figure 8). The hydrophobicity of this
domain would be essential to nanonet formation and salt-stable
antimicrobial activity (21). Such nanonets were earlier identified

FIGURE 8 | Bacterially triggered assembly of Cg-BigDef1 into nanonets.
Large and branched fibers entrapping Staphylococcus aureus are observed
by scanning electron microscopy when S. aureus SG4511 is exposed to
Cg-BigDef1. The same observations are made with S. aureus exposed to the
N-terminal domain alone (21). Bars represent 3 um.

for human a-defensin 6 (HD6) (66) and human f-defensin 1
(hDB1) (67). They were recently observed for the scallop Ap-
BigDefl (68). This indicates that this property is shared by
different trans-defensins and among them distinct big defensins
regardless of sequence diversity. It suggests a key role in their
mechanism of action.

In canonical big defensins, sequence diversification is
observed at different levels: (i) amino acid composition and
(ii) length of the flexible linker that connects the two
domains. Changes in amino acid composition strongly affect
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the charge of the big defensins, which can vary from anionic
to cationic (Figure 7 and Supplementary Table S1), with
potential consequences on interactions with microorganisms.
However, up to now, there is no evidence that electrostatic
interactions are involved in the mechanism of action of
big defensins. More unexpectedly, surface properties of big
defensins were shown to drastically vary with the length of
the flexible linker that connects the two domains. Indeed,
the linker length induces a different orientation of the N-
and C-terminal domains (Figure 2). As a consequence, Tt-
BigDef is amphipathic whereas Cg-BigDef1 is hydrophobic (21).
This likely has major consequences on the interaction of big
defensins with prokaryotic and eukaryotic cells. Linker length
varies also significantly between big defensins at an intraspecific
level (Supplementary Figure S2). The role of linkers in big
defensin 3D structures and activities remains an important
aspect to be explored.

It was hypothesized that antimicrobial activity of big defensins
could be carried by their p-defensin-like domains, while the
N-terminal domains would promote close contact with bacteria
(21). This raises another important unsolved question. Are
the two domains cleaved apart upon interaction with bacteria?
Although big defensin cleavage has only been evidenced in vitro
(12), it is likely that the basic and di-basic sites often present
on big defensin flexible linkers (Figure 4) are accessible to
bacterial proteases, which can trigger the release of the f-
defensin like-domains at the close vicinity of the microbes.
If so, the N-terminal domains of big defensins could serve
as a cargo to release active and concentrated peptides on
microorganisms, the specificity of which could be carried by the
p-defensin-like domains and vary with the sequence diversity
of these domains.

BIG DEFENSINS AT THE
HOST-MICROBIOTA INTERFACE

As a compromise between effective defense responses and
optimal host fitness, the AMP/HDP repertoire of a given
animal species must inhibit or kill pathogenic microbes
without seriously unbalancing the host-associated microbiota
nor damaging host tissues (58). The evolutionary diversification
of AMP/HDP genes and families disclosed so far in bivalve
mollusks and available functional data indicate unexpected
individual differences (44), multiple action modes (20, 53) and
even the possible maintenance of isoforms or alleles coding
poorly effective antimicrobials (69). In essence, healthy bivalves
can be regarded as a dynamic assemblage of host-microbe
interactions in which the host maintains tolerable amounts of
symbionts or commensals and even opportunists or parasites
(70). Environmental factors such as temperature and salinity
changes, microorganism blooms and inappropriate farming
practices can break such homeostasis, leading to diseases and
death (71, 72).

The unique gene landscapes and expression profiles of big
defensins and other AMPs support a tight control of microbiota
in healthy oysters and mussels (3, 48). However, the impact

of big defensins on the host microbiota has been poorly
studied until now. Recently, the Ostreid herpesvirus type 1
(OsHV-1) was shown to suppress the expression of AMPs, in
particular big defensins (both the inducible Cg-BigDef1/2 and
the constitutively expressed Cg-BigDef3). This led to a fatal
dysbiosis characterizing the Pacific oyster mortality syndrome
(POMS) (54, 73). This is certainly the best indication that
big defensins could be key players in the interaction with the
host microbiota. In agreement, important microbiota changes
were observed upon induction of big defensin in scallops
(74), which further suggests a role for big defensins in host-
microbiota homeostasis.

This view of big defensin peptides as key defense effectors in
mollusks is consistent with data reported for other invertebrate
AMPs that select species-specific microbiota (75), control
the hemolymph microbiota (76) or control pathogenic
infections (77).

TRANSLATIONAL INSIGHTS FROM BIG
DEFENSINS

Big Defensins in Marker-Assisted

Selection of Bivalve Broodstock

Either in the whole or as an archetypal gene family, species-
specific AMP repertoires were shown to determine host
aptitude for pathogen-resistance. This was recently illustrated in
Drosophila melanogaster through experimental knockout of ten
known AMP genes (78). Therefore, AMPs could serve as a proxy
for the immune system competence in a marker-assisted selection
of bivalve broodstock.

Individual phenotypes are shaped by complex gene-
environment interactions and the host immune response is
a metric (not dichotomous) phenotypic trait resulting from the
action of several genes, each one subjected to multiple regulation
levels, with specific alleles generating additive or non-additive
genetic effects, such as dominance or epistasis. Following the
hypothesis of polygenic and mostly additive genetic effects (79),
a low heritability of the “response to infection” provided by
a single defense molecule would not be surprising. Breeding
programs in C. gigas produced oyster families with different
(stable) levels of resistance to POMS (80, 81), triggered by
the OsHV-1 pvar virus. Resistance was identified as heritable
(80, 82) with some candidate markers having a role in distinct
antiviral pathways (79, 83). Big defensins and other AMPs were
not identified as associated with resistance to POMS, probably
because the bacteremia comes as a secondary infection in
this virus-induced immunosuppressive disease. Due to their
potent activities against vibrios, it can be speculated that AMPs
will rather arise as good resistance markers in disease where
bacteria (e.g., Vibrio aestuarianus) are the primary infectious
agents (84).

The mounting demand of support to fish and shellfish
aquaculture requires knowledge-based solutions and oriented
research work. Sequence diversity, salt-stable antimicrobial
activity and gene presence/absence variation indicate bivalve
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big defensins as key candidates to be considered among other
AMPs/HDDPs, in the assessment of host immune-competence for
the genetic improvement of farmed stocks.

Big Defensin-Inspired Nanonets

Antimicrobial resistance is a major concern for public
health worldwide (85). Antibiotics have been extensively
used for decades, generating strong selective pressures on
microorganisms. This has selected resistant genotypes that
currently threaten the sustainability of the “modern medicine”
(86, 87). Even though AMPs are often seen as possible alternatives
to antibiotics and huge research efforts are made to isolate
new AMPs (88), resistance and tolerance to AMPs, i.e., their
capacity to survive a transient exposure to AMPs (89) are
already well described phenomena (90-93). This highlights
the need to develop new anti-infectives less prone to induce
resistance (94).

The diversity of AMP structures and the multiple functions
they harbor as HDPs offer a platform to design new drugs
(95). A few examples in the literature have shown that HDPs
from eukaryotic organisms show considerable advantage over
antibiotics as they induce only limited resistance (low increase in
mutation rate and horizontal gene transfer) (96). Over the past
years, the immunomodulatory functions of AMPs/HDPs have
been successfully exploited to develop effective anti-infectives
with very limited risk to induce resistance (97).

With the recent discovery of nanonet formation as an
indirect way by which AMPs/HDPs control infections by
entrapping bacteria without necessarily killing them (21, 66),
a new field is open to design new drugs. The present
review illustrates that the hydrophobic N-terminal domain of
big defensins, which carries the capacity to form nanonets
upon contact with bacteria, has hydrophobic and nanonet-
forming properties. Engineering of nanonet-forming AMPs,
in which the N-terminal domain of big defensins is used
as a cargo to deliver AMPs with different activities in
close contact with microorganisms, is promising in many
regards. Such multi-domain antimicrobials should provide an
important advantage in terms of AMP resistance as (i) their
activity depends on the nanonet formation rather the only
interaction with a receptor, which can be easily mutated,
and (ii) combination of peptides (cocktails) with multiple
bacterial targets have already proved to limit resistance (98).
It is also important as salt-stable AMPs are currently needed
to treat infections associated to cystic fibrosis, a disease in
which salt-treatment is used to control infections. It can be
argued that nanonets (peptide aggregates) present a risk of
having toxic effects, as known for amyloid fibers involved
in ageing (Alzheimer’s disease) (99). The current literature
shows that nanonets are an evolutionary-conserved defense
strategy in AMP families from highly divergent phyla (21,
66). It is likely that, if toxic, this defense mechanism would
have been counter-selected. Moreover, no toxicity was observed
for Cg-BigDefl on human cell lines (21). For all these
reasons, we believe that novel translational insights can be
gained through the design of novel antimicrobials inspired
by big defensins.

CONCLUSION

Big defensins have a complex and fascinating evolutionary
history in the animal kingdom, with gene losses in many
species of Ecdysozoa and Deuterostomia as opposed to major
diversification in Lophotrochozoa. With two species where the
canonical big defensins co-exist with shorter B-defensin-like
peptides (non-canonical big defensins), this review highlights an
ongoing evolutionary process and supports the hypothesis that
pB-defensins derived from big defensins. The massive expansion
and diversification of B-defensins in Deuterostomia echoes to big
defensin molecular evolution in Lophotrochozoa, which appears
to be the product of independent lineage-specific gene tandem
duplications followed by a rapid molecular diversification,
with an additional layer of complexity provided by the PAV
phenomenon. Like B-defensins, big defensins have therefore
likely acquired novel functions, which remain to be uncovered.
Key features conserved in canonical big defensins highlight
the importance of the hydrophobic N-terminal domain, which
drives the formation of nanonets and plays an important
role in maintaining big defensin antimicrobial activity at high
salt concentrations, an additional reason to consider them as
animal health markers. Having maintained broad and salt-
stable antimicrobial activities, and being active against multi
drug resistant bacteria, the ancestral (canonical) structure
of big defensins also inspires the nature-based design of
novel therapeutics.
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Defensins are a major family of host defense peptides expressed predominantly in
neutrophils and epithelial cells. Their broad antimicrobial activities and multifaceted
immunomodulatory functions have been extensively studied, cementing their role in
innate immunity as a core host-protective component against bacterial, viral and
fungal infections. More recent studies, however, paint defensins in a bad light such
that they are “alleged” to promote viral and bacterial infections in certain biological
settings. This mini review summarizes the latest findings on the potential pathogenic
properties of defensins against the backdrop of their protective roles in antiviral
and antibacterial immunity. Further, a succinct description of both tumor-proliferative
and -suppressive activities of defensins is also given to highlight their functional
and mechanistic complexity in antitumor immunity. We posit that given an enabling
environment defensins, widely heralded as the “Swiss army knife,” can function as a
“double—edged sword” in host immunity.

Keywords: antimicrobial peptide, host defense peptide, defensin, innate immunity, Shigella, host-pathogen
interaction

INTRODUCTION TO HUMAN DEFENSINS

Defensins are a family of small (2-5 kDa), cationic host defense peptides with a p-sheet core
structure stabilized by three conserved intramolecular disulfide bonds. The first mammalian
defensin, also termed microbicidal cationic protein, was isolated in 1980 by Lehrer and colleagues
from rabbit lung macrophages (1, 2). It was not until 1985 when the same lab discovered
homologous peptides in human neutrophils did Lehrer coin the term defensin (3, 4) to describe
disulfide-stabilized cationic peptides of mammalian origins with broad antimicrobial activity
against bacteria, viruses and fungi. Based on disulfide topology, mammalian defensins are classified
into three subfamilies, o, B, and 0-defensins (5-8). In humans, there exist only o and B-defensins.
0-defensins, with a unique circular structure stabilized by three parallel disulfide bonds in a
ladder pattern, are only found in leukocytes of rhesus macaques (9). Although RNA transcripts
homologous to the rhesus 0-defensin gene are found in humans, they contain a premature stop
codon in the upstream signal sequence that abolishes their subsequent translation (10).

To date, six human a-defensins have been identified, which are further divided into two
major classes according to their expression patterns and gene structures: myeloid defensins or
human neutrophil peptides (HNPs) 1 to 4 and human (enteric) defensins (HDs) 5 and 6 (11-
13). HNPs are stored in the azurophilic granules of human neutrophils, of which HNPs 1-3
and their much less abundant fourth cousin HNP4 account, collectively, for 5-7% of the total
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neutrophil protein (4, 14, 15). HNPs-containing granules
normally undergo restricted secretion and are commonly
directed for fusion with phagolysosomes, where high
concentrations of HNPs directly kill phagocytosed microbes (16,
17). Upon holocrine secretion and neutrophil infiltration during
inflammation, HNPs are released into the extracellular milieu
through degranulation of activated neutrophils (17-19). HD5
and HDG6 are constitutively expressed in and secreted by Paneth
cells at the bottom of the small intestinal crypt (12, 13, 20, 21).
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 (21). HD5 ranging from 1 to 50 pg/ml is
also found in vaginal fluid from healthy women (22) and induced
in the male and female reproductive tract in response to sexually
transmitted infections (STIs) (23-25). Although more than 30
B-defensin genes exist in the human genome, only a few have
been extensively characterized at the genomic and functional
levels (26). Unlike a-defensin expression, which is commonly
regulated at the level of secretion, P-defensin expression is
transcriptionally regulated and restricted to keratinocytes of the
skin and epithelial cells. For instance, while human B-defensin
1 (HBD1) is constitutively expressed, HBD2 and HBD3 are
induced by microbial insults and pro-inflammatory cytokines in
various epithelial and mucosal tissues (27, 28).

Since their first discovery in the early 1980s, defensins
have been intensively investigated for their broad antimicrobial
activities and multifaceted immunomodulatory functions under
both physiological and pathogenic conditions. Many excellent
reviews have shed light on a multitude of sophisticated
molecular and cellular mechanisms by which defensins act
against bacteria, viruses and fungi and function as pleiotropic
immune effectors in inflammation, development and cancer
(5, 11, 26, 29-34). By and large, defensins are heralded as
the “Swiss army knife” in innate immunity against microbial
pathogens. Nevertheless, accumulating recent evidence has
unveiled a potential pathogenic role defensins play in host-
pathogen interactions and tumorigenesis, indicating that the
mechanisms of action of defensins are far more complex than
previously thought. The growing recognition that defensins
can be both advantageous and detrimental, depending on their
spatial-temporal settings, gives us the impetus to review the
recent literature on their protective and pathogenic roles in
health and disease.

DEFENSINS IN VIRAL INFECTION

Defensins directly inactivate and inhibit the replication of a
variety of viruses, and their multifaceted mechanisms of action
have been elucidated (30, 31); the underlying mechanisms of the
role of defensins in host-virus interactions are more complex as
evidenced with HIV-1 (Figure 1). Early studies demonstrated
that defensins are able to target multiple steps of host-virus
interactions to reduce the infectivity of both enveloped and
non-enveloped viruses. HNP1-3, HD5 and retrocyclins 1 and 3
deduced from human 6-defensin pseudogenes effectively block

adhesion of enveloped herpes simplex virus 2 (HSV-2) to host
cells by preventing HSV-2 gB interactions with its receptor
HSPGs (35-37). Defensins also inhibit fusion of virions of
several enveloped viruses with their host cells. Retrocyclin 2
and HBD3 interfere with viral fusion mediated by influenza
virus hemagglutinin (HA) and other viral proteins such as
baculovirus gp64 and Sindbis virus E1 protein (38). While HNP1
is well recognized for its direct anti-HIV activity (39, 40), it also
restrains HIV-1 uptake by inhibiting Env-mediated viral fusion
and downregulating host cell surface expression of CD4 and
coreceptor CXCR4 (41), a controversial mechanism for HBD2
and HBD3 inhibition of HIV-1 infection (42-44).

Post-entry inhibition of viral infection by defensins has been
observed with several families of non-enveloped viruses, notably
HPV (45). Without affecting the binding and entry steps, a-
defensins effectively block intracellular uncoating of HPV and
its escape from cytoplasmic vesicles by stabilizing its viral capsid
structure to prevent interactions of viral proteins and genome
with host factors essential for productive infection (45-49). This
general inhibitory mechanism has been verified for other non-
enveloped viruses such as human adenovirus (HAdV) and JC
polyomavirus where a-defensins stabilize viral capsid proteins,
thus diminishing subsequent intracellular infection (50-54). Of
note, post-entry inhibition of enveloped viruses such as HIV-
1 and influenza by HNP1 is mediated through interfering with
cell signaling pathways such as PKC that are required for viral
replication (39, 55).

More recent studies, mostly by the same research groups
who demonstrated the beneficial role of defensins in controlling
viral infection, unveil infection-promoting effects of defensins
in HIV-1 and certain serotypes of HAdV infections (25, 51,
56-60). Chang and colleagues reported that HD5 and HDG,
induced by Neisseria gonorrhoeae infection in a cervicovaginal
tissue culture system, increase HIV infectivity in a CD4- and
HIV coreceptor-independent manner (25). HD5 and HD6
promote HIV infection by acting on the virion to enhance viral
attachment to its target cells (57). These defensins antagonize
anti-HIV activity of polyanion microbicide candidates that block
HIV entry (56). HNPI1, the prototypic a-defensin extensively
studied for its multifaceted anti-HIV activity, is also capable
of disrupting epithelial integrity to promote HIV traversal
across epithelial barriers, thus facilitating viral infection and
dissemination (60). These findings by the Chang group are of
particular interest since increased HNP1 and HD5 expression
in the genitourinary tract upon STIs could potentially generate
sufficiently high concentrations of defensins to enhance HIV-
1 infection under physiological conditions. Other examples
regarding the enhancing effect of defensins on enveloped virus
infection have been reported. For example, cryptdin 3, one of
several mouse a-defensins expressed in the small intestine (61)
also enhances HIV infection in vitro presumably by facilitating
viral entry (58). A recent study shows that an alphaherpesvirus,
equine herpesvirus type 1, is resistant to equine p-defensins 2-3,
which inhibit bacteria and viruses, and exploits these defensins to
invade the host for viral spread (62).

HNP1- and HD5-promoted viral infection has also been
observed with certain serotypes of HAdV as reported by
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the Smith group (51), who previously deciphered the capsid-
stabilizing mechanism of defensins against HPV and HAdV and
delineated their structural determinants of antiviral activity (46—
54, 63). As is the case with HIV-1, HNPI- and HD5-dependent
enhancement in infection by HAdV-D and -F correlates with
increased viral attachment to target cells independently of
receptor binding (51). To address the physiological relevance of
defensin-enhanced adenovirus infection, Smith and colleagues
utilized a murine enteric organoid (enteroid) to examine the
impact of naturally secreted cryptdins on the infectivity of
an enteric mouse pathogen, mouse adenovirus 2 (MAdV-2).
MAAdV-2 infection increases in the enteroids expressing mouse
a-defensins but not in the ones devoid of them (64). This ex vivo
study demonstrates that o-defensin-enhanced viral infection
occurs not only in traditional cell cultures, but also under
physiologic conditions.

DEFENSINS IN BACTERIAL INFECTION

Defensins are capable of killing bacteria or inhibiting bacterial
growth through a multiplicity of antimicrobial mechanisms
such as direct membrane disruption (11, 65, 66) and inhibition
of bacterial cell wall synthesis (67-69). Defensins can also
reduce bacterial infection by neutralizing secreted toxins (70-
73). In general, human o-defensins are less cationic but
more hydrophobic than p-defensins, and they can differ

mechanistically in the killing of bacteria (11). While HBD1 and
HBD?2 are active preferably against Gram-negative bacteria (74),
their significantly more cationic counterpart HBD3 is potently
bactericidal against both Gram-positive and -negative strains
(75). Due to its heavily cationic nature, HBD3 broadly kills
bacteria in a structure-independent manner (76, 77). Notably,
disulfide reduction of the weakly bactericidal HBD1 turns it into
a potent antimicrobial peptide against opportunistic pathogenic
fungi and Gram-positive commensal bacteria (78). Excellent
reviews on the antifungal activity of defensins are also available
(79, 80). Our review focuses on the role of human a-defensins
in host-bacteria interactions to contrast their protective and
pathogenic functions.

Bevins and colleagues demonstrated that HD5-transgenic
mice are markedly resistant to oral challenge with virulent
Salmonella typhimurium, consistent with the antibacterial
activity of HD5 in vitro, whereas wild-type mice are susceptible
to infection (81). An in vivo protective role against Salmonella
infection is also illustrated for mouse intestinal a-defensins or
cryptdins (82). Of note, enteric HD6, while exhibiting little
bactericidal and membranolytic activity in vitro, protects mice
from Salmonella infection by entrapping bacteria with a unique
self-assembled “nanonets” structure to preclude the pathogen’s
direct contact with the intestinal epithelium (83).

HNP1-3 secreted by infiltrating neutrophils in Staphylococcus
aureus infection induce TNF-a and IFN-y release from
macrophages, which, in turn, increase phagocytosis of pathogens
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FIGURE 2 | Proposed model for HD5-promoted Shigella infection of the colonic epithelium. HD5 in the lumen of the small intestine encounters poorly adhesive
Shigella in transit, binds to Shigella surface, and promotes Shigella adhesion to the colonic epithelium by bridging single bacterium and host cell and/or clustering
multiple bacteria for multivalent attachment to host cell, leading to increased bacterial infection from the apical surface (89, 91).

TABLE 1 | Suppressive and proliferative properties of human defensins in tumorigenesis.

Beneficial (tumor-suppressing)

Detrimental (tumor-promoting)

Defensins Cancers Mechanisms Refs Defensins Cancers Mechanisms Refs
HBD1 Bladder Inhibiting growth (110, 119) HBD3 Oral Stimulating growth (122, 128, 126~
Renal promoting apoptosis (110) neck and head promoting migration 128)
prostate inhibiting migration (120) cervical trafficking TAM (127, 128)
oral resisting apoptosis (127)
HBD2 Oral Inhibiting growth and (136) HBD2 Esophageal Stimulating growth (131, 132, 139)
invasion
Lung promoting angiogenesis (137)
Cervical
HNP1-3 Colorectal Direct cytolysis (high (157) HNP1-3 Renal Stimulating growth (low (150)
concentration) concentration)
lung inducing apoptosis (158-160) bladder promoting invasiveness (152, 153)
bladder inhibiting angiogenesis (160-162) oral
renal reversing immune alteration (163)

neck and head
oral

by macrophages — an essential step in bacterial clearance (84,
85). HNPI1 also inhibits phagosomal escape and intracellular
multiplication of Listeria monocytogenes and Mycobacterium
tuberculosis in macrophages (86, 87), suggesting that the
defensin, although not being expressed by macrophages,
contributes to their antimicrobial function. Notably, HNP1
acts in the aftermath of Salmonella infection as a “molecular
brake” on macrophage-driven inflammation by preventing
protein translation to ensure both pathogen clearance and
the resolution of inflammation with minimal bystander tissue
damage (88).

While the protective roles of defensins in bacterial infection
are widely reported in the field, we have made a surprising recent

discovery that a-defensins can contribute to the pathogenicity
of Shigella (89-92). Unlike other enteropathogenic bacteria,
Shigella lacks general adhesion machinery such as fimbriae due
presumably to pervasive genome reduction during the course of
adaptation to the intracellular environment (93-95). As a result,
Shigella is much less adhesive and invasive in vitro than other
fimbriated enteropathogenic bacteria despite its extraordinary
infectivity in humans. Further, although highly infectious in
humans, Shigella hardly infects any other animals including mice
with abundant enteric a-defensins (cryptdins) (96, 97). This
seemingly paradoxical phenomenon or conundrum in Shigella
pathogenesis has remained largely obscure mechanistically at
the molecular and cellular levels (97-99). We found that the
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lack of fimbriae in Shigella affords the pathogen a unique
bacterial surface, onto which HD5 forms multimeric structures to
mediate Shigella adhesion to host epithelium; enhanced bacterial
adhesion in turn strongly promotes Shigella invasion of host
cells, ensuing dramatically augmented infection in vivo and
ex vivo (Figure 2). These studies support the premise that
Shigella exploits HD5 for virulence (89, 91), thereby explaining
not only its extraordinary pathogenicity but also its restricted
host selectivity.

HNP1 is also active in promoting Shigella infection of
epithelial cells (90), consistent with an earlier finding that
human neutrophil granular proteins (containing HNPs) enhance
Shigella adhesion in vitro at sub-lethal concentrations (100).
Although HNPI1 is weaker than HD5 with respect to their
ability to promote Shigella adhesion, its strong activity in
disrupting the epithelial barrier contributes additionally to
Shigella infection (90). It is worth noting that HD5 exacerbates
the pathogenicity of Shigella in macrophages. Despite that HD5
boosts phagocytosis of Shigella by macrophages, an antimicrobial
event generally unfavorable to invading pathogens, it fails
to prevent subsequent phagosomal escape and intracellular
multiplication of Shigella, resulting in necrosis of infected
macrophages induced by multiplying Shigella and massive release
of intracellular bacteria (92).

For human a-defensins, their hydrophobicity and selective
cationicity segregated on a dimeric structure stabilized by
intramolecular disulfides are critical for antimicrobial activity
(11). Several mutational studies have identified the functional
determinants of a-defensins in promoting viral and bacterial
infections (25, 56, 57, 59, 60, 90-92). Briefly, disulfide bonding
in defensins is absolutely required for their ability to enhance
HIV-1 infection (25, 60) and to promote Shigella adhesion and
invasion (91, 92); hydrophobic residues in a-defensins, i.e., Trp26
and Phe28 in HNPI1, Leul6, Leu26, Tyr27 and Leu29 in HDS5,
and Phe2 and Phe29 in HD6, play a pivotal functional role
(59, 90, 91); dimerization and/or oligomerization of a-defensins
are functionally indispensable (59, 83, 91, 101, 102); selective
cationicity, as exemplified by Arg28 in HD5, can be critical for
promoting HIV and Shigella infection (59, 91, 92). Obviously,
although a-defensins are highly variable in amino acid sequence,
their functional determinants are rather conserved, irrespective
of their pathogenic and protective roles in host immunity.

DEFENSINS IN TUMORIGENESIS

Most cancers develop from epithelial cells and tissues
(carcinomas) where f-defensins are expressed for mucosal
surface protection against microbial infection (26, 27, 103,
104). Since B-defensins are differentially expressed in normal
tissues and tumors, their role in tumor development and
progression has attracted considerable interest (32, 105-107).
HBD1 is downregulated in most carcinomas (108-118), and
the stimuli of this downregulation are yet to be identified.
Growing evidence suggests that HBD1 functions as a tumor
suppressor in most carcinomas (110, 119, 120). By contrast,
HBD3 is frequently overexpressed in various carcinomas

(121-124), and its upregulation has been ascribed to LPS-
stimulated EGFR activation (121) or HPV co-infection-induced
p53 degradation (125), among others. Importantly, HBD3
stimulates tumor growth and migration (122, 123, 126), confers
resistance of tumor cells to apoptosis (127), and helps the
recruitment of tumor-associated macrophages that promote
tumor progression (127, 128). Consistent with the oncogenic
role of upregulated HBD3, mouse p-defensin 14, the ortholog
of HBD3, acts as a chemoattractant to enhance angiogenesis
and tumor development in vivo (129). The regulation of HBD2
and its influence in tumorigenesis vary from cancer to cancer
(106) and can be controversial at times (130, 131). HBD2 is
upregulated in esophageal, lung and skin cancers (108, 109,
118, 132), but downregulated in oral and colon cancers (112,
114, 133). While the mechanisms of HBD2 regulation are only
partially understood (132, 134, 135), HBD2 appears to play a
suppressive role in tumor development and progression when it
is downregulated (136), but a proliferative role when upregulated
(131, 132, 137-139), in agreement with HBD1 and HBD3.
The suppressive and proliferative properties of defensins in
tumorigenesis are tabulated in Table 1.

The role of a-defensins in tumorigenesis has also been
extensively examined (140, 141). Elevated levels of myeloid a-
defensins, HNP1-3, are frequently detected in many different
types of tumor tissues and in biological fluids from cancer
patients (142-155). While tumor-infiltrating immune cells, and
neutrophils in particular, are likely a major contributor to
increased HNP1-3 in tumors (151), several studies also suggest
that tumor cells themselves may produce HNP1-3 through
a yet-to-be-identified mechanism (142, 150). HNP1-3 have
been shown to promote tumor cell proliferation (150, 156),
contributing to tumor progression and invasiveness (152, 153).
Due to their membranolytic activity toward bacteria and limited
sites of expression, much of the early studies of a-defensins
have focused on their ability to lyse tumor cells at high
concentrations (157). More recent work, however, has shed
light on the mechanistic complexity of the antitumor activity
of HNP1-3, including inducing apoptosis (158-160), inhibiting
angiogenesis (160-162), and altering immune milieu in HPV-
associated neoplasia by recruiting immature dendritic cells (163).

CONCLUDING REMARKS

Long recognized as a class of host defense peptides and
immunomodulators important for innate immune responses
to viral, bacterial and fungal infections, human defensins
are widely thought to be host protective. Growing recent
evidence suggests, however, that they can also be pathogenic
under certain biological conditions by promoting viral and
bacterial infections. The interchangeable roles between a “Swiss
army knife” and a “double-edged sword” played by human
a-defensins in host immunity are under-appreciated in the
field, despite the well-recognized fact that defensins can be
both suppressors and promotors in tumorigenesis, depending
on which defensin and cancer type are studied. While the
mechanisms of host protection by human defensins are
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well-understood, much remain obscure with respect to the
molecular and cellular events dictating defensins’ pro-infective
activity. A better understanding of how human defensins
promote infection may ultimately lead to new therapeutic
interventions of infectious diseases.
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Biofilm production is a key virulence factor that facilitates bacterial colonization on host
surfaces and is regulated by complex pathways, including quorum sensing, that also
control pigment production, among others. To limit colonization, epithelial cells, as part
of the first line of defense, utilize a variety of antimicrobial peptides (AMPs) including
defensins. Pore formation is the best investigated mechanism for the bactericidal activity
of AMPs. Considering the induction of human beta-defensin 2 (HBD2) secretion to the
epithelial surface in response to bacteria and the importance of biofilm in microbial
infection, we hypothesized that HBD2 has biofilm inhibitory activity. We assessed the
viability and biofilm formation of a pyorubin-producing Pseudomonas aeruginosa strain
in the presence and absence of HBD2 in comparison to the highly bactericidal HBDS.
At nanomolar concentrations, HBD2 — independent of its chiral state — significantly
reduced biofilm formation but not metabolic activity, unlike HBD3, which reduced biofilm
and metabolic activity to the same degree. A similar discrepancy between biofilm
inhibition and maintenance of metabolic activity was also observed in HBD2 treated
Acinetobacter baumannii, another Gram-negative bacterium. There was no evidence
for HBD2 interference with the regulation of biofilm production. The expression of
biofilm-related genes and the extracellular accumulation of pyorubin pigment, another
quorum sensing controlled product, did not differ significantly between HBD2 treated
and control bacteria, and in silico modeling did not support direct binding of HBD2 to
quorum sensing molecules. However, alterations in the outer membrane protein profile
accompanied by surface topology changes, documented by atomic force microscopy;,
was observed after HBD2 treatment. This suggests that HBD2 induces structural
changes that interfere with the transport of biofilm precursors into the extracellular
space. Taken together, these data support a novel mechanism of biofilm inhibition by
nanomolar concentrations of HBD2 that is independent of biofilm regulatory pathways.

Keywords: airways, antimicrobial peptides, biofilm, cystic fibrosis, epithelial cells, innate immunity, mucosa,
Pseudomonas aeruginosa
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INTRODUCTION

Biofilms are composed of microbial communities encased in a
protective layer of self-produced, extracellular polymers. Biofilms
are formed on both abiotic and biotic surfaces and play a
significant role in a variety of settings such as aquaculture
(1), the food industry, and the clinical field as a factor
for antimicrobial drug resistance. Biofilms can colonize body
surfaces and mechanisms regarding how our bodies prevent
biofilm formation are under extensive investigation (2). In
part, biofilms provide tolerance to host immune factors and
antibiotics through impeding their diffusion. Furthermore,
biofilms enhance bacterial resistance to these factors by altering
bacterial metabolism resulting from the decreased oxygen levels
in the center of the biofilm mass as well as the acidification
of the local microenvironment (2-5). The biofilm matrix
is primarily composed of exopolysaccharide, proteins, and
extracellular DNA and has been particularly well studied in
Pseudomonas aeruginosa, a ubiquitous, opportunistic, Gram-
negative bacterium. The major structural polysaccharides of
P. aeruginosa biofilms are Pel, which is composed of positively
charged amino sugars, and Psl, which is a polymer of glucose,
rhamnose, and mannose; and in certain strains, alginate -
an anionic polysaccharide (6-8). Proteinaceous components of
biofilm include type 4 pili and cup fimbriae serving attachment
and various proteins that connect matrix components adding
strength to the biofilm (9). Extracellular DNA (eDNA), which is
released via cell lysis (10), plays an important role in priming
surfaces for the initial adhesion of the bacteria as well as in
maintaining the structural integrity of the polysaccharide fibers
(3,6, 11-14).

Multiple regulatory networks govern the complex process
of biofilm formation (15), which progresses from initial
attachment mediated by the flagella and the production of
pili, to downregulation of flagellar genes, upregulation of the
production and secretion of matrix components, maturation,
and eventual reappearance of flagella and dispersion. For
P. aeruginosa, biofilm regulation has been well studied and
several regulatory systems have been identified including the Las,
Rhl, and quinolone quorum sensing systems, the GacA/GacS
two-component system, and c-di-GMP controlled pathways. Key
quorum sensing molecules for Las, Rhl, and quinolone systems
are N-(3-oxododecanoyl)-homoserine lactone (3-oxo-C12-HSL),
N-butanoyl-homoserine lactone (C4-HSL), and 2-heptyl-3-
hydroxy-4-quinolone (known as Pseudomonas Quorum Sensing
molecule or PQS), respectively (16, 17). These overlapping
regulatory systems not only control the production of biofilm
but also the production of pigment and various other virulence
factors (17, 18). Genes whose expression is modulated during
biofilm formation include fIgF, which encodes for the basal rod
in bacterial flagellin, and psiA, which is the first gene in the
polysaccharide synthesis locus (19, 20).

In addition to being able to produce biofilm, P. aeruginosa
possesses potent virulence factors such as: a type III secretion
system, which allows it to directly deliver exotoxins to host cells
(21); rhamnolipids, which enable P. aeruginosa to disrupt the
tight junctions of respiratory epithelia (22); and pigments with

diverse functions in metal-chelation, competitive inhibition of
other bacteria, and resistance to oxidative stress (23-25). All of
these virulence factors and resistance mechanisms contribute to
P. aeruginosa being one of the leading isolates in healthcare-
associated pneumonia in intensive care units and chronic lung
infection in patients with cystic fibrosis, a genetic disorder
characterized by impaired anion transport and increased mucous
viscosity (26). Yet, despite its ubiquity in nature and its
prevalence in healthcare-associated infections, P. aeruginosa is
not known to cause lung infection in healthy adults, suggesting
that humans possess effective innate defense mechanisms in the
airways against this organism.

Antimicrobial peptides (AMPs) are small, highly conserved
effector molecules that play a key role in innate immunity (27,
28). Present in plants, insects, and mammals, most AMPs are
between 2 and 5 kDa in size and are cationic with varying degrees
of hydrophobicity. Upon the detection of microbial components
via pattern recognition receptors, AMPs can be synthesized by
epithelial cells and myeloid cells as part of the first line of
defense against microbes (29-33). A wealth of research has been
performed on the ability of AMPs to displace cations bound to
bacterial membranes, which are rich in either negatively charged
lipopolysaccharides or lipoteichoic acids in addition to anionic
phospholipids (34). After binding to bacterial membranes, AMPs
can perturb the membrane structure and form pores mediated by
hydrophobic and electrostatic forces. In addition to the charge of
the membrane, phospholipid species and the presence or absence
of cholesterol, which is absent in bacterial membranes, also affect
the binding and orientation of AMPs and hence, their pore-
forming capabilities (35-40). While pore-formation has been
a widely studied mechanism of action, an increasing body of
research suggests that the antimicrobial activity of AMPs may also
depend on other mechanisms - disruption of cell wall synthesis,
metabolic activity, ATP and nucleic acid synthesis, and amino
acid uptake (33, 41). Furthermore, certain AMPs interact with
the eukaryotic host cells and have immunoregulatory functions
in addition to their antimicrobial activity. A notable example is
that LL-37 can also: act as a chemotactic agent to recruit other
immune cells and modulate cytokine and chemokine expression
in host cells, bind bacterial lipopolysaccharide, and dysregulate
the expression of genes involved in biofilm formation (42-
46). Other AMPs have also shown multi-functional capabilities,
in particular human beta-defensin 2 (HBD2) and 3 (HBD3),
which have been proven to possess mechanisms of action that
are more complex than simple pore formation and membrane
perturbation (47-49). In fact, HBD2 was the first human
beta defensin to demonstrate chemotactic activity (50). Beta-
defensins are characterized by three, antiparallel B-strands
stabilized by three conserved disulfide linkages preceded by an
a-helical domain near the N-terminus (51-53). Although HBD2
and HBD3 share amino acid sequence and some structural
similarities, their overall net charge, hydrophobicity, and charge
distribution differ significantly (Table 1) and may play a role in
their unique and distinct mechanisms of action. Expression of
HBD2 and HBD3 is low or absent during steady state but both
peptides are induced in airway epithelial tissues during infection
or inflammation (31, 32, 48, 54).
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TABLE 1 | Human beta defensins-2 and -3 physicochemical properties.

Peptide Amino acid sequence? MW (Da) Net Charge Hydrophobicity index
Kyte-Doolittle? Wimley-White®
HBD2 GIGDPVTC'LKSGAIC?HPVFC]PRRYKQIGTC2GLPGTKC' C°KKP 4,328.22 6 —0.1 6.16
Linear HBD2 GIGDPVTALKSGAIAHPVFAPRRYKQIGTAGLPGTKAAKKP 4,141.88 —0.21 8.62
HBD3 GIINTLQKYYC'RVRGGRC?AVLSC3LPKEEQIGKC?STRGRKC' CRRKK 5,155.19 11 -0.7 12.65

a8Amino acid sequences are given in one-letter code starting from the N and ending with the C terminus. Underlined residues denote mutation sites for the linearized
HBD2. Cationic residues are in boldface. Anionic residues are italicized. °Values were calculated based on the Kyte—-Doolittle hydrophobicity scale (120) using the grand
average of hydropathy (GRAVY) program. Higher values represent an increase in hydrophobicity. ©Values were calculated based on the Wimley-White whole residue
hydrophobicity interface scale (121) using the APD3 antimicrobial peptide calculator and predictor. Lower values represent an increase in hydrophobicity. =3 Numbers

denote disulfide bond connectivity.

Due to their lasting potency for millions of years and the
feasibility of modifying AMP structures, AMPs continue to
be in the spotlight as potential antimicrobial agents (33). The
importance of biofilm in the infection process and in their
resistance to antimicrobial agents has been recognized, yet
there is a lack of drugs that interfere with biofilm. Therefore,
knowledge on the structure-function relationships of AMPs,
and the effects of AMPs on bacterial biofilm formation may
benefit rational engineering and design of novel AMP variants
and therapeutic regimens that are effective against microbial
biofilms (55). Considering the induction of HBD2 and HBD3 and
their secretion to the epithelial surface in response to bacteria
and their products, we hypothesized that HBD2 and HBD3
have biofilm inhibitory activity. We discovered that biofilm and
metabolic inhibition are proportionally reduced by HBD3 but
not by HBD2. At low concentrations, HBD2 inhibits biofilm
production, but not metabolic activity. We undertook multiple
approaches to delineate the underlying mechanism for the
selective biofilm inhibitory effects of HBD2. This research may
lead to the identification of novel targets for the engineering
of antimicrobials, which, in the era of increasing multi-drug
resistance, is of great importance.

MATERIALS AND METHODS

Antimicrobial Peptides

Chemical synthesis and purification of human beta-defensin 2
(HBD2/L-HBD2), its D- form (D-HBD2) comprised entirely
of D-amino acids, its linearized mutant (Linear HBD2 with
alanine replacing all cysteine residues), and human beta-defensin
3 (HBD3, in L-form) have been described previously (56, 57).
Table 1 summarizes their physicochemical properties. Stock
solutions (500 pwM) were prepared in 0.01% acetic acid and
stored at —20°C. For experiments, peptides were used as 10-fold
concentration in 0.01% acetic acid.

Bacterial Culture

For this study, a pyorubin-producing P. aeruginosa strain (a
cystic fibrosis isolate previously obtained from Dr. Michael
J. Welsh, University of Iowa, Iowa City) and Acinetobacter
baumannii ATCC 19606 were used. For each experiment, snap-
frozen 18 h cultures in Tryptic Soy Broth (TSB) (Oxoid) were

quickly thawed, subcultured into prewarmed TSB (750 pL into
50 mL), and brought to mid-log growth phase (3 h at 37°C,
200 rpm). Bacterial cells were then sedimented and washed with
140 mM NaCl by centrifugation for 10 min at 805 x g in a
precooled centrifuge (4°C), and resuspended in 500 pL 140 mM
NaCl. For gene expression analysis, the suspended bacteria were
used directly. For all other assays, the concentration of bacteria
was first adjusted to 5 x 107 CFU/mL in 140 mM NaCl, and then
further diluted as needed.

Biofilm Quantification

In a round bottom 96-well polystyrene microtiter plate (Costar
#3795), 90 pL mid-logarithmic growth phase bacteria were
added to 10 pL of 10-fold concentrated defensin or 0.01%
acetic acid as solvent control to yield the following final assay
conditions: 1 x 10° CFU/mL, 10% Mueller-Hinton broth (Oxoid,
without cations), and 140 mM NaCl. Samples were incubated
for 18 h at 37°C and biofilms were quantified according to
Merritt et al. (58). Briefly, the content of sample wells containing
non-adherent bacteria (planktonic and/or dead) was carefully
discarded without disturbing the biofilm, and the well walls
were rinsed three times with dH,O (200 pL/well) followed by
addition of 125 wL of 0.1% crystal violet (Sigma-Aldrich, St.
Louis, MO, United States). After 10 min incubation at RT, the
crystal violet solution was removed, wells were rinsed three times
with dH,O (200 pwL/well) and air dried for at least 30 min. To
solubilize crystal violet bound to biofilm, 200 wL of 30% acetic
acid was added to each well and after 15 min incubation at RT
125 wL was transferred to optically clear flat-bottom 96-well
polystyrene microtiter plates (Perkin Elmer from Waltham, MA,
United States). Absorbance was read at 570 nm using a Victor
X3 Plate Reader (Perkin Elmer). Wells containing only 125 pL of
30% acetic acid were used to subtract baseline absorbance values
from samples for analysis.

Metabolic Activity Measurement

Resazurin reduction was employed as a measure of bacterial
metabolic activity (59, 60). Metabolites accumulating during
bacterial growth reduce the weakly fluorescent resazurin to the
highly fluorescent resorufin. Samples were prepared as described
above but with resazurin (Sigma) added to the assay buffer to
obtain a final concentration of 0.01% resazurin (w/v). Relative
fluorescent units (RFU) were measured every 3 h with a preheated
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Victor X3 Plate Reader (Perkin Elmer) at 530 nm excitation and
616 nm emission wavelength and a top read.

ATP Quantification

ATP concentrations of non-adherent bacteria were determined
using the BacTiterGlo kit (Promega), with ATP standard curves
prepared according to the manufacturer’s instructions. Bacteria
were prepared and incubated with defensins for 18 h as described
for the biofilm assay. Then, the entire well contents were
transferred to a new 96 well plate, thoroughly resuspended, and
of this 75 WL from each well was transferred to a black 96-
well half area plate (Perkin-Elmer). After addition of 75 pL
ATP substrate solution to each well and 5 min mixing on an
orbital shaker, luminescence was quantified with a Victor X3 plate
reader. Seventy-five WL aliquots of serially diluted ATP standard
were treated in the same way.

Pyorubin Quantification

Pyorubin is a collection of pigments produced by certain
P. aeruginosa strains including our test strain. Although
its full chemical composition is unknown, it consists of at
least two, water-soluble, red-colored pigments (61). Pyorubin
quantification was based on Hosseinidoust et al. (23). Briefly,
bacteria were grown for 18 h in 10% Mueller-Hinton and 140 mM
NaCl in the presence of 0.125-1 uM of HBD2 or solvent control
in final assay volumes of 1 mL in 12-well microtiter plate
(non-tissue culture treated, Costar). After 18 h incubation, well
contents were collected and centrifuged at 5,000 x g for 10 min
at 4°C to remove non-adherent bacteria. Equivolume mixtures
of cell free supernatant (900 pL) and chloroform (900 L) were
mixed and centrifuged at 12,000 x g for 15 min at 4°C to
separate the aqueous and organic phases and remove cell debris
and other molecules. The aqueous phase containing pyorubin
was lyophilized, dissolved in 125 WL volume of dH,O. From this,
100 wL were transferred to a 96-well flat bottom plate (Perkin
Elmer) followed by an absorbance reading at 535 nm using a
Victor X3 Plate Reader (Perkin Elmer).

In silico Molecular Docking Studies

The in silico modeling of binding between QS molecules
and HBD2 was performed using Autodock Vina (The Scripps
Research Institute) through the UCSF Chimera program'. LasR
receptor (RSCB 31X3) and HBD2 (RSCB 1FQQ) were considered
as rigid receptors and were docked with N-(3-oxododecanoyl)
homoserine lactone (3-oxo-C12-HSL), N-butanoyl homoserine
lactone (C4-HSL), and 2-heptyl-3-hydroxy-4-quinolone (PQS)
as ligands. Phosphorylcolamine (NEtP) was used as a negative
control. Free energy of binding was used to calculate dissociation
constants using Eq. (1) with R = 0.00198 kcal/(mol K) and
T =37°C = 310.15 K (62).

Kp,preq = {18 Gunal/[R/1000)xT1) (1)

Uhttps://www.cgl.ucsf.edu/chimera/

Gene Expression Analysis

Mid-logarithmic growth phase bacteria were prepared and
washed as described above. The assay was up-scaled using
12-well polystyrene flat bottom plates with non-reversible lids
with condensation rings (Genesee Scientific, San Diego, CA,
United States). Twenty wL of the washed bacteria was added
to HBD2 or solvent (100 wL of 10-fold concentrated defensin
in 0.01% acetic acid or 0.01% acetic acid, respectively, diluted
in 900 pL 10% Mueller Hinton/140 mM NaCl) yielding about
1 x 10% CFU/mL. After incubation at 37°C for the specified time
points, biofilm and planktonic phase bacteria were homogenized
by 10 min vortexing with 1 mm glass beads and tightly
secured lids (Sigma-Aldrich, St. Louis, MO, United States).
RNA extraction was performed on the homogenized samples
using an RNeasy Mini Kit (Qiagen, Hilden, Germany) following
the manufacturer’s enzymatic lysis and mechanical disruption
protocol with acid-washed 425-600 pm glass beads (Sigma-
Aldrich). Residual genomic DNA was removed with in-solution
TurboDNase treatment (2 U/pL, Invitrogen, Carlsbad, CA,
United States) according to the manufacturer’s recommendations
followed by purification and concentration of RNA samples
with RNA Clean and Concentrator-5 kit (Zymo Research, Irvin,
CA, United States). Purity of RNA was confirmed by lack of
amplification in SsoAdvanced™ Universal SYBR® Green (Bio-
Rad, Hercules, CA, United States) real-time PCR using the
RNA samples as template and primers for the housekeeping
gene gapA (see Table 2). Confirmed pure RNA samples were
reverse transcribed with iScript Reverse Transcription Supermix
(Bio-Rad) and resulting cDNA was diluted to 25 ng/pL in
nuclease free water. SsoAdvanced™ Universal SYBR® Green
real-time PCR was performed with target primers for pslA
and flgF and housekeeping gene gapA as reference gene (see
Table 2, used at 0.75 wM final concentrations) in 10 wL
reaction volumes and 12.5 ng cDNA input. Primers (Integrated
DNA Technologys, IDT, Coralville, IA, United States) were
designed using IDT’s primerQuest Tool. Quantitative PCR
(qPCR) and subsequent melt curve was performed using BIO-
RAD’s CFX96 Real Time Thermocycler following standard
conditions with annealing/extension at 60°C. CT values and
relative gene expression were determined with BIO-RAD’s CFX
Maestro Version 1.1. Amplified products were verified through
size determination via standard agarose gel electrophoresis and
melt curve analysis. Each time point was assessed in three
independent experiments conducted in duplicates for a total n of
6. Initially, 16S rRNA was considered as a second housekeeping

TABLE 2 | Primers used in this study.

Gene 5'-3’ sequence Tm (°C) Product Product melt
target size (bp) peak (°C)
psIA F CGTTCTGCCTGCTGTTGTTC  56.9 160 88.5

R TACATGCCGCGTTTCATCCA  57.3
gapA F CCATCGGATCGTCTCGAA 61.0 130 88.0

R GTTCTGGTCGTTGGTGTAG 60.0
flgF F  ACAACCTGGCGAACATCTC 62.0 137 89.0

R GCCATGGCTGAAATCGGTA 62.0
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gene. However, its CT values (around 5) were substantially
earlier than the CT values for the target genes and gapA (at or
above 20) and thus, 16S rRNA gene expression was not further
evaluated in this study.

Outer Membrane Protein Profile Analysis
Pseudomonas aeruginosa outer membranes were harvested after
incubation with HBD2 or solvent control according to Park et al.
(63) with minor modifications. Briefly, bacteria were prepared
as above and then grown for 18 h in 10% Mueller-Hinton and
140 mM NaCl in the presence of 0.125 to 1 pM of HBD2
or solvent control in final assay volumes of 1 mL in 12-well
microtiter plate (Costar® not treated, Corning). After 18 h
incubation, the well contents were resuspended, transferred into
microfuge tubes, and centrifuged at 5,000 x g for 10 min at
4°C to pellet the bacterial cells. Cells were then resuspended in
80 wL of 0.2 M Tris-HCI, pH 8.0. Then, 120 pL lysis buffer
was added to the resuspended cells (final conditions were 200
wg/mL hen egg white lysozyme (Sigma-Aldrich), 20 mM sucrose
and 0.2 mM EDTA in 0.2 M Tris-HCI, pH 8.0). After a 10 min
incubation at RT, 2 uL of Protease Inhibitor Cocktail (Sigma
Aldrich P8340) was added followed by 202 L of extraction buffer
(10 pg/mL DNAse I [Sigma-Aldrich DN25] in 50 mM Tris—
HCl/10 mM MgCl,/2% Triton X-100). After 1.5 h incubation on
a rocker at 4°C, samples were centrifuged at 1500 x g at 4°C
for 5 min. The resulting supernatants from triplicate samples,
which contain the outer membranes, were pooled and placed
into 4 mL ultrafiltration tubes with 5 kDa cut off molecular
weight (Amicon Ultracel, 5k, Millipore). PBS was added to yield
a volume of 4 mL, and then the tubes were centrifuged at
2400 x g until about 500 ML residual volume was obtained.
The outer membranes in this residual were then washed by
suspending in 3.5 mL PBS and then centrifuging at 2400 x g
for 25 min at RT, yielding a residual volume of approximately
200 pL. Of this, 4 pL were subjected to standard SDS-PAGE
using Bio-Rad 16.5% Mini-Protean Tris-Tricine gels followed
by silver stain. Images were acquired with Versadoc (Bio-Rad)
and analyzed with Image Lab version 6.01 software from Bio-
Rad Laboratories.

Atomic Force Microscopy
P. aeruginosa (1 x 10° CFU/mL inoculum) was incubated in
10% Mueller Hinton broth/140 mM NaCl/12.5 mM sodium
phosphate pH 7.0 with and without HBD2 (0.25 wM), on glass
coverslips (Borosilicate glass square coverslips, Thermo Fisher
Scientific) in 6-well plates (Corning) for 18 h at 37°C. As
negative controls for HBD2 the peptide solvent 0.01% acetic
acid was included, respectively. Coverslips were then transferred
into wells of a fresh six-well plate and adherent bacteria were
fixed with 2.5% glutaraldehyde (Ted Pella, CA; 25%, electron
microscopy grade) diluted in PBS for 20 min at 4°C followed
by washing with deionized water according to Chao and Zhang,
2011 (64), and stored at 4°C until imaging by atomic force
microscopy (AFM).

All AFM tests (65) were carried out with a NX12 AFM system
(Park System) using an aluminum coated PPP NCHR (Park
systems) cantilever with a spring constant of 42 N/m, a resonance

frequency of 330 kHz, and a nominal tip radius of <10 nm.
At least five images were acquired per sample in air with non-
contact mode (NCM) with settings of 256 pixels/line and 0.75 Hz
scan rate and continuous monitoring of the tip integrity. The
images were first order flattened and the roughness and height
of all bacteria were measured using XEI software (Park Systems).
Specifically, roughness of each bacterium was calculated from
the root mean square value (RMS, i.e., standard deviation of the
distribution of height over the whole bacterium surface).

Data and Statistical Analysis

Data graphs were generated using Microsoft Excel® 2016
or GraphPad Prism 7.04 Software. Statistical analyses were
performed using IBM SPSS version 24 or GraphPad Prism 7.04
Software. A p-value < 0.05 was considered statistically significant.

RESULTS

At Low Concentrations, HBD2 Does Not
Reduce Metabolic Activity but Inhibits
Biofilm Production by P. aeruginosa,
Unlike HBD3

To compare the antimicrobial activities of HBD2 and HBD3,
P. aeruginosa was exposed to either peptide at various
concentrations over a period of 18 h. Viability was assessed
by measuring metabolic activity every 3 h via quantification
of resazurin reduction to the highly fluorescent resorufin
by bacterial metabolites. Biofilm was assessed at 18 h post-
incubation via quantification of crystal violet staining through
absorbance readings. The resazurin reduction assay showed
that both HBD2 and HBD3 reduced metabolic activity in
a dose-dependent manner, with HBD3 being more effective
on a per molar basis, producing around a 30% reduction at
0.5 pM compared to the 4 WM needed by HBD2 at 18 h
for the same effect (Figure 1). However, when comparing
the effect on biofilm production between the two peptides,
a notable difference was observed. At concentrations of 0.25
and 0.5 M, HBD2 reduced P. aeruginosa biofilm to ~75%
of the control without significantly reducing the metabolic
activity (Figure 2A). In contrast, at these concentrations,
HBD3 reduced the formation of P. aeruginosa biofilm in a
dose dependent manner that was directly proportional to the
cumulative effect on metabolic activity and further reduced
both biofilm and resorufin production to nearly undetectable
levels at a concentration of 1 wM (Figure 2B) consistent
with direct microbicidal activity. ATP concentrations measured
at the end of the 18 h incubation period corroborated the
resazurin data (Figure 3), showing maintained ATP levels in
HBD2 treated bacteria but a significant reduction of ATP
levels in HBD3 treated P. aeruginosa (at 2 uM defensin,
17.65 = 531 nM ATP compared to 3.6 £+ 2.88 nM ATP,
respectively, p = 0.011). These data suggest a differential
mechanism for the antimicrobial activity between HBD2 and
HBD3, and that HBD2 selectively inhibits biofilm formation at
low concentrations.
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FIGURE 1 | Metabolic activity of P aeruginosa in the presence and absence
of HBD2 and HBD3 over 18 h. Bacteria were incubated in 10%
Mueller-Hinton/140 mM NaCl supplemented with 0.01% resazurin and
fluorescence emitted by resorufin reflecting the production of reducing
metabolites was measured every 3 h (530 NnMex, 616 NMem). Shown are the
means + SD of three independent experiments conducted in duplicates. RFU:
relative fluorescence units. p < 0.001 for HBD2 (A) at 1, 2, and 4 wM and for
HBDS (B) at 0.25, 0.5, and 1 WM compared to the solvent control in univariate
ANOVA with Bonferrroni post hoc analysis. All other concentrations were not

significantly different from the solvent controls.

HBD2 Similarly Inhibits Biofilm
Production by A. baumannii Without
Reducing Metabolic Activity at Lower

Concentrations
To rule out that the observed differential biofilm reducing
activity of HBD2 activity was strain-specific and restricted
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FIGURE 2 | Comparative effects of HBD2 and HBD3 on P, aeruginosa biofilm
and metabolic activity. Shown are biofilm formation and accumulated resorufin
fluorescence after 18 h of incubation with HBD2 (A) and HBD3 (B) at the
concentrations given. Data are expressed relative to the control and represent
means + SD of three independent experiments conducted in triplicates.
***p = 0.0004 in Two-way ANOVA. N.S: not significant (o = 0.7721).

to P. aeruginosa, we also subjected A. baumannii-another
opportunistic Gram-negative rod of clinical relevance - to
varying doses of HBD2 and determined resazurin reduction
and biofilm production after 18 h incubation. As shown in
Figure 4, atlow concentrations, HBD2 similarly inhibited biofilm
formation while not reducing metabolic activity of A. baumannii.
For example, at 1 WM, HBD2 effected a significant reduction
of biofilm to 51.77 %+ 2.93% of the control (p < 0.001) while
resazurin reduction was still at 115 £ 0.67% (p = 1.0) of
the control (means + SD, n = 3). At higher concentrations
though, HBD2 appeared to have greater effects on A. baumannii
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FIGURE 3 | ATP quantification in P aeruginosa after 18 h incubation in the
presence or absence of HBD2 and HBD3 at the concentrations given. ATP
concentrations are in nM and were calculated based on a standard curve.
Shown are means =+ SD of three independent experiments conducted in
duplicates. p = 0.01 in One way ANOVA with Bonferroni post hoc analysis for
2 uM HBD2 compared to 2 uM HBDS.

120

100

80

60

40

% of Control

20

HBD2 (uM)

— & Metabolic activity

—— Biofilm

FIGURE 4 | Effects of HBD2 on A. baumannii biofilm formation and metabolic
activity. Shown are crystal violet absorbance and accumulated resorufin
fluorescence expressed as % of the control after 18 h of incubation with
HBD2 at the concentrations given. Data represent means + SD of three
independent experiments conducted in triplicates. *p = 0.004 for biofim
reduction versus reduction of metabolic activity in two tailed Paired Samples
Test. In Oneway ANOVA with Bonferroni post hoc analysis, p = 0.001 for
resazurin reduction at 4 uM HBD2, and p < 0.001 for biofilm reduction at 1,
2, and 4 uM HBD2, compared to the solvent control. All other data points
were not significantly different from the control.

compared to P. aeruginosa as both biofilm and metabolic activity
were reduced to less than 2 and 20% of the control at 4 wM HBD2,
respectively (1.23 = 0.48 and 18.71 = 10.43%, means & SD, n = 3).

HBD2 Biofilm Inhibitory Activity Does Not
Depend on Chirality but on Folding State

Since HBD2 appeared to selectively reduce biofilm formation and
it has been known to bind to chemokine receptors on eukaryotic
cells (66, 67), it was possible that the effects of HBD2 were
due to binding to receptors involved in the biofilm regulatory
pathway such as the GacA/GacS system. To test this, we assessed
the activity of the D-form of HBD2, which, due to mismatched
chirality, does not bind to proteinaceous receptors of L-HBD2.
Like L-HBD2, D-HBD2 effected a significant reduction of biofilm
production by P. aeruginosa without reducing metabolic activity
(Figure 5A). Thus, this suggests that the observed HBD2 effect
on P. aeruginosa biofilm production was not due to binding to
receptors important for biofilm regulatory pathways.

Upon proper folding, defensins form three intramolecular
disulfide bridges, which stabilize an amphipathic structure where
cationic and hydrophobic amino acid residues are spatially
segregated. To assess the importance of the structure and
thus, charge distribution of HBD2 for its observed activity, a
comparison was made between wildtype HBD2 and a linearized
HBD2 mutant (Linear HBD2) with cysteine residues replaced
by alanine residues. Loss of the cysteine residues prevents
the formation of stabilizing disulfide bonds, drastically limits
proper folding, and disrupts the organization of charged domains
thought to be critical for AMP activity (68-70). As shown in
Figure 5B, linearization of HBD2 resulted in a pronounced
loss of activity.

Taken together, these data provided evidence for a receptor-
independent activity that requires proper sequestration of
charged and hydrophobic residues. We next asked whether
HBD2 disrupts regulatory pathways of biofilm production
through QS molecule binding. To answer this question, we
took a three-pronged approach and performed in silico docking
studies with known QS molecules involved in biofilm regulation,
employed qPCR probing for genes differentially expressed during
biofilm formation, and quantified pyorubin, a pigment regulated
by the pathways that also affect biofilm production.

HBD2 Binding to QS Molecules Is
Unlikely Based on Autodock Vina
Prediction

QS molecules are small and flexible molecules with a potential
for hydrogen bonding and hydrophobic interactions. Thus, they
may bind to and be sequestered by HBD2. To explore this
further, Autodock Vina was used (Figure 6) to predict HBD2
binding to known P. aeruginosa QS molecules representing three
different QS systems, namely 3-oxo-C12-HSL - as the major QS
molecule for P. aeruginosa utilized by the Las system, C4-HSL
primarily utilized by the Rhl system, and PQS a key sensing
molecule in the 4-quinolone system (71). As a positive control,
Autodock Vina was also used to match the known binding
pocket of the QS molecule 3-oxo-C12-HSL to its receptor LasR
that has been previously assessed by X-ray diffraction (RSCB
3IX3) (72). Phosphorylcolamine (NEtP), which is not expected
to bind to either LasR receptor or HBD2, was used as a negative
control. Using the same methodology that confirmed binding
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FIGURE 5 | Comparative effects of D-HBD2 and linear HBD2 on
P, aeruginosa biofim and metabolic activity. Shown are biofilm formation and
accumulated resorufin fluorescence expressed as % of the control after 18 h
of incubation with all D-HBD2 (A) and linear HBD2 (B) at the concentrations
given. Data represent means + SD of three independent experiments
conducted in triplicates. In paired T test comparing biofilm reduction and
reduction of metabolic activity, “*p < 0.001 for D-HBD2 (A) and not
significant (N.S.) for linear HBD2 (B). In Oneway ANOVA with Bonferroni
post hoc analysis, biofilm formation (o = 0.033) but not metabolic activity
(o = 0.473) is significantly reduced by D-HBD2. For linear HBD2, none of the
data is significantly different from the solvent control.

of 3-0x0-C12-HSL to LasR here (Figure 6A) no binding of 3-
0x0-C12-HSL to HBD2 was found (Figure 6B). Furthermore,
we calculated the free energy of binding and found for LasR
values corresponding to those reported in the literature (62, 73).
Employing a —6 kcal/mol threshold for likely binding between
ligand and receptor, binding between LasR and 3-oxo-C12-HSL,
C4-HSL, and PQS was much more favorable (Figure 6C) than
binding between HBD2 and these sensing molecules (Figure 6D).

Using Eq. (1), the dissociation constants (Kp) for the most
favorable binding pair between either LasR or HBD2 with each
QS molecule was calculated (Table 3). This method predicted
the Kp of 3-0xo-C12-HSL and LasR (1.15 wM) near that of

previously reported values (~5.5 wM) (74). Furthermore, Kp
values for LasR binding with all three P. aeruginosa QS molecules
were consistently two to three orders of magnitude lower
than those of HBD2 binding with any of these QS molecules.
This suggests that it is unlikely for HBD2 at physiological
concentrations (75-77) to significantly bind these QS molecules.

Gene Expression of flgF and psiA Is Not
Affected by HBD2

During biofilm formation, motility and production of
exopolysaccharide are reciprocally regulated with reduction
of the expression of flagella-related genes and increase in the
expression of genes contributing to polysaccharide synthesis
including Psl polysaccharide. Thus, we compared the expression
of flgF (Figure 7A) and psIA (Figure 7B) in P. aeruginosa treated
with 0.25 wM HBD2 or solvent at various timepoints for up to
12 h. For solvent treated control bacteria, as expected, flgF gene
expression decreased within 2 h reaching statistical significance
after 6 h and the expression of psIA was signficantly increased
after 2 h compared to the later time points (p < 0.01 and p < 0.05
in multivariate ANOVA with Bonferroni post hoc analysis). As
observed for control bacteria, flgF gene expression decreased
over time and was significantly reduced in HBD2 treated bacteria
(p < 0.05) though changes in psIA gene expression did not reach
statistical significance. However, there was overall no statistical
significant difference between solvent and HBD2 treated bacteria.
Thus, expression analysis of genes altered early in the biofilm
production process does not support that HBD2 interference
with biofilm production occurs at the transcriptional level.

Pyorubin Accumulation Is Not Reduced
in Media Collected From HBD2 Treated

P. aeruginosa

Pigment production in P. aeruginosa has been shown to be also
regulated by QS (24, 61). To further corroborate that HBD2
does not interfere with QS, we quantified pyorubin released into
culture supernatants in the presence and absence of HBD2. At
0.125 and 0.25 pM HBD2 there was no difference in pyorubin
accumulation compared to the control (data not shown). In the
presence of 0.5 and 1 uM HBD?2, there was a slight increase
of pyorubin (109.5 £ 4.9 and 109.9 + 5.8% of the control,
respectively, p < 0.01 in univariate ANOVA with Bonferroni
post hoc adjustment). This finding further supports that HBD2
does not inhibit quorum sensing and next, we explored whether
HBD2 may induce structural changes in the outer membrane that
could interfere with the transport of biofilm precursors to the
extracellular space.

HBD2 Alters the Outer Membrane

Protein Profile of P. aeruginosa

Outer membrane proteins participate in the process of biofilm
formation (78). Hence, we probed whether incubation with
HBD2 leads to changes in the outer membrane protein profile
of P. aeruginosa (Figure 8). A representative image of outer
membrane preparations resolved by silver stained SDS-PAGE is
depicted in Figure 8A. Numerous bands are detected ranging
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FIGURE 6 | In silico docking and binding energies (AG) of various QS molecules calculated for LasR and HBD2. AutoDock Vina was used to predict binding sites
and potential hits for HBD2 and quorum sensing molecules in comparison to LasR. (A) Test N-(3-oxohexanoyl) homoserine lactone (3-oxo-C12-HSL, green) lies
inside the LasR binding pocket in the same region as co-crystallized 3-oxo-C12-HSL (blue) with LasR (RSCB 3IX3). (B) HBD2 does not contain a binding pocket for
test 3-oxo-C12-HSL (green). Free energy of binding (AG) for various hits were determined for phosphorylcolamine (NEtP), 3-oxo-C12-HSL, N-butyryl homoserine
lactone (C4-HSL), and 2-heptyl-3-hydroxy-4-quinolone (PQS) as ligands with either LasR (C) or HBD2 (D) as rigid receptors. Dashed lines indicate the —6 kcal/mol
threshold for actively bound molecules.

TABLE 3 | Dissociation constants for quorum sensing molecules calculated using
AutoDock Vina measurements.

Receptor NEtP 3-0x0-C12-HSL C4-HSL PQS
LasR 558 M 1.15 uM 18.3 uM 191 nM
HBD2 4.637 mM 3.348 mM 2.417 mM 408 pM

The best binding energies (predicted by AutoDock Vina) for each ligand-receptor
pair were used to manually calculate dissociation constants (Kp) using Eq. (1).
NEtP: phosphorylcolamine; 3-oxo-C12-HSL: N-(3-oxododecanoyl) homoserine
lactone; C4-HSL: N-butanoyl homoserine lactone; PQS: 2-heptyl-3-hydroxy-4-
quinolone.

from about 10 kDa to over 200 kDa with the most dominant
bands appearing above 25 kDa, in particular a band around
35 kDa similar to the molecular weights of previously reported
P. aeruginosa outer membrane proteins (79). Two weaker
bands around 10 kDa are consistently visible only in the
outer membrane preparations from control bacteria. Overall,
the outer membranes from HBD2 treated bacteria appear to
contain less proteins between 35 and 75 kDa. A prominent
band between 10 and 15 kDa is detected in all samples,

including the medium control, consistent with the molecular
weight of the lysozyme (14 kDa) added during the extraction
procedure. Figure 8B summarizes the protein profiles of
the outer membrane preparations from control bacteria and
HBD?2 treated bacteria. To control for variations during the
ultrafiltration process and gel loading, the band intensities of the
various proteins were normalized with the presumptive lysozyme
band intensity. HBD2 appears to affect a decrease in outer
membrane proteins in particular at about 22, 34, 40, 45, and
50 kDa, with the changes noticeable at all concentrations tested.

Atomic Force Microscopy Reveals
Ultrastructural Changes in HBD2 Treated
Bacteria Reflected in Increased Surface
Roughness

We also assessed whether the changes at the outer membrane
induced by HBD2 resulted in topographical changes and
employed atomic force microscopy to measure bacterial height
and roughness after incubation for 18 h in the presence or
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FIGURE 7 | Relative gene expression of figF and ps/A in the presence and
absence of 0.25 pM HBD2 as determined by gPCR. Gene expression of figF
(A) and ps/A (B) in P, aeruginosa was calculated relative to the reference gene
gapA after incubation in the presence or absence of HBD2 for up to 12 h.
Shown are means + SEM, n = 6. In multivariate ANOVA with Bonferroni

post hoc analysis (o < 0.05 and **p < 0.01), gene expression of flgF and
pslIA changed over time (Control: p < 0.01 for figF 0.5 h versus 6 h and 12 h,
and p < 0.05 for psiA 2 h versus 6 h and 12 h; HBD2: p < 0.05 for figF 0.5 h
versus 12 h) but there was no significant difference between the control and
HBD2 treated bacteria.

absence of 0.25 uM HBD?2 (Figure 9). Representative images of
control and HBD2 treated bacteria are shown in Figure 9A. The
surface of control bacteria appears smoother compared to the
surface of HBD2 treated bacteria, the latter showing irregular
dents. While the overall bacterial height is not significantly
different in HBD2 treated bacteria compared to solvent only

exposed bacteria (215.22 &£ 3.96 nm versus 220.24 £ 3.23 nm,
means £ SEM, n = 85 and n = 69, respectively, p = 0.343),
there is a significant increase in roughness in HBD2 treated
samples (Figure 9B) consistent with a structurally altered surface
(43.39 & 1.52 versus 51.86 =+ 1.5 nm, means &+ SEM, n = 85 and
n =69, p < 0.001 in independent samples T test).

Taken together, our data demonstrate that at low
concentrations L- and D-forms of HBD2 inhibit biofilm
formation while not reducing metabolic activity in Gram-
negative Dbacteria of two different genera, Pseudomonas
and Acinetobacter. Furthermore, this activity appears to be
receptor-independent and not mediated by interference with
quorum sensing or other regulatory pathways of biofilm
production at the transcriptional level. Instead, our data are
consistent with structural changes induced by HBD2 that
interfere with the transport of biofilm precursors into the
extracellular space suggesting a novel mechanism of action for
the antimicrobial peptide HBD2.

DISCUSSION

In this study, we demonstrate that, HBD2, at nanomolar
concentrations, and independent of its chiral state, significantly
reduced biofilm formation of P. aeruginosa without affecting
metabolic activity. This was unlike HBD3, which equally reduced
biofilm and metabolic activity at nanomolar concentrations.
HBD2 similarly affected A. baumannii, another Gram-negative
bacterium, at low concentrations. In silico modeling did not
support direct binding of HBD2 to QS molecules, the release of
a QS regulated pigment was not inhibited, and the expression
of biofilm-related genes was not influenced by HBD2. However,
the outer membrane protein profile was altered in HBD2 treated
bacteria with reduced representation of several proteins, which
was accompanied by increased roughness of the bacterial surface.
Taken together, these data support a novel mechanism of biofilm
inhibition by HBD2 at low concentrations that is independent
of biofilm regulatory pathways but involves structural changes
induced by HBD2 that may interfere with the transport of biofilm
precursors into the extracellular space.

HBD2 has been previously reported to reduce bacterial
survival in existing biofilm cultures of Lactobacillus ssp.,
Gram-positive bacteria, at higher, micromolar concentrations
(80). However, inhibition of biofilm formation by HBD2 has
not been reported previously to the best of our knowledge.
Considering the rapid induction of HBD2 in epithelial cells’
response to proinflammatory cytokines and bacterial challenge
(81), the ability to interfere with biofilm formation at low
concentrations adds importance to the role of HBD2 in innate
host defense during the early interaction between host and
pathogen. Bacteria are more susceptible to host-derived and
exogenous antimicrobial agents while they are metabolically
active in the planktonic state prior to biofilm production. Thus,
HBD2 may amplify host defenses early in the attempted infection
process and could improve the action of antibiotics in a clinical
setting (82). Synergism studies will be able to address this
experimentally in the future.
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FIGURE 8 | Outer membrane protein profile of P aeruginosa after 18 h incubation in the presence and absence of HBD2. (A) Four pL of concentrated outer
membrane preparations from HBD2 treated (0.125-1 uM) or solvent control exposed bacteria (0) were resolved by SDS Tris-Tricine PAGE and visualized by silver
stain. (Med) indicates medium only processed like bacteria-containing samples. The band migrating between 10 and 15 kDa in all samples is consistent with the
expected molecular weight of lysozyme (14 kDa) that was added to the extraction buffer. (B) Approximate molecular weight and intensities of bands were quantified
with Image Lab software and band intensities detected in both replicates were normalized to the intensity of the presumptive lysozyme band. Each data point
represents the average of replicates. Each line represents the protein profile for the indicated HBD2 concentration (in M).
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Anti-biofilm activity of HBD2 in the absence of inhibition
of metabolic activity of P. aeruginosa occurred only at low
concentrations. A concentration dependent mechanism of action
has been well documented for the lantibiotic nisin, which,
at nanomolar concentrations, preferentially binds to lipid II
disrupting cell wall synthesis and, at micromolar concentrations,
embeds into the bacterial membrane causing pore formation
(83-87). More recently, the alpha-defensin human neutrophil
peptide 1 (HNPI) has been added to the list of AMPs that
initially interact with lipid II, and when concentrations increase,
with the bacterial cell membrane (88). Binding of HBD3 to
lipid IT has also been described, albeit at higher concentrations,
in the micromolar range (47). It is conceivable that HBD2

could similarly interfere with membrane-embedded proteins
responsible for the transport of biofilm components (17) at
low concentrations followed by membrane perturbation at
higher concentrations.

The differential effect of HBD2 on biofilm production
and metabolic activity of P. aeruginosa was not observed in
the related beta-defensin HBD3, which was active at lower
concentrations than HBD2 and equally reduced biofilm and
metabolic activity reflecting a strong bactericidal activity.
These differences in their activity could be at least in part
attributed to the differences in their physicochemical properties
with respect to net charge, surface charge distribution,
hydrophobicity index, and behavior in solution (51, 89).
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Biofilm is a complex matrix with numerous components
that can be affected in different ways by HBD2 and HBD3.
For example, alginate has been shown to affect antimicrobial
peptide conformation inducing alpha-helices contigent on the
hydrophobicity (90), and HBD2 and HBD3 substantially
differ in their hydrophobicity with HBD2 being more
hydrophobic than HBD3.

HBD?2, at low concentrations, similarly inhibited biofilm
production in A. baumannii without reducing metabolic activity
suggesting the observed effects are not strain specific. However,
at higher HBD2 concentrations differences between the effects
on P. aeruginosa and A. baumannii emerged as reflected in a
near complete inhibition of biofilm production of A. baumannii
contrasting the stalled biofilm inhibition of P. aeruginosa. The
lesser susceptibility of P. aeruginosa to HBD2 may be due to
a greater outer membrane vesicle production in P. aeruginosa
that may sequester HBD2 before it reaches the bacterial cell
(91).

Like other defensins, HBD2 forms three intramolecular
disulfide bridges and linearization of the peptide can reveal the
importance of its structure for its antimicrobial activity (92).
Here, linearization of full length HBD2 led to a pronounced
loss of both its antimicrobial and biofilm inhibitory activity.
This contrasts reports for other defensins including HBD3 and
could be attributed to a lack of accumulation of positively
charged amino acid residues at the C-terminus of HBD2
compared to HBD3. Chandrababu et al. (93) have shown that
positively charged residues cluster in the C-terminal segment
of a linearized form of HBD3 allowing them to interact with
the negatively charged phospholipids of micelles. The inherent
antimicrobial activity of this patch of cationic residues is
also reflected in studies with HBD3 analogs truncated to the
C-terminal region (94). The here observed loss of activity
after linearization could indicate that HBD2 functions through
a receptor (56). However, D- and L forms of HBD2 did
not differ in their activity and thus, we interrogated the
possibility that HBD2 interferes with regulatory networks of
biofilm production.

QS molecules are key to the regulation of virulence factor
production including biofilm and pigment in P. aeruginosa.
They are small hydrophobic molecules (95) and thus, we
interrogated possible binding of HBD2 to QS molecules in silico.
We found favorable binding of LasR to not only its cognate
ligand 3-oxo-C12-HSL but also to C4-HSL and PQS. This is
in line with a recent study describing LasR as promiscuis for
binding a variety of QS molecules (96). The unfavorable binding
energies derived for HBD2 suggest that interference of QS-
dependent processes through direct HBD2 binding to individual
QS molecules is unlikely. Another type of QS molecule,
(25,4S)-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran-borate
(S-THMF-borate), has been shown to increase biofilm formation
in P. aeruginosa (97, 98). However, although S-THMEF-
borate — a molecule with a distinct structure from major
Gram-negative QS molecules — has been identified in some
Gram-positive and Gram-negative bacteria (99), P. aeruginosa
does not encode the [uxS gene required for its synthesis (100)
and binding to this S-THMF-borate should not be further

considered as an underlying mechanism for the observed
biofilm inhibition.

In agreement with the in silico data, HBD2 did not affect the
expression of flgF and pslA. Thus, interference of HBD2 with
regulatory networks at the transcriptional level is not likely to
account for its biofilm inhibitory activity. However, we cannot
rule out that HBD2 has posttranscriptional effects through
interference with the two component signal transduction
system GacS/GacA (71, 101). GacS is a transmembrane
sensor kinase phosphorylating GacA, which in turn induces
the expression of small RNA molecules that antagonize the
protein RsmA, a translational repressor interfering with psl
translation and known to normally block exopolysaccharide
production (102). It is conceivable that HBD2 could interfere
with GacS upon inserting into the bacterial membrane. Finally,
HBD2 might bind to the secondary messenger molecule c-di-
GMP, which regulates biofilm formation in P. aeruginosa at
multiple levels (103). Previously, de la Fuente-Nunez et al.
(104) demonstrated that peptide 1018, derived from the
antimicrobial peptide bovine Bac2a (105), inhibited biofilm
formation in P. aeruginosa while not affecting planktonic
growth by binding to the second messenger p(pp)Gpp
and promoting its degradation. A similar mode of action
could apply to HBD2.

Further supporting that HBD2 does not act through
interference with regulatory networks is our finding that
pyorubin accumulation in the extracellular fluid was not
diminished after incubation with HBD2. Pyorubin is composed
of several pigments including aeruginosin A, which is a
phenazine, like the much better studied P. aeruginosa pigment
pyocyanin (106). Phenazines typically traverse the bacterial
membrane freely and their production is under the same controls
that govern biofilm production (107, 108).

Considering the lack of evidence for interference with
regulatory networks and the stereoisometry independent activity
of HBD2, we conceived that the observed HBD2 mediated
inhibition of biofilm production is most likely due to embedding
in the bacterial membrane and disruption of transport of
biofilm precursor molecules across the membrane. An increasing
amount of research suggests that AMPs can target discrete
loci in bacterial membranes and thereby disrupt biological
processes (109). For example, AMPs are known to impair the
assembly of multicomponent enzyme complexes in the bacterial
cell membrane (110) or disrupt periplasmic protein-protein
interaction interfering with molecular transport (111). In 2013,
Kandaswamy et al. showed that HBD2 localizes to the mid-
cell region of the Gram-positive bacterium E. faecalis (112).
The authors determined that this mid-cell region is rich in
anionic phospholipids and that HBD2 delocalized the spatial
organization of protein translocase SecA and sortases, both of
which are important for pilus biogenesis (112, 113). It is possible
that HBD?2 targets similar machinery in P. aeruginosa to impair
biofilm formation. SecA also plays a role in the transport of
outer membrane proteins in Gram-negative bacteria (114) and
outer membrane proteins have been shown to participate in
biofilm formation, including the 11 kDa LecB protein and the
38 kDa OprF (115, 116). Consistent with this we found an
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altered outer membrane protein profile in HBD2 treated bacteria
with a paucity of proteins around 10 kDa and proteins around
the molecular weights of previously reported outer membrane
proteins. This may indicate structural changes of the outer
membrane, which was further supported by our atomic force
microscopy data demonstrating an increased roughness of the
bacterial surface after HBD2 treatment. It is important to note,
however, that increased roughness could also represent changes
in the LPS profile. Atomic force microscopy has been previously
employed elsewhere to demonstrate outer membrane damages
in P. aeruginosa (117). Resolving the outer membrane proteins
by 2D gel electrophoresis could further delineate the observed
changes in future experiments, which should also revisit the
action of the D-form of HBD2 and effects on the outer membrane
of A. baumannii. Finally, outer membrane vesicles have been
recognized to take part in the formation of biofilm by interacting
with extracellular DNA and HBD2 interference with proper outer
membrane formation may disrupt this process (118).

CONCLUSION

This study reveals distinct activity of two epithelial beta-
defensins, HBD2 and HBD3, and provides evidence for a
novel antibacterial action of HBD2. At low concentrations
in the nanomolar range, HBD2 reduced biofilm formation
without reducing the metabolic activity of P. aeruginosa.
Biofilm production of A. baumannii was similarly affected,
indicating that the observed HBD2 activity is not strain
specific. This activity is unlikely mediated through a receptor-
dependent interference with regulatory networks but contingent
on preservation of HBD2 structure. Our findings are consistent
with a membrane-targeted action of HBD2 that affects proper
function of membrane-associated proteins involved in biofilm
precursor transport into the extracellular environment. Future
studies dissecting the molecular basis for the described HBD2
activity may inform the development of new methods for the
manipulation of biofilms in aquaculture, in the food industry, and
in the healthcare setting, which is in particular of interest for the
latter considering the rise of multidrug resistance.
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Host defense peptides, abundantly secreted by colonic epithelial cells and leukocytes,
are proposed to be critical components of an innate immune response in the colon
against enteropathogenic bacteria, including Shigella spp., Salmonella spp., Clostridium
difficile, and attaching and effacing Escherichia coli and Citrobacter rodentium. These
short cationic peptides are bactericidal against both Gram-positive and -negative
enteric pathogens, but may also exert kiling effects on intestinal luminal microbiota.
Simultaneously, these peptides modulate numerous cellular responses crucial for gut
defenses, including leukocyte chemotaxis and migration, wound healing, cytokine
production, cell proliferation, and pathogen sensing. This review discusses recent
advances in our understanding of expression, mechanisms of action and microbicidal
and immunomodulatory functions of major colonic host defense peptides, namely
cathelicidins, p-defensins, and members of the Regenerating islet-derived protein Il
(Reglll) and Resistin-like molecule (RELM) families. In a theoretical framework where
these peptides work synergistically, aspects of pathogenesis of infectious colitis reviewed
herein uncover roles of host defense peptides aimed to promote epithelial defenses and
prevent pathogen colonization, mediated through a combination of direct antimicrobial
function and fine-tuning of host immune response and inflammation. This interactive
host defense peptide network may decode how the intestinal immune system functions
to quickly clear infections, restore homeostasis and avoid damaging inflammation
associated with pathogen persistence during infectious colitis. This information is of
interest in development of host defense peptides (either alone or in combination with
reduced doses of antibiotics) as antimicrobial and immunomodulatory therapeutics for
controlling infectious colitis.
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Colonic Host Defense Peptides

INNATE IMMUNITY IN INFECTIOUS
COLITIS AND THE PRESENCE OF HOST
DEFENSE PEPTIDES

Infectious diarrhea causes inflammation of the gastrointestinal
tract, clinically manifested by diarrhea, dehydration and, in
severe cases, death. Infectious diarrhea is a major cause of
morbidity and mortality worldwide, particularly in developing
countries (1). Diarrhea is regarded as the 8th leading cause
of death, with children (<5 year of age) being responsible
for over a quarter of deaths (2). Of the >1 million diarrheal
deaths attributed to infectious agents, bacterial pathogens were
collectively responsible for ~57% (2). Likewise, of the >2 billion
global cases of diarrhea due to foodborne illnesses in 2010, 32%
were due to bacteria (3). In addition, bacterial diarrhea is a main
cause of illness in travelers seeking medical care after returning
from developing nations (4).

The main genera of bacteria that cause infectious colitis
are Escherichia, Salmonella, Campylobacter, Vibrio, Listeria, and
Shigella. Increased emergence of antibiotic resistant bacterial

strains have limited our ability to treat important enteric
pathogens including Escherichia and Salmonella, and raises
the possibility of increased prevalence and mortality due to
intestinal bacterial infections (5-7). Indeed, antibiotic resistance
is predicted to be a major future public health problem, with
antibiotic resistant bacteria expected to cause > 10 million deaths
globally by 2050 (8). Development and commercialization of new
antibiotics is minimal and there are predictions that without
substantial changes, bacterial resistance will continue to increase.
Therefore, understanding innate immune mechanisms that aid in
pathogen clearance and resolution are critical to understanding
pathophysiology of infectious colitis and developing novel
antimicrobial and immunomodulatory therapeutics.

The gastrointestinal tract has metabolic functions of digestion
and nutrient absorption and also provides a barrier against
large numbers of commensal or pathogenic microbes in the
lumen. The colon employs multiple innate mechanisms to
prevent and clear bacterial infections. For example, MUC2
mucin glycoprotein secreted by goblet cells and host defense
peptides (HDPs) secreted by intestinal epithelial cells into
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FIGURE 1 | Colonic host defense peptides (HDPs) contribute to intestinal homeostasis and innate immune defense during infectious colitis through multiple
overlapping mechanisms. HDPs secreted from intestinal epithelial cells (yellow) exert direct antibacterial effects on both the intestinal microbiota [1] and invading
bacterial pathogens [2]. In terms of immunomodulatory functions, HDPs can enhance the immune signaling capacity of intestinal epithelial cells by forming complexes
with LPS/TLR4 (LL-37), or by directly activating TLRs (8-defensins) [3]. HDPs might maintain intestinal epithelial cell barrier and prevention of pathogen invasion by
increasing MUC2 secretion (green) and tight junction protein expression [4]. In the lamina propria, HPDs (yellow) secreted by epithelial cells or infiltrating leukocytes
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the luminal environment compose the mucus layer, an
acellular first line of defense. Intestinal epithelial cells, held
together by apical junctional complexes, form a second
line of defense to prevent penetration of bacteria into the
lamina propria. If pathogenic bacteria are able to penetrate
mucus and epithelial barriers, underlying leukocytes can
protect the host by initiating inflammatory responses to clear
invading pathogens.

Among innate effectors in the colon, HDPs are short cationic
peptides abundantly secreted into the lumen by leukocytes and
the intestinal epithelium, with key functions in maintenance
of gut homeostasis (Figure 1). In the colon, HDPs are mostly
represented by cathelicidin, B-defensins, and members of the
Regenerating islet-derived protein III (ReglIl) and Resistin-
like molecule (RELM) families. Known as broad-spectrum
antimicrobials, their contribution to innate gut defenses is
expected to extend beyond direct lytic effects on bacteria to
include immune functions reported in vitro (e.g., recruitment of
immune cells, wound healing, and cytokine production; Table 1)
(9, 42, 43). These immunomodulatory functions have been
mostly described for myeloid-derived immune cells (10, 44). A
key question is the extent to which immunomodulatory effects
of HDPs occur in the gut and their relevance in infectious
diseases. There are indications that secreted colonic HDPs are not
merely antimicrobial, but also contribute to orchestrated immune
responses. Understanding these aspects of HDP function is
necessary for identifying novel anti-inflammatory and anti-
infective targets as alternatives to conventional antimicrobials.
Herein, we review recent advances in our understanding of HDPs
in gut innate immune defenses and their role in pathogenesis of
infectious colitis.

TABLE 1 | Immunomodulatory cellular functions attributed to colonic host
defense peptides.

Host defense Immune function References

peptide

Cathelicidin Alter chemokine responses

Inhibit TLR4 activation (leukocytes)
Enhance TLR4 signaling (enterocytes)
Chemoattractant

Increase MUC2 expression

Induce NET formation

(9-293)

Chemoattractant

Activate dendritic cells and monocytes
Stimulate cytokine release

Increase epithelial barrier function
Induce epithelial cell migration

Induce MUC2 expression

B-defensin (24-32)

REGIll

Promote epithelial cell proliferation
Prevent apoptosis

(33, 34)

RELM-B Increase epithelial cell proliferation
Chemoattract T-cells

Regulate REGIII expression

Regulate epithelial cell barrier function
Increase mucus secretion

Promote fibrosis

(35-41)

CATHELICIDINS

Cathelicidins are small, cationic, amphipathic peptides produced
by epithelial cells, macrophages, and polymorphonuclear
leukocytes (44, 45). These peptides are synthesized as pro-peptide
precursors with a highly conserved N-terminal region (cathelin
domain) and a highly variable antimicrobial cathelicidin
peptide domain in their C-termini. Cleavage of the C-terminal
domain from the holoprotein (e.g., by serine proteases) is
required for antimicrobial activity. Humans have a single
cathelicidin gene (cathelicidin antimicrobial peptide, CAMP),
which yields a 37 amino acid peptide (leucine-leucine, LL-37)
generated by extracellular cleavage of the C-terminus (46). The
murine counterpart is cathelicidin-related-antimicrobial-peptide
(CRAMP), encoded by the gene Camp (formerly Cnlp) (47).

In the colon, cathelicidins are mostly secreted by neutrophils
and epithelial cells (42, 48). Differentiated colonic epithelial cells
at the peak of crypts constitutively secrete cathelicidins (42, 48,
49), which are normally present in intestinal mucus of healthy
individuals (50). Protective roles of cathelicidin in infectious
colitis have been demonstrated in mice homozygous for null
mutations in Camp (Cump_/ 7). These mice had exacerbated
diarrhea, destructive colitis, and increased pathogen burden
after challenge by chemical (43) or infectious (Clostridium
difficile) (51) agents. Accordingly, Camp™/~ mice were more
susceptible to infection with attaching/effacing bacteria including
C. rodentium (42) and E. coli O157:H7 (11). Consistent with these
findings, upregulation of endogenous cathelicidin ameliorated
colitis caused by enteropathogenic E. coli in rabbits (52).

Signaling pathways that regulate cathelicidin synthesis in
the colon respond to both bacterial and endogenous stimuli.
Regarding bacterial stimuli, colonic epithelium produced
cathelicidins in response to bacterial by-products, such as
short chain fatty acids (e.g., butyrate) (48, 53) via MEK-ERK
signaling (49, 54). Bacterial DNA also stimulated cathelicidin in
colonic lamina propria macrophages through TLR9 (43). This
mechanism was observed in vivo when intracolonic exposure
to E. coli genomic DNA upregulated cathelicidin expression in
mice via TLRY signaling (43). Similar to bacterial DNA, double-
stranded RNA mimic poly(I:C) induced cathelicidin expression
from intestinal epithelial cells via PI3-kinase-PKCg-Sp1 signaling
independent of MAPK pathways (55). MAPK signaling was also
required for cathelicidin expression from colonic epithelial cells
exposed to a combination of IL-1p and purified MUC2 (56).

Direct antibacterial activity was the first function identified for
cathelicidins (57) with most studies focusing on the role of LL-
37 against E. coli. Whereas, multiple antibacterial mechanisms
may occur simultaneously, a principal bactericidal action of
cathelicidins is membrane pore formation followed by direct
bacterial death. LL-37 recognizes negatively charged lipids,
a major component of Gram-negative bacterial membranes
(58, 59). Binding of LL-37 to the bacterial surface leads to
formation of transmembrane pores that induce bacterial cell
lysis (60, 61). This pore formation depends on the alpha-helical
amphipathic structure of LL-37, which shape its interactions
with negatively-charged and hydrophobic targets on bacterial
membranes. Because the structure of LL-37 is highly dependent
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on environmental factors (e.g., pH and anion concentration),
the ability of cathelicidins to kill E. coli by transmembrane pore
formation may be affected in physiological conditions (61).

Other antimicrobial mechanisms of cathelicidins include
binding LPS to cross bacterial outer membranes into the
periplasmic space, where LL-37 binds and immobilizes
peptidoglycan to impede cell wall biogenesis and growth
(62). Aditionally, there is a large influx of LL-37 into the
bacterial cell after permeabilization of outer and cytoplasmic
membranes that rigidifies the cytoplasm and halts motion of
chromosomal DNA and ribosomes, thereby arresting E. coli
growth (63). The polycationic nature of LL-37 allows it to form
a network of electrostatic bonds with polyanionic DNA and
ribosomes, preventing proper diffusion of cellular components
(63). However, some of these antibacterial effects may be simply
bacteriostatic and may not be effective at the population level. In
high-density E. coli cultures exposed to LL-37, a sub-population
of non-growing bacterial cells absorb massive amounts of LL-37
to deplete it from the surrounding environment, enabling a
second sub-population to continue growing (64). Unlike LL-37,
which interacts directly with microbial cell surfaces [e.g., E.
histolytica (56)], other cathelicidins seem to internalize within
bacterial cells and trigger non-lytic mechanisms. For example,
porcine proline rich cathelicidin (PR-39), abundant in myeloid
cells in pigs, crosses the cell membrane and likely kills pathogens
by blocking bacterial DNA and peptide synthesis (65).

In an attempt to establish infection, intestinal pathogens may
actively dampen cathelicidin defenses by multiple strategies. One
strategy is to decrease cathelicidin expression in the colon during
bacterial colonization. Cathelicidin production was decreased in
colonic epithelium and leukocytes of shigellosis patients during
early infection, where both live Shigella and bacterial plasmids
blocked transcription of cathelicidin mRNA (66). Cathelicidin
was also transcriptionally suppressed in colonic epithelial cells
by exotoxins of Vibrio cholera and E. coli (cholera toxin and
labile toxin, respectively) (67). Thus, cathelicidin silencing is
likely a key virulence mechanism used by bacterial pathogens
to facilitate intestinal colonization. Another evasion strategy
is to repel direct killing by cathelicidins. While cathelicidins
displayed in vitro killing activity against multiple strains of
E. coli (11, 68), Salmonella enterica serovar Typhimurium
resisted killing by cathelicidin through modulation of its outer
membrane properties (69). Of note, despite these findings,
the real relevance of cathelicidin antimicrobial activity in
the gut is still controversial. Cathelicidins showed broad in
vitro antibacterial activity (either bactericidal or bacteriostatic)
against both Gram-positive and -negative bacteria (12, 70-73)
(Table 2). However, this antibacterial activity is often abolished
under physiological conditions, including presence of high salt
concentrations (68, 85), serum (86), plasma alipoprotein-Al (87),
and sugars (88). Antibacterial activity of certain cathelicidins
[synthetic cathelicidin (C18G), protegrin, magainin-like peptide]
could be further inhibited by bacterial surface modifications, e.g.,
lipid A acylation by Salmonella spp. (89). Therefore, it is still
questionable if cathelicidins undertake extensive antimicrobial
activities in the colonic lumen. It is possible that microbicidal
activities are restricted to certain conditions or niches (e.g.,

TABLE 2 | Direct in vitro antimicrobial functions of colonic host defense peptides.

Host defense peptide Antibacterial activity References
Gram-negative Gram-positive
Cathelicidin E. coli L. monocytogenes (12, 42, 70—
C. rodentium S. aureus 73)
S. enterica E. faecalis
S. enteritidis
K. pneumoniae
B-defensin = -1 E. coli Bifidobacterium (29, 74)
S. enteritidis spp.
Lactobacillus spp.
B. subtilis
S. aureus
-2 E. coli S. aureus (75-78)
P, aeruginosa S. pyogenes
H. pylori
-3 S. enterica L. monocytogenes (78)
E. coli S. aureus
P, aeruginosa E. faecalis
-4 E. coli S. aureus (79)
P, aeruginosa
RELM-B P, aeruginosa L. monocytogenes (80)
C. rodentium E. faecalis
REGII -B E. coli (81, 82)
Bacteroides spp.
-y L. monocytogenes (83, 84)
L. innocua
E. faecalis

deeper in intestinal crypts, within the inner mucus layer) where
cathelicidins can reach high concentrations and/or overcome
inhibitory physiological effects.

On the other hand, there is growing evidence that
immunomodulation is a critical function of cathelicidins in
gut homeostasis. Such immunomodulation can be achieved by
signaling through both colonic epithelial cells and immune cells,
often at concentrations lower than is required for antimicrobial
activity (Figure 1, Table 1). A first role of cathelicidins in gut
innate immuninty could be enhancement of Toll-like receptor
(TLR) sensing and prevention of pathogen invasion into colonic
epithelial cells. For instance, human adenocarcinoma colonic
epithelial (HT-29) cells exposed to a combination of synthetic
LL-37 and LPS had increased TLR4 gene and protein expression
(13). Such TLR4 activation is expected to increase production
of pro-inflammatory cytokines, since LL-37 was required
for CXCL8 and IL-1p production from colonocytes exposed
to bacterial stimuli (13, 14). Moreover, the combination of
cathelicidin and LPS prevented invasion of Salmonella enterica
serovar Typhimurium into HT-29 cells (14). Although the
synergistic effect between cathelicidins and LPS has not be
tested in vivo, HT-29 cells served to examine colonic epithelial
cell responses, as they constitutively express TLR4 and secrete
CXCL8 in response to LPS as do primary intestinal epithelial cells
(90). In support of this presumptive role in the colonic mucosa,
LL-37 primed inflammatory responses in airway epithelial cells
during Pseudomonas aeruginosa infection, promoting IL-1f
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and IL-18 secretion in an NLRP3 and caspase-1 dependent
fashion (91).

Other immunomodulatory roles of cathelicidins in the gut
include regulation of the intestinal epithelial barrier. This is
important because the epithelial barrier plays a critical role in
colonic histopathological changes and diarrhea that characterize
infectious colitis. The epithelial paracellular barrier is largely
maintained by tight junctions (TJs), and is critical for water
absorption and restricting invasion of enteric luminal bacteria.
TJs are disrupted in the colon exposed to enteric pathogens
(92), but cathelicidins induced T] gene expression in mammalian
enterocytes and porcine intestines (9, 93). In addition, LL-
37 prevented disruption of the TJ protein ZO-1 during S.
enterica serovar Typhimurium infection in colonic epithelial
(T84) cells (14). Effects of cathelicidins are not restricted
to gut epithelium, as LL-37 induces upregulation of tight
junction proteins and increases epithelial barrier function in
keratinocytes (94). Although significance of cathelicidins in
maintaining the gut barrier is incompletely understood, these
functions might contribute to the increased pathogen burden
and histopathological damage in Camp~/~ mice infected with C.
rodentium (42).

The colonic epithelial barrier is also maintained by the
mucus layer, mainly composed of MUC2 mucin derived from
intestinal goblet cells (56). MUC2 mucin limited in vitro
colonization by pathogenic E. coli (95) and mechanically expelled
pathogens from the gut to prevent C. rodentium propagation
(96). The colonic mucus barrier is comprised of a firmly
attached inner layer devoid of bacteria and a more loosely
attached outer layer which contains large numbers of commensal
bacteria (97). Camp_/ ~ mice had a thinner colonic mucus
layer and were more easily penetrated by E. coli O157:H7 (11),
demonstrating the importance of cathelicidin for forming an
effective mucus barrier. Moreover, stimulation of HT-29 cells
with LL-37 induced gene expression of mucins MUCI and
MUC2 via the P2X purinoceptor 7 (P2X7) and MAP kinase
pathway (9, 15). This function has been demonstrated in other
epithelia, where stimulation of airway epithelial (NCI-H292) cells
with LL-37 resulted in MUC5AC production through EGFR
activation (98). Thus, it has been postulated that cathelicidins
and mucin coexist as first line defenders in the intestinal lumen.
Moreover, the more compact inner mucus layer could retain
cationic peptides due to its overall negative charge and provides
a gradient of antimicrobial HDPs that separates commensal
microbiota from the epithelium (50). Indeed, cathelicidins are
implicated in maintaining the colonic microbiota. Camp™/~
mice display a different colonic microbiota in comparison to
Camp™/* mice, mostly associated with increased populations
of Odoribacter lanues, Desulfovibrio piger, and Desulfomicrobium
orale in Camp_/_ mice (99).

It is known cathelicidins can act as direct chemoattractants
to promote leukocyte influx to the site of infection; a role
that could be critical in infectious colitis (100, 101). In
leukocytes, cathelicidins signal through a range of receptors,
including P2X7 and Formyl Peptide Receptor 2 (FPR2) that
recognize extracellular ATP and N-formyl peptides, respectively.
Accordingly, LL-37 inhibited neutrophil apoptosis by signaling

through P2X7 and PI3K pathway (102), and chemoattracted
FPR2-expressing peripheral blood monocytes, neutrophils and
CD4™ T cells (16). The inhibition of apoptosis in neutrophils
was abrogated by blocking P2X7 and the PI3K pathway (102),
while the chemoattractant function of cathelicidin was inhibited
by both a specific FPR2 inhibitor and the G-protein coupled
receptor inhibitor pertussis toxin (16). Moreover, LL-37 directly
activated CD11b/CD18 to increase monocyte migration (103)
and phagocytosis of LL-37 coated bacteria (104), indicating a
role of cathelicidin in leukocyte phagocytosis and migration
through CD11b/CD18. Indirect activation of CD11b/CD18 by
LL-37 and CRAMP on monocytes can also occur through
activation of FPR2 (105). Cathelicidins can promote additional
antimicrobial functions in neutrophils, such as induction of
neutrophil extracellular trap (NET) formation. Stimulation of
human neutrophils with both LL-37 and CRAMP resulted in an
increase in NET formation (17, 18). Further research is needed
to define the importance of these chemoattractant and pro-
phagoctytic effects of cathelicidins in gut physiology and defenses
in infectious colitis.

One intriguing aspect of cathelicidins is their pleiotropic
nature, exerting either pro-inflammatory effects or attenuating
inflammation depending on the environment. Cathelicidins
inhibit LPS-induced pro-inflammatory responses in leukocytes.
LL-37 inhibited the LPS-induced secretion of TNF-a from
phagocytic THP-1 cells (10) by blocking binding of LPS to
CD14 (19). This LPS neutralization was also important for
preventing LPS-induced apoptosis in endothelial cells (106) and
LPS/ATP-induced macrophage pyroptosis (20). Likewise, LL-37
lowered TNF-«, Cxcl-1, and IL-18 expression in both cultured
murine macrophages and mammary epithelial cells exposed
to the pathogenic algae Prototheca bovis (107). On the other
hand, cathelicidins seem to promote inflammatory responses
in intestinal epithelium (13, 14). Cathelicidin exhibited pro-
inflammatory functions in intestinal epithelial cells exposed
to LPS or S. enterica, including increased TLR4 expression,
increased CXCLS8 expression, and increased IL-18 (13, 14). It
is likely that pro- or anti-inflammatory immunomodulatory
function of cathelicidin is cell-type specific, and depends on
the receptors expressed by either leukocytes or epithelial cells,
infection status, the class of infecting pathogen, and the
surrounding cytokine milieu.

The inter-species activity of cathelicidins is of interest for
understanding the ontogeny of these ancenstral defenses and the
development of therapeutics. Although all cathelicidins share a
highly conserved N-terminal cathelin domain, the C-terminal
antimicrobial domain is highly variable, both in sequence identity
and secondary structure (45). For example, LL-37 and CRAMP
share <70% sequence identity, however, they are still considered
homologous. This is because both LL-37 and CRAMP share
similar structure (a-helical and net charge of +6), antimicrobial
capabilities (12, 108), and show interspecies functional capacity
(109, 110). Both peptides comparably regulated chemokine
expression and TLR 4 activity in myeloid cells (12, 21, 22)
and neutrophil recruitment via FPR2 (16, 23). Moreover, mice
infected with HIN1 influenza A virus had enhanced survival
and reduced viral titer upon treatment with nebulized LL-37

Frontiers in Immunology | www.frontiersin.org

May 2020 | Volume 11 | Article 965


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Blyth et al.

Colonic Host Defense Peptides

(109). Likewise, intranasal administration of LL-37 increased
inflammatory responses in sinonasal tissue of mice (110),
while CRAMP was chemoattractant for human monocytes,
neutrophils, and macrophages (23). However, an analysis of the
interspecies functionality of 12 cathelicidins from 6 different
species showed varying immunomodulatory activity results.
While cathelicidins from all species demonstrated antimicrobial
and LPS neutralizing function, there was large variability in the
peptides’ abilities to induce cytokine secretion from RAW264.7
macrophages (12). Thus, although they share common aspects,
each cathelicidin should be studied as a unique peptide with
specific activities in each host.

Given the antimicrobial and immunomodulatory
characteristics of endogenous cathelicidins, the use of exogenous
cathelicidin peptides (or their derivatives) as therapeutics
for infectious colitis is appealing. Systemically administered
exogenous cathelicidins were shown to attenuate colitis and
reduce Salmonella burden in mice (111), while intracolonic
CRAMP administration attenuated murine C. difficle colitis (51).
Furthermore, intraperitoneal injection of porcine cathelicidin
PR-39 in EHEC-infected mice improved survival, attenuated
inflammatory cell infiltration and pro-inflammatory cytokine
production (IL-18, TNF-a, and IL-6) in the colon, and restored
jejunal tight junction formation (112). Treatment of EHEC-
infected mice with a cathelicidin derived from the snake
Bungarus fascia (cathelicidin-WA) was similarly effective as
the antibiotic enrofloxacin for increasing survival, reducing
histopathological colonic damage and attenuating inflammatory
colonic IL-6 production (113). Moreover, cathelicidin-WA
was more effective than enrofloxacin for restoring jejunal
mucus thickness and goblet cell number in EHEC-infected
mice (93). A CRAMP-vancomycin conjugate demonstrated
increased antibacterial activity against Gram-negative bacteria
when compared to vancomycin or CRAMP alone, or to a 1:1
mixture of vancomycin and CRAMP (114). Synthetic HDPs
derived from bovine cathelicidin peptide sequences with direct
bactericidal and immunomodulatory functions (named immune
defense regulator peptides, IDRs) have been developed for the
treatment of diverse bacterial infections (115). IDR-HH2,—1002,
and—1018 stimulated neutrophil functions including chemokine
secretion, expression of adhesion molecules and release of
antimicrobial HDPs, resulting in increased neutrophil killing of
E. coli (116). IDR-1002 showed anti-inflammatory functions in a
murine ear sterile inflammation model, decreasing IL-6, MCP-1,
and KC production in PMA inflamed ears (117). Treatment of
P. aeruginosa infected mice with IDR-1002 showed decreased
bacterial burden and associated inflammation, including
decreased IL-6 and MCP-1 in bronchoalveolar lavage fluid
(118). Additionally, RAW 264.7 macrophages pre-treated with
IDR-1002 and then stimulated with LPS showed reduced TNF-a
and COX-2 expression (119). IDRs could also be combined with
conventional antibiotics; IDR-1018 demonstrated anti-biofilm
activity against P. aeruginosa and synergistic capabilities with
antibiotics to kill biofilms of P. aeruginosa, E. coli, Acinetobacter
baumannii, and S. enteria, among others (24). Thus, cathelicidins
show promise as a potential future therapeutic against infectious
colitis to reduce or replace antibiotics.

f-DEFENSINS

B-defensins are small cationic HDPs characterized by their
cysteine-rich nature and disulphide bridges. There are at least
48 human p-defensin (hBD) genes (120), including hBD-1, -
2, -3, and -4 that are highly expressed in the colon (25, 121).
In mice, murine B-defensin (mBD)-1, -4, and -14 have been
proposed as orthologous to hBD-1, -2, and -3, respectively (120).
In terms of gut regulation, hBD-1 is constitutively expressed
in colonic epithelium but does not appear to be upregulated
by inflammatory signals (26), whereas hBD-2, -3, and -4 are
minimally expressed in healthy colonic epithelium but are
induced during inflammation (27-29).

Specific  pro-inflammatory cytokines regulate colonic
B-defensins. For example, IL-lo/B, and TNF-a enhanced
expression of hBD-2 in intestinal epithelial cells without affecting
hBD-1 expression (26). Such B-defensin induction occurred
mostly through NF-kB (26). Likewise, activation of TLR2 and
TLR4 directly activated hBD-2 expression in colonic epithelial
cells through NF-kB and AP-1 (30), as well as activation of
Nucleotide-binding Oligomerization Domain-like Receptor 2
(NOD2) (31). NF-kB-independent mechanisms have also been
involved in B-defensin synthesis. Corticosteroids increased -
defensin expression independent of NF-kB in intestinal epithelial
(Caco-2) cells (32). Additionally, hBD-3 was upregulated
independently of NF-kB in human colonic epithelial cells
exposed to extracts from medicinal plants (andrographolide,
oridonin, and isoliquiritigen) (122). This upregulation of
B-defensin increased bactericidal activity against Listeria
monocytogenes and, bacteriostatic activity against S. enterica in
supernatants from human colonic epithelial cells (122). The
colonic mucus layer is also important in hBD-2 regulation. The
major colonic secretory mucin, MUC2, upregulated hBD-2 in
HT-29 cells in response to IL-1p (75). Moreover, mice genetically
deficient in Muc2 (Muc2~/~) had decreased expression of
mBD-4 and mBD-14 (75). Interestingly, fully glycosylated
mature MUC2 reduced antibacterial activity of hBD-2 against
pathogenic (EPEC) and commensal E. coli, indicating mucin
may protect enteric bacteria from killing by p-defensins (75).
These results are particularly important for ulcerative colitis
patients, who commonly have diminished or disrupted intestinal
mucus layers, suffer from dysbiosis, and are more prone to
Clostridium difficile infection (123, 124).

Direct antibacterial functions of B-defensins are attributed
to a disruption of microbial membranes by pore formation,
causing release of intracellular contents and death (125).
B-defensin homologs have a broad range of antibacterial
activity (Table 2). For instance, hBD-2 has bactericidal activity
against Gram-negative bacteria (ie., E. coli, P. aeruginosa,
Helicobacter pylori) and fungicidal activity against yeast (Candida
albicans), but is merely bacteriostatic against the Gram-positive
bacterium Staphylococcus aureus (76, 77). Conversely, hBD-3 is
directly bactericidal against S. aureus and vancomycin-resistant
Enterococcus faecium (VRE) (78). hBD-4 has bactericidal activity
against both Gram-negative E. coli and P. aeruginosa in addition
to Gram-positive S. aureus (79). Interestingly, reduction of
disulphide-bridges in hBD-1 increases its bactericidal activity
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against C. albicans and Gram-positive commensal bacteria (29).
Noteworthy, hBD-1 may have additional antibacterial functions
beyond direct bacterial lysis; hBD-1 forms an entrapping
net that abolished bacterial translocation across polycarbonate
membranes and would prevent bacterial invasion (74).

p-defensins have chemoattractant function, although these
roles in colitis are poorly defined. Both human (hBD-1, -2, and
-3) and murine (mBD-4 and -14) B-defensins induce chemotaxis
in leukocytes in a CCR6 dependent fashion (126-129). Moreover,
hBD-2 and -3, and the orthologous mBD-4 and -14 induce
migration of monocytes, macrophages and neutrophils through
interactions with CCR2 (25). B-defensin immunomodulatory
function also includes maturation and activation of leukocytes.
mBD-2 activates immature dendritic cells, functioning as a TLR4
ligand and upregulating co-stimulatory molecules toward to
a TH1 polarized response (130). In addition, hBD-3 activates
monocytes in a TLR1/2 dependent fashion (131), whereas hBD-2
and -3 increase pro-inflammatory cytokine release from TLR-
stimulated macrophages by ATP release and P2X7 activation
(132). Interestingly, hBD-1, -2, and -3 all stimulate cytokine
release from human peripheral blood mononuclear cells, with
each B-defensin stimulating a unique array of cytokines (133).
The presence of hBD-1 in human plasma (134), and expression of
hBD-1 and -2 by human monocytes indicates systemic functions
of B-defensins (135).

At the gut mucosa, fB-defensins regulate epithelial cell
responses including proliferation and migration, which are
critical for resolution of injury, infection, and inflammation.
hBD-2 signals through CCR6 on colonic epithelial (Caco-2 and
T84) cells to induce actin cytoskeleton rearrangements and
promote cell migration (136). Likewise, hBD-2 increased cell
migration, induced MUC2 transcription and protected against
apoptosis in Caco-2 and HT-29 cells (137). Studies in other
epithelia infer hBDs may additionally have a role in regulation of
intestinal epithelial permeability. hBD-3 improved keratinocyte
barrier function through upregulation of tight junction proteins
(138). Overall, protective mechanisms of B-defensins during
intestinal infection include direct bacterial killing and regulatory
functions on immune and intestinal epithelial cells.

REGENERATING ISLET-DERIVED PROTEIN
(REG) 1l

The Regenerating islet-derived protein III (ReglIl) proteins
are C-type lectins, ~16-17 kD (139), with the capacity
of binding bacterial carbohydrate motifs, independent of
calcium, to mediate pore formation in bacterial membranes
(140). The Reg gene family was originally identified from
the Reg gene expressed in rat pancreatic regenerating islets
(141). A large Reg gene family was later characterized and
separated into 4 subgroups (I-IV), based on DNA and protein
sequence similarity (142, 143). In humans, the Reg family
consists of 5 genes [REGIw, REGIf, Hepatocarcinomal-Intestine-
Pancreas/Pancreatitis-Associated Protein (HIP/PAP), REGIIIy,
and REGIV], whereas 7 Reg genes are present in mice (Regl,
Regll, Reglllo, ReglllB, Regllly, Regllls, and ReglV) (144).

In intestines, ReglIl genes are the most prevalent Reg, with
higher expression in the small intestine (83, 145, 146). Mice
express 4 Reglll family members (Regllle, -, -y, and -§),
whereas humans express 2 RegIlI genes (HIP/PAP (REGIIIx) and
REGIIIy) with certain homologies (147, 148). Human HIP/PAP
and murine ReglIly are orthologous and share 67% homology,
whereas human REGIIIy shares 68% homology with murine
ReglIIP (149).

Reglll gene expression is increased during intestinal
inflammation, as observed in IBD patients and mice afflicted
with DSS-induced colitis (HIP/PAP and Regllly) (145). ReglIl
expression in non-hematopoietic cells is mainly induced by
activation of pattern recognition receptors and MyD88 signaling.
Such innate upregulation of Regllly in intestinal epithelium
conferred protection against L. monocytogenes infection (150).
Likewise, oral LPS upregulated ReglIly through TLR4 in
antibiotic-treated mice, providing increased resistance to
vancomycin-resistant Enterococcus (VRE) (151). Specialized
intracellular nucleotide-binding oligomerization domain-like
receptors (NOD-like receptors) also regulate ReglIl. Mice
deficient in Nod (Nod1~/~/Nod2~/~) had decreased expression
of colonic Regllly, associated with increased susceptibility to
DSS-induced colitis (152).

Expression of Regllly and RegllIf in colonic epithelial
cells can also be regulated by IL-22 via STAT3 (153, 154).
Indeed, mice genetically deficient in STAT3 have delayed wound
healing during DSS-colitis, associated with decreased RegIIIy and
RegIIIB expression in intestinal epithelial cells (155). Likewise,
enteric infections could regulate ReglIl via IL-22. Regllly is
upregulated during C. rodentium infection in response to IL-22
(154), whereas the TLR5 ligand flagellin increased expression of
Regllly in intestinal epithelial cells through IL-22 induction and
protected against VRE infections (156). A main source of IL-22 is
Th17 cells that regulate ReglIly in human and murine colonic
epithelial cells (154, 157). Therefore, upregulation of intestinal
Reglll can be mediated through cytokines, such as IL-22, or
potentially through recognition of pathogen associated molecular
patterns, e.g., LPS or flagellin. Collectively, these functions could
work to drive pathogen clearance and restore homeostasis.

Antimicrobial functions of ReglIl in colonic defense were
recently demonstrated (Table 2). In vitro, HIP/PAP kills Gram-
positive bacteria (L. monocytogenes and E. faecalis) through
formation of an oligomeric pore in the bacterial membrane,
although HIP/PAP failed to kill Gram-negative bacteria (83,
84). Unlike other C-type lectins, HIP/PAP binds to bacterial
peptidoglycan in a calcium-independent fashion, and bacterial
killing requires a conserved EPN motif (140). Accordingly,
ReglIly ~/~ mice have increased abundance of Gram-positive
mucosa-associated commensal bacteria (158). Interestingly,
whereas ReglIly disrupts Gram-positive bacterial membranes,
ReglIIB preferentially kills Gram-negative bacteria (81, 82, 159).
The ability of ReglIIB to specifically target Gram-negative
bacteria is due to its ability to bind to carbohydrate motifs of lipid
A, a main component of LPS (159). The antibacterial function
of Regllly and RegllIp to preferentially target Gram-positive
and Gram-negative bacteria, respectively, offers an interesting
mechanism to for these two related HDPs to jointly protect
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against different types of bacterial pathogens. The antibacterial
activity of RegIIly and HIP/PAP is activated through proteolytic
removal of an N-terminal pro-segment by trypsin; the protein
is inactive until it is secreted into the intestinal lumen and
proteolytically processed to generate an active peptide (160). This
fine control of Regllly activity is similar to other regulatory
mechanisms described for small intestinal a-defensins that
require activation by the metalloproteinase matrilysin or trypsin
(161, 162).

Roles of Reglll proteins in gut homeostasis may extend
beyond direct bactericidal functions (Table1). In the skin
of psoriasis patients, HIP/PAP is highly expressed via IL-17
and promotes keratinocyte proliferation through engagement
of exostosin-like 3 (EXTL3) and activation of the PI3K-AKT
signaling pathway (33). Some of these immunomodulatory roles
for RegllI proteins could apply to the gut, including preventing
apoptosis. Treatment of HT-29 cells with recombinant HIP/PAP
protected against apoptosis (34). Moreover, IL-22 protected mice
from intestinal stem cell apoptosis during graft-vs.-host disease
(GVDH) through upregulation of RegIIly (34).

Intestinal microbiota is an important regulator of ReglIl.
Regllly genes were upregulated in the colon of germ-free
mice upon bacterial colonization (83), and specific commensal
bacteria induce Regllly genes in the colon. Monocolonization
of germ-free mice with Gram-positive Bifidobacterium breve,
but not Gram-negative E. coli JM83, increased Regllly
production (149). Similarly, specific pathogen free (SPF)
Nod1~/~/Nod2~/~ mice showed decreased ReglIly expression,
which was restored with altered Schaedler flora (ASF) (in
gnotobiotic Nodl~/~/Nod2™/~ mice) or B. breve (in SPF
Nod1~/~/Nod2~/~ mice) (152). In addition, monocolonization
of germ-free SCID mice with segmented filamentous bacteria
(SFB), strong inducers of Th17 cells and mucosal IL-22, increased
ReglIly expression in intestinal epithelial cells (163). Likewise,
monocolonization of germ-free mice with Gram-negative
Bacteroides thetaiotaomicron resulted in a modest upregulation
of Regllly (2.5-fold), whereas monocolonization with Gram-
positive Listeria innocua had no effect on Regllly expression
(83). Interestingly, monocolonization of Rag-17/~ germ-free
mice with B. thetaiotaomicron and L. innocua resulted in a large
(40 to 50-fold) increase in ReglIly expression, respectively (83).
This phenomenon is hypothesized to be due to the absence
of luminal IgA, which normally sequesters commensal bacteria
away from intestinal epithelial cells, suggesting contact between
bacteria and intestinal epithelial cells is a major driver of ReglIly
expression (83).

It has been proposed that Regllly antimicrobial activity
is critical to separate commensal bacteria from underlying
intestinal epithelial cells (158), or modulate the intestinal
microbiota population when stimulated by intestinal infection
or inflammation. In fact, Reglll-mediated alteration of the
intestinal microbiota can have implications on outcomes of
infectious colitis. RegIIIB expression resulted in prolonged and
worsened disease in a streptomycin murine model of Salmonella-
induced colitis, corresponding with decreased presence and re-
establishment of commensal Bacteroides spp. (81). Similarly,
the regulation of ReglIIl by the microbiota has implication

on infections, as depletion of the intestinal microbiota by
antibiotic treatment decreased intestinal ReglIIy expression and
increased VRE burden (151). Production of ReglIIy varies across
the gut, with lower ReglIly expression in colon compared
to small intestine (146); this difference may account for
differential microbiome-host interactions. Whereas, RegIIIy ~/~
mice did not display increased commensal bacteria/epithelial
cell contact in the colon, they had more intimate bacterial
contact in the terminal ileum associated with increased
production of inflammatory IL-22 and myeloperoxidase (164).
The antibacterial function of Regllly is thought to be of
particular importance due to its presence within the mucus
layer, preventing penetration of both commensal and pathogenic
bacteria. The mucus layer contains ReglIly (164) and its larger
size compared with other HDPs (e.g., defensins or cathelicidins)
could favor closer interactions with mucus glycoproteins thereby
preventing ReglIly diffusion from the mucus layer into the
lumen (158). Thus, ReglIl may contribute to gut homeostasis
via direct antibacterial functions against intestinal bacterial
pathogens, microbiome regulation and immunomodulation
(Figure 1).

RESISTIN-LIKE MOLECULES (RELM)

Resistin-like molecules (RELMs) are a family of secreted proteins
characterized by a conserved cysteine-rich C-terminus (165).
Previously named Found in Inflammatory Zone (FIZZ) and
Hypoxia-Induced Mitogenic Factor (HIMF) proteins (166), the
RELM protein family has been studied in a wide range of
diseases, including asthma, diabetes, and bacterial and parasitic
infections. RELM proteins range in size from 105 to 114
amino acids, with 3 conserved domains: a signal sequence, a
variable middle domain, and a C-terminal domain (165). The
latter is particularly rich in cysteine residues, invariantly spaced
following the sequence C-X;1-C-Xg-C-X-C-X3-C-Xj(-C-X-C-X-
C-X9-CC-X3_¢6 (165). Mice have 4 Relm proteins (RELMa, -f,
-y, and resistin) encoded by Retlna, Retlnb, Reting, and Retn
genes, respectively, whereas humans possess only RELMP and
Resistin, encoded by RETLNB and RETN genes (165, 167).
Murine RELMa is mostly restricted to airway epithelial cells
(168) and immune cells (i.e., macrophages and dendritic cells)
(169, 170), while murine RELMYy is expressed in bone marrow,
spleen, and lungs (171). Human Resistin is expressed in immune
cells (172), whereas murine Resistin is restricted to adipocytes
(173). Resistin and RELMP form large hexamers consisting of 2
trimers, linked by disulphide bonds present in their N-terminal
coiled-coiled domains (174), although RELMf may also exist as
secreted dimers (175).

RELMB is the most abundantly expressed RELM in the large
intestine of both humans and mice (176), mostly in cecum and
distal colon (176). The peptide is produced as a 111-amino
acid protein with an N-terminal 11-amino acid signal sequence,
and is predominantly restricted to secretory granules of mucus-
secreting goblet cells (176). Unsurprisingly, RELMf expression
is regulated by factors that influence goblet cell functions, e.g.,
IL-18 and IL-22 (177). Expression of RELMP is dependent
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on the microbiota, being transcriptionally induced in germ-
free mice upon colonization with a conventional microbiota
(176). Moreover, oral antibiotic treatment of mice decreased
Firmicutes, with persistence of Bacteroidetes and Proteobateria,
and decreased RELMP production, along with decreased IFNy
and IL-17 production from CD4+ T-cells (178).

RELMP is particularly reactive to helminth intestinal
infections, including Trichinella muris, Trichuris spiralis, and
Nippostrongylus brasiliensis as a part of a TH2-driven immune
response, mainly mediated through IL-4 and IL-13 (179).
Accordingly, RELMB-deficient mice were more susceptible to
Heligmosomoides polygyrus and Nippostrongylus brasiliensis
infections (180). Detection of RELMP in feces of mice with
gastrointestinal nematode infections has also been demonstrated
as a non-invasive tool to assess intestinal changes in response to
intestinal infections (181). Mechanistically, RELMP is necessary
for IL-4-mediated intestinal worm expulsion, impairing the
ability of worms to feed on host tissues and generate ATP
(180). In addition, RELMP can directly bind chemosensory
components of parasitic nematodes to block their sensory
functions (179).

Colonic RELMP expression is increased during bacterial
infection (e.g., C. rodentium), with secreted RELMf present in
feces (35). Indeed, RELMP deficient mice are more susceptible
to C. rodentium infection, with decreased survival and increased
bacterial colonization deep within colonic crypts (35). Direct
microbial killing may be a key role of RELMP in this gut
defense. RELMP causes pore formation and bacterial death in
both Gram-positive and Gram-negative bacteria, including L.
monocytogenes, E. faecails, C. rodentium, and P. aeruginosa (80)
(Table 2). Although it is broad-spectrum bactericidal, RELMP
preferentially kills Gram-negative bacteria, with antibacterial
functions observed for both monomeric and dimeric forms
of the protein (80). Additionally, colonic RELMf may protect
against C. rodentium indirectly, by promoting intestinal epithelial
cell (IEC) proliferation and chemoattracting T-cells. RELMB~/~
mice infected with C. rodentium had increased mortality, with
reduced CD4+ T-cell infiltration, reduced IL-22 production,
and impaired IEC proliferation in colons (35). Interestingly,
RELMB~/~ mice displayed decreased expression of RegIIl C-
type lectins (36, 37). Thus, decreased CD4+ T-cell infiltration
and IL-22 production in the colons of RELMB~/~ mice may be
major drivers of decreased ReglIly gene expression, as IL-22 is a
strong inducer of ReglIly production (153, 154).

RELMSP expression is induced in mice during DSS colitis,
with increased expression requiring IL-13, as IL-137/~ mice
were unable to induce RELMB (36). Some pro-inflammatory
roles for RELMB are postulated based on decreased colitis in
RELMB~/~ mice exposed to DSS (e.g., decreased weight loss,
colonic shortening, and mortality) (36). However, in the same
study, RELMB~/~ mice were more susceptible to TNBS-induced
colitis (36). These apparent conflicting results are likely due to
the underlying inflammatory mechanisms behind these 2 models
of colitis. While DSS colitis causes inflammation driven by direct
erosion of the epithelial barrier, TNBS-induced colitis is mediated

by potent TH1 immune responses (182). In addition, RELMB~/~
mice responses to DSS and TNBS-induced colitis could be
regulated by ReglIIB expression, which showed to reduce TNF-
a induced immune responses in monocytes and epithelial cells
(36, 183). Thus, RELMB could undertake either pro- or anti-
inflammatory roles depending on the inflammatory stimuli or
surrounding immune activation.

RELMs may enhance gut mucosal barrier defenses against
pathogenic bacteria by promoting colonic mucin. RELMf
upregulated MUC2 and increased secretion of MUC5AC
in mucin-producing colonic epithelial (HT29-CL16E) cells,
signaling through calcium and PKC (38). Moreover, mice
pre-treated with synthetic RELMP experienced increased
mucus production and attenuated TNBS colitis (38). However,
RELMP could still exert pro-inflammatory roles beyond a
mucin secretagogue effect. Mice genetically deficient in Muc2
(Muc2=/~) developed spontaneous colitis, an effect that was
diminished in mice double knock out for Muc2 and RELM
(Muc2=/~/ RELMB_/ ~) (37). Interestingly, RELMP expression in
Muc2~/~ mice induced expression of both ReglITy and RegIIIB,
which corresponded to a decrease in Lactobacilli spp. (37). It
is likely that spontaneous colitis in Muc2~/~ mice responds to
replenishment of Lactobacilli spp. and a pro inflammatory role
of RELMP affecting healthy intestinal microbiota. Furthermore,
the presence of RELMB in Muc2~/~ mice could contribute to
increased ReglIl expression, resulting in microbial dysbiosis
and more severe colitis in comparison to Muc2~/~/RELMB~—/~
mice (37). Effects of RELMP on gut permeability could also
impact intestinal homeostasis. RELMB~/~ mice have decreased
trans-epithelial electrical resistance (TEER) and increased
permeability to (4-kDa) dextran in whole intestinal mounts
(36). RELMP stimulation of rat jejunal tissue promoted glucose
transport mediated by alteration of glucose transporter proteins
(diminished SGLT-1 and increased GLUT2 expression) and
activation of PKC and AMPK signaling (184). Thus, the function
of RELMB in colitis is, at least in part, due to its ability to
induce expression of ReglIl proteins, modulate the intestinal
microbiota, and influence epithelial permeability.

Other RELMs, including RELMa, usually restricted to
immune cells (e.g., macrophages and dendritic cells) (169, 170),
are expressed by epithelial cells, macrophages, and eosinophils
during C. rodentium infection (185). However, RELMa could
promote gut inflammation without microbicidal activities.
RELMa~/~ mice infected with C. rodentium did not show higher
pathogen burden, but decreased colitis with decreased CD44 T
cell expression of pro-inflammatory IL-17A (185). Additionally,
intraperitoneal injection of mice with recombinant RELMa
increased C. rodentium-induced colitis, including increased
IL-17, whereas IL-17A™/~ mice did not display increased
colitis in response to RELMa treatment (185). These data
demonstrate a pro-inflammatory role of RELMa during C.
rodentium infection, working mainly through the induction of
IL-17. Similarly, RELMa~/~ mice have decreased inflammation
during DSS colitis (186, 187). Thus, influence of RELMs on
intestinal inflammation and infection is complex and involves
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direct antimicrobial activity, regulation of intestinal RegIII C-
type lectins, modulation of the microbiota, and potential direct
immunomodulatory effects.

CONCLUSIONS

Aspects of major HDPs (i.e., cathelicidins, B-defensins, and
members of ReglIl and RELM families) in the colon and their
relevance in pathogenesis of infectious colitis reviewed herein
aid to uncover roles of these peptides in promoting epithelial
defenses beyond direct microbial elimination (Figure 1). The
presence of HDPs abundantly secreted into the intestinal
lumen by epithelial cells and leukocytes during inflammation
must be critical components of the innate immune response
against enteropathogenic bacteria. They are bactericidal
against enteric pathogens as well as the microbiota, while
simultaneously modulating numerous cellular responses
including leukocyte chemotaxis and migration, wound healing,
cytokine production and pathogen sensing (Tables1, 2). In
fact, crude colonic mucus isolates from uninfected mice had
no direct antibacterial activity against C. rodentium (96). Thus,
there is increasing interest to decipher major mechanisms of
HDPs in innate defense, which seem to be largely attributed to
immunomodulatory functions.

To date, our understanding of HDP function in the colon
is mostly limited to studies using mice genetically deficient
in a single HDP, or via stimulation of mice with a specific
exogenous peptide (commonly a synthetic peptide derived from
an endogenous HDP). We propose a theoretical framework
of how these peptides may work together in the gut. Host
defense peptides would form an interactive peptide network
capable of preventing colonization of enteropathogens by:
(1) direct bacterial killing and (2) fine-tuning of the host
immune response in the colon (i.e., modulation of epithelial cell
responses and migration of leukocyte populations to the site of
infection). In these activities, HPDs likely have overlapping and
potentially complementary roles. Cathelicidins from different
species displayed synergistic antibacterial activity against P.
aeruginosa, E. coli, E. faecalis, and MRSA (188). Additionally,
cathelicidins demonstrated synergistic antibacterial ability with
human lysozyme (188). Thus, in the real scenario of numerous
HDPs co-existing with other innate factors (e.g., MUC2 mucin,

REFERENCES

1. DuPont HL. Persistent diarrhea: a clinical review. JAMA. (2016) 315:2712—
23. doi: 10.1001/jama.2016.7833

. GBD 2016 Diarrhoeal Disease Collaborators. Estimates of the
global, regional, and national morbidity, mortality, and aetiologies
of diarrhoea in 195 countries: a systematic analysis for the global
burden of disease Study 2016. Lancet Infect Dis. (2018) 18:1211-28.
doi: 10.1016/S1473-3099(18)30362-1

. Kirk MD, Pires SM, Black RE, Caipo M, Crump JA, Devleesschauwer
B, et al. World Health Organization estimates of the global and
regional disease burden of 22 foodborne bacterial, protozoal, and
viral diseases, 2010: a data synthesis. PLoS Med. (2015) 12:e1001921.
doi: 10.1371/journal.pmed.1001921

lysozyme), antibacterial activity against specific pathogenic
species is likely enhanced.

The synergistic effects of multiple HDPs could apply to
cytokine and chemokine signaling in the gut. Combined hBD-
3 and LL-37 showed a synergistic reduction in secretion of
proinflammatory factors (GRO-a, G-CSE, MCP-1, and IL-6) in
gingival fibroblast-epithelial cells exposed to LPS, although they
displayed only additive effects reducing IL-8 secretion (189).
Other synergies can be predicted to occur during infectious
colitis based on the effects of single HDPs. RELMP regulates
T-cell migration, IL-22 production and ReglIly in the colon
(35-37), while cathelicidins, B-defensins, and RELMP have all
been demonstrated to regulate both mucus production and
epithelial permeability (9, 11, 14, 15, 36, 38, 137, 138). This HDP
network may decode how the intestinal innate immune system
functions to quickly restore gut homeostasis and avoid damaging
inflammation associated with pathogen colonization. Exploring
how these peptides act synergistically in innate immune defenses
and the complex signaling networks they activate during
infectious colitis should lead to identification of therapeutic anti-
infectious targets, or development of synthetic HDPs that work in
combination to resolve intestinal infections. Such synthetic HDPs
could be used either alone or in combination with reduced doses
of antibiotics. These strategies of infectious disease control would
be greatly beneficial, as emergence of antimicrobial resistance is
rendering conventional antibiotics use unsustainable.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

FUNDING

This work was supported by NSERC Discovery Grant (RGPAS-
2017-507827) and Alberta Agriculture and Forestry (2018F050R
and 2019F041R).

ACKNOWLEDGMENTS

Authors thank Dr. John Kastelic (Veterinary Medicine,
University of Calgary) for editing the manuscript.

Freedman DO, Weld LH, Kozarsky PE, Fisk T, Robins R, von
Sonnenburg F, et al spectrum
of disease and relation to place of exposure among ill returned
travelers. N Engl ] Med. (2006) 354:119-30. doi: 10.1056/NEJMoa
051331

Mir RA, Kudva IT. Antibiotic-resistant shiga toxin-producing Escherichia
coli: an overview of prevalence and intervention strategies. Zoonoses Public
Health. (2019) 66:1-13. doi: 10.1111/zph.12533

Gut AM, Vasiljevic T, Yeager T, Donkor ON. Salmonella infection
- prevention and treatment by antibiotics and probiotic yeasts: a
review. Microbiol Read Engl. (2018) 164:1327-44. doi: 10.1099/mic.0.0
00709

Ruppé E, Andremont A, Armand-Lefévre L. Digestive tract colonization
by multidrug-resistant Enterobacteriaceae in travellers: an update.

GeoSentinel surveillance network.

7.

Frontiers in Immunology | www.frontiersin.org

134

May 2020 | Volume 11 | Article 965


https://doi.org/10.1001/jama.2016.7833
https://doi.org/10.1016/S1473-3099(18)30362-1
https://doi.org/10.1371/journal.pmed.1001921
https://doi.org/10.1056/NEJMoa051331
https://doi.org/10.1111/zph.12533
https://doi.org/10.1099/mic.0.000709
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Blyth et al.

Colonic Host Defense Peptides

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Travel Med Infect Dis. (2018) 21:28-35. doi: 10.1016/j.tmaid.2017.
11.007

. Shallcross LJ, Howard S], Fowler T, Davies SC. Tackling the threat

of antimicrobial resistance: from policy to sustainable action. Philos
Trans R Soc Lond B Biol Sci. (2015) 370:20140082. doi: 10.1098/rstb.201
4.0082

. Otte J-M, Zdebik A-E, Brand S, Chromik AM, Strauss S, Schmitz F, et al.

Effects of the cathelicidin LL-37 on intestinal epithelial barrier integrity.
Regul Pept. (2009) 156:104-17. doi: 10.1016/j.regpep.2009.03.009
Mookherjee N, Brown KL, Bowdish DME, Doria S, Falsafi R, Hokamp
K, et al. Modulation of the TLR-mediated inflammatory response by
the endogenous human host defense peptide LL-37. J Immunol. (2006)
176:2455-64. doi: 10.4049/jimmunol.176.4.2455

Chromek M, Arvidsson I, Karpman D. The antimicrobial peptide
cathelicidin protects mice from Escherichia coli O157:H7-mediated disease.
PLoS ONE. (2012) 7:¢46476. doi: 10.1371/journal.pone.0046476

Coorens M, Scheenstra MR, Veldhuizen EJA, Haagsman HP. Interspecies
cathelicidin comparison reveals divergence in antimicrobial activity, TLR
modulation, chemokine induction and regulation of phagocytosis. Sci Rep.
(2017) 7:40874. doi: 10.1038/srep40874

Marin M, Holani R, Shah CB, Odeén A, Cobo ER. Cathelicidin modulates
synthesis of Toll-like receptors (TLRs) 4 and 9 in colonic epithelium. Mol
Immunol. (2017) 91:249-58. doi: 10.1016/j.molimm.2017.09.011

Marin M, Holani R, Blyth GAD, Drouin D, Odeén A, Cobo ER.
Human cathelicidin improves colonic epithelial defenses against
Salmonella typhimurium by modulating bacterial invasion, TLR4
and pro-inflammatory cytokines. Cell Tissue Res. (2019) 376:433-42.
doi: 10.1007/s00441-018-02984-7

Tai EKK, Wong HPS, Lam EKY, Wu WKK, Yu L, Koo MWL, et al
Cathelicidin stimulates colonic mucus synthesis by up-regulating MUCI1 and
MUC2 expression through a mitogen-activated protein kinase pathway. J
Cell Biochem. (2008) 104:251-8. doi: 10.1002/jcb.21615

De Yang, Chen Q, Schmidt AP, Anderson GM, Wang JM, Wooters J, et al. LL-
37, the neutrophil granule- and epithelial cell-derived cathelicidin, utilizes
formyl peptide receptor-like 1 (FPRL1) as a receptor to chemoattract human
peripheral blood neutrophils, monocytes, and T cells. ] Exp Med. (2000)
192:1069-74. doi: 10.1084/jem.192.7.1069

Neumann A, Berends ETM, Nerlich A, Molhoek EM, Gallo RL, Meerloo T,
et al. The antimicrobial peptide LL-37 facilitates the formation of neutrophil
extracellular traps. Biochem J. (2014) 464:3-11. doi: 10.1042/BJ20140778
Cao Y, Chen E Sun Y, Hong H, Wen Y, Lai Y, et al. LL-37 promotes
neutrophil extracellular trap formation in chronic rhinosinusitis with nasal
polyps. Clin Exp Allergy ] Br Soc Allergy Clin Immunol. (2019) 49:990-9.
doi: 10.1111/cea.13408

Nagaoka I, Hirota S, Niyonsaba F, Hirata M, Adachi Y, Tamura H, et al.
Cathelicidin family of antibacterial peptides CAP18 and CAP11 inhibit the
expression of TNF-alpha by blocking the binding of LPS to CD14™ cells. ]
Immunol. (2001) 167:3329-38. doi: 10.4049/jimmunol.167.6.3329

Hu Z, Murakami T, Suzuki K, Tamura H, Kuwahara-Arai K, Iba T, et al.
Antimicrobial cathelicidin peptide LL-37 inhibits the LPS/ATP-induced
pyroptosis of macrophages by dual mechanism. PLoS ONE. (2014) 9:e85765.
doi: 10.1371/journal.pone.0085765

Di Nardo A, Braff MH, Taylor KR, Na C, Granstein RD, McInturff
JE, et al. Cathelicidin antimicrobial peptides block dendritic cell TLR4
activation and allergic contact sensitization. ] Immunol. (2007) 178:1829-34.
doi: 10.4049/jimmunol.178.3.1829

Kandler K, Shaykhiev R, Kleemann P, Klescz F, Lohoff M, Vogelmeier C, et al.
The anti-microbial peptide LL-37 inhibits the activation of dendritic cells by
TLR ligands. Int Immunol. (2006) 18:1729-36. doi: 10.1093/intimm/dx1107
Kurosaka K, Chen Q, Yarovinsky F Oppenheim JJ, Yang D. Mouse
cathelin-related antimicrobial peptide chemoattracts leukocytes using formyl
peptide receptor-like 1/mouse formyl peptide receptor-like 2 as the
receptor and acts as an immune adjuvant. ] Immunol. (2005) 174:6257-65.
doi: 10.4049/jimmunol.174.10.6257

Mansour SC, de la Fuente-Nufiez C, Hancock REW. Peptide IDR-
1018: modulating the immune system and targeting bacterial biofilms to
treat antibiotic-resistant bacterial infections. J Pept Sci. (2015) 21:323-9.
doi: 10.1002/psc.2708

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Réhrl J, Yang D, Oppenheim JJ, Hehlgans T. Human beta-defensin 2 and
3 and their mouse orthologs induce chemotaxis through interaction with
CCR2. ] Immunol. (2010) 184:6688-94. doi: 10.4049/jimmunol.0903984
O’Neil DA, Porter EM, Elewaut D, Anderson GM, Eckmann L, Ganz T, et al.
Expression and regulation of the human beta-defensins hBD-1 and hBD-2 in
intestinal epithelium. J Immunol. (1999) 163:6718-24.

Wehkamp ], Harder ], Weichenthal M, Mueller O, Herrlinger KR,
Fellermann K, Inducible and constitutive beta-defensins are
differentially expressed in Crohn’s disease and ulcerative colitis. Inflamm
Bowel Dis. (2003) 9:215-23. doi: 10.1097/00054725-200307000-00001
Fahlgren A, Hammarstrom S, Danielsson A, Hammarstrom M-L. beta-
Defensin-3 and—4 in intestinal epithelial cells display increased mRNA
expression in ulcerative colitis. Clin Exp Immunol. (2004) 137:379-85.
doi: 10.1111/j.1365-2249.2004.02543.x

Schroeder BO, Wu Z, Nuding S, Groscurth S, Marcinowski M, Beisner J,
et al. Reduction of disulphide bonds unmasks potent antimicrobial activity of
human B-defensin 1. Nature. (2011) 469:419-23. doi: 10.1038/nature09674
Vora P, Youdim A, Thomas LS, Fukata M, Tesfay SY, Lukasek K, et al. Beta-
defensin-2 expression is regulated by TLR signaling in intestinal epithelial
cells. J Immunol. (2004) 173:5398-405. doi: 10.4049/jimmunol.173.9.5398
Voss E, Wehkamp J, Wehkamp K, Stange EF Schroder M,
Harder ]J. NOD2/CARDI15 mediates induction of the antimicrobial
peptide human beta-defensin-2. ] Biol Chem. (2006) 281:2005-11.
doi: 10.1074/jbc.M511044200

Witthoft T, Pilz CS, Fellermann K, Nitschke M, Stange EF, Ludwig D.
Enhanced human beta-defensin-2 (hBD-2) expression by corticosteroids is
independent of NF-kappaB in colonic epithelial cells (CaCo2). Dig Dis Sci.
(2005) 50:1252-9. doi: 10.1007/5s10620-005-2768-5

Lai Y, Li D, Li C, Muehleisen B, Radek KA, Park HJ, et al. The antimicrobial
protein REG3A regulates keratinocyte proliferation and differentiation after
skin injury. Immunity. (2012) 37:74-84. doi: 10.1016/j.immuni.2012.04.010
Zhao D, Kim Y-H, Jeong S, Greenson JK, Chaudhry MS, Hoepting M,
et al. Survival signal REG3a prevents crypt apoptosis to control acute
gastrointestinal graft-versus-host disease. J Clin Invest. (2018) 128:4970-79.
doi: 10.1172/JCI99261

Bergstrom KSB, Morampudi V, Chan JM, Bhinder G, Lau J, Yang H, et al.
Goblet cell derived RELM-B recruits CD4" T cells during infectious colitis
to promote protective intestinal epithelial cell proliferation. PLoS Pathog.
(2015) 11:e1005108. doi: 10.1371/journal.ppat.1005108

Hogan SP, Seidu L, Blanchard C, Groschwitz K, Mishra A, Karow ML,
et al. Resistin-like molecule beta regulates innate colonic function: barrier
integrity and inflammation susceptibility. J Allergy Clin Immunol. (2006)
118:257-68. doi: 10.1016/j.jaci.2006.04.039

Morampudi V, Dalwadi U, Bhinder G, Sham HP, Gill SK, Chan J, et al.
The goblet cell-derived mediator RELM-p drives spontaneous colitis in
Muc2-deficient mice by promoting commensal microbial dysbiosis. Mucosal
Immunol. (2016) 9:1218-33. doi: 10.1038/mi.2015.140

Krimi RB, Kotelevets L, Dubuquoy L, Plaisancié P, Walker E Lehy T,
et al. Resistin-like molecule beta regulates intestinal mucous secretion and
curtails TNBS-induced colitis in mice. Inflamm Bowel Dis. (2008) 14:931-41.
doi: 10.1002/ibd.20420

Angelini D], Su Q, Yamaji-Kegan K, Fan C, Teng X, Hassoun
PM, et al. Resistin-like molecule-beta in scleroderma-associated
pulmonary hypertension. Am ] Respir Cell Mol Biol. (2009) 41:553-61.
doi: 10.1165/rcmb.2008-02710C

Liu T, Baek HA, Yu H, Lee HJ, Park B-H, Ullenbruch M, et al. FIZZ2/RELM-
p induction and role in pulmonary fibrosis. J Immunol. (2011) 187:450-61.
doi: 10.4049/jimmunol.1000964

Fang CL, Yin L], Sharma S, Kierstein S, Wu HE, Eid G, et al. Resistin-like
molecule-B (RELM-B) targets airways fibroblasts to effect remodelling in
asthma: from mouse to man. Clin Exp Allergy ] Br Soc Allergy Clin Immunol.
(2015) 45:940-52. doi: 10.1111/cea.12481

limura M, Gallo RL, Hase K, Miyamoto Y, Eckmann L, Kagnoff MF.
Cathelicidin mediates innate intestinal defense against colonization with
epithelial adherent bacterial pathogens. J Immunol. (2005) 174:4901-7.
doi: 10.4049/jimmunol.174.8.4901
Koon HW, Shih DQ, Chen J,
Cathelicidin  signaling via the

et al

Bakirtzi K, Hing TC, Law I,

et al Toll-like receptor protects

Frontiers in Immunology | www.frontiersin.org

135

May 2020 | Volume 11 | Article 965


https://doi.org/10.1016/j.tmaid.2017.11.007
https://doi.org/10.1098/rstb.2014.0082
https://doi.org/10.1016/j.regpep.2009.03.009
https://doi.org/10.4049/jimmunol.176.4.2455
https://doi.org/10.1371/journal.pone.0046476
https://doi.org/10.1038/srep40874
https://doi.org/10.1016/j.molimm.2017.09.011
https://doi.org/10.1007/s00441-018-02984-7
https://doi.org/10.1002/jcb.21615
https://doi.org/10.1084/jem.192.7.1069
https://doi.org/10.1042/BJ20140778
https://doi.org/10.1111/cea.13408
https://doi.org/10.4049/jimmunol.167.6.3329
https://doi.org/10.1371/journal.pone.0085765
https://doi.org/10.4049/jimmunol.178.3.1829
https://doi.org/10.1093/intimm/dxl107
https://doi.org/10.4049/jimmunol.174.10.6257
https://doi.org/10.1002/psc.2708
https://doi.org/10.4049/jimmunol.0903984
https://doi.org/10.1097/00054725-200307000-00001
https://doi.org/10.1111/j.1365-2249.2004.02543.x
https://doi.org/10.1038/nature09674
https://doi.org/10.4049/jimmunol.173.9.5398
https://doi.org/10.1074/jbc.M511044200
https://doi.org/10.1007/s10620-005-2768-5
https://doi.org/10.1016/j.immuni.2012.04.010
https://doi.org/10.1172/JCI99261
https://doi.org/10.1371/journal.ppat.1005108
https://doi.org/10.1016/j.jaci.2006.04.039
https://doi.org/10.1038/mi.2015.140
https://doi.org/10.1002/ibd.20420
https://doi.org/10.1165/rcmb.2008-0271OC
https://doi.org/10.4049/jimmunol.1000964
https://doi.org/10.1111/cea.12481
https://doi.org/10.4049/jimmunol.174.8.4901
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Blyth et al.

Colonic Host Defense Peptides

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

against colitis in mice. Gastroenterology. (2011) 141:1852-63.e1-3.
doi: 10.1053/j.gastro.2011.06.079

Hancock REW, Haney EF, Gill EE. The immunology of host defence
peptides: beyond antimicrobial activity. Nat Rev Immunol. (2016) 16:321-34.
doi: 10.1038/nri.2016.29

Kosciuczuk EM, Lisowski P, Jarczak J, Strzatkowska N, J6zwik A, Horbanczuk
], et al. Cathelicidins: family of antimicrobial peptides. A review. Mol Biol
Rep. (2012) 39:10957-70. doi: 10.1007/s11033-012-1997-x

Reinholz M, Ruzicka T, Schauber ]. Cathelicidin LL-37: an antimicrobial
peptide with a role in inflammatory skin disease. Ann Dermatol. (2012)
24:126-35. doi: 10.5021/ad.2012.24.2.126

Nizet V, Ohtake T, Lauth X, Trowbridge ], Rudisill J, Dorschner RA,
et al. Innate antimicrobial peptide protects the skin from invasive bacterial
infection. Nature. (2001) 414:454-7. doi: 10.1038/35106587

Hase K, Eckmann L, Leopard JD, Varki N, Kagnoft MF. Cell differentiation
is a key determinant of cathelicidin LL-37/human cationic antimicrobial
protein 18 expression by human colon epithelium. Infect Immun. (2002)
70:953-63. doi: 10.1128/iai.70.2.953-963.2002

Schauber J, Svanholm C, Termén S, Iffland K, Menzel T, Scheppach W, et al.
Expression of the cathelicidin LL-37 is modulated by short chain fatty acids
in colonocytes: relevance of signalling pathways. Gut. (2003) 52:735-41.
doi: 10.1136/gut.52.5.735

Antoni L, Nuding S, Weller D, Gersemann M, Ott G, Wehkamp J, et al.
Human colonic mucus is a reservoir for antimicrobial peptides. ] Crohns
Colitis. (2013) 7:¢652-64. doi: 10.1016/j.crohns.2013.05.006

Hing TC, Ho S, Shih DQ, Ichikawa R, Cheng M, Chen J, et al. The
antimicrobial peptide cathelicidin modulates Clostridium difficile-associated
colitis and toxin A-mediated enteritis in mice. Gut. (2013) 62:1295-305.
doi: 10.1136/gutjnl-2012-302180

Al-Mamun A, Mily A, Sarker P, Tiash S, Navarro A, Akter M,
et al. Treatment with phenylbutyrate in a pre-clinical trial reduces
diarrhea due to enteropathogenic Escherichia coli: link to cathelicidin
induction. Microbes Infect. (2013) 15:939-50. doi: 10.1016/j.micinf.2013.
08.007

Zanetti M. Cathelicidins, multifunctional peptides of the innate immunity. J
Leukoc Biol. (2004) 75:39-48. doi: 10.1189/j1b.0403147

Schauber J, Iffland K, Frisch S, Kudlich T, Schmausser B, Eck
M, et al. Histone-deacetylase inhibitors induce the cathelicidin
LL-37 in gastrointestinal cells. Mol Immunol. (2004) 41:847-54.

doi: 10.1016/j.molimm.2004.05.005

Ta A, Thakur BK, Dutta P, Sinha R, Koley H, Das S. Double-stranded
RNA induces cathelicidin expression in the intestinal epithelial cells
through phosphatidylinositol 3-kinase-protein kinase Cg-Spl pathway
and ameliorates shigellosis in mice. Cell Signal. (2017) 35:140-53.
doi: 10.1016/j.cellsig.2017.03.016

Cobo ER, Kissoon-Singh V, Moreau E Holani R, Chadee K. MUC2
mucin and butyrate contribute to the synthesis of the antimicrobial
peptide cathelicidin in response to Entamoeba histolytica- and dextran
sodium sulfate-induced colitis. Infect Immun. (2017) 85:€00905-16.
doi: 10.1128/IAL.00905-16

Larrick JW, Hirata M, Shimomoura Y, Yoshida M, Zheng H, Zhong
J, et al. Antimicrobial activity of rabbit CAP18-derived peptides.
Antimicrob Agents Chemother. (1993) 37:2534-9. doi: 10.1128/aac.37.
12.2534

Oren Z, Lerman JC, Gudmundsson GH, Agerberth B, Shai Y. Structure
and organization of the human antimicrobial peptide LL-37 in phospholipid
membranes: relevance to the molecular basis for its non-cell-selective
activity. Biochem J. (1999) 341(Pt 3):501-13.

Henzler Wildman KA, Lee D-K, Ramamoorthy A. Mechanism of lipid
bilayer disruption by the human antimicrobial peptide, LL-37. Biochemistry.
(2003) 42:6545-58. doi: 10.1021/bi0273563

Lee C-C, Sun Y, Qian S, Huang HW. Transmembrane pores formed
by human antimicrobial peptide LL-37. Biophys J. (2011) 100:1688-96.
doi: 10.1016/j.bpj.2011.02.018

Xhindoli D, Pacor S, Benincasa M, Scocchi M, Gennaro R, Tossi
A. The human cathelicidin LL-37-A pore-forming antibacterial peptide
and host-cell modulator. Biochim Biophys Acta. (2016) 1858:546-66.
doi: 10.1016/j.bbamem.2015.11.003

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Sochacki KA, Barns KJ, Bucki R, Weisshaar JC. Real-time attack on single
Escherichia coli cells by the human antimicrobial peptide LL-37. Proc Natl
Acad Sci USA. (2011) 108:E77-81. doi: 10.1073/pnas.1101130108

Zhu Y, Mohapatra S, Weisshaar JC. Rigidification of the Escherichia
coli cytoplasm by the human antimicrobial peptide LL-37 revealed by
superresolution fluorescence microscopy. Proc Natl Acad Sci USA. (2019)
116:1017-26. doi: 10.1073/pnas.1814924116

Snoussi M, Talledo JP, Del Rosario N-A, Mohammadi S, Ha B-Y,
Ko$mrlj A, et al. Heterogeneous absorption of antimicrobial peptide LL37
in Escherichia coli cells enhances population survivability. Elife. (2018)
7:€38174. doi: 10.7554/eLife.38174

Boman HG, Agerberth B, Boman A. Mechanisms of action on Escherichia
coli of cecropin P1 and PR-39, two antibacterial peptides from pig intestine.
Infect Immun. (1993) 61:2978-84.

Islam D, Bandholtz L, Nilsson J, Wigzell H, Christensson B, Agerberth B,
et al. Downregulation of bactericidal peptides in enteric infections: a novel
immune escape mechanism with bacterial DNA as a potential regulator. Nat
Med. (2001) 7:180-5. doi: 10.1038/84627

Chakraborty K, Ghosh S, Koley H, Mukhopadhyay AK, Ramamurthy
T, Saha DR, et al. Bacterial exotoxins downregulate cathelicidin
(hCAP-18/LL-37) and human beta-defensin 1 (HBD-1) expression
in the intestinal epithelial cells. Cell Microbiol. (2008) 10:2520-37.
doi: 10.1111/.1462-5822.2008.01227.x

Turner J, Cho Y, Dinh NN, Waring AJ, Lehrer RI. Activities of LL-37, a
cathelin-associated antimicrobial peptide of human neutrophils. Antimicrob
Agents Chemother. (1998) 42:2206-14.

Dalebroux ZD, Miller SI. Salmonellae PhoPQ regulation of the outer
membrane to resist innate immunity. Curr Opin Microbiol. (2014) 17:106-13.
doi: 10.1016/j.mib.2013.12.005

Bommineni YR, Dai H, Gong Y-X, Soulages JL, Fernando SC, Desilva U, et al.
Fowlicidin-3 is an alpha-helical cationic host defense peptide with potent
antibacterial and lipopolysaccharide-neutralizing activities. FEBS J. (2007)
274:418-28. doi: 10.1111/j.1742-4658.2006.05589.x

Kao C, Lin X, Yi G, Zhang Y, Rowe-Magnus DA, Bush K. Cathelicidin
antimicrobial peptides with reduced activation of Toll-like receptor signaling
have potent bactericidal activity against colistin-resistant bacteria. mBio.
(2016) 7:¢01418-16. doi: 10.1128/mBi0.01418-16

Rowe-Magnus DA, Kao AY, Prieto AC, Pu M, Kao C. Cathelicidin
peptides restrict bacterial growth via membrane perturbation and
induction of reactive oxygen species. (2019) 10:02021-19.
doi: 10.1128/mBi0.02021-19

Scheenstra MR, van den Belt M, Tjeerdsma-van Bokhoven JLM, Schneider
VAE, Ordonez SR, van Dijk A, et al. Cathelicidins PMAP-36, LL-37 and
CATH-2 are similar peptides with different modes of action. Sci Rep. (2019)
9:4780. doi: 10.1038/s41598-019-41246-6

Raschig J, Maildnder-Sanchez D, Berscheid A, Berger J, Stromstedt AA,
Courth LE et al. Ubiquitously expressed Human beta defensin 1 (hBD1)
forms bacteria-entrapping nets in a redox dependent mode of action. PLoS
Pathog. (2017) 13:¢1006261. doi: 10.1371/journal.ppat.1006261

Cobo ER, Kissoon-Singh V, Moreau E, Chadee K. Colonic MUC2 mucin
regulates the expression and antimicrobial activity of B-defensin 2. Mucosal
Immunol. (2015) 8:1360-72. doi: 10.1038/mi.2015.27

Harder J, Bartels J, Christophers E, Schroder JM. A peptide antibiotic from
human skin. Nature. (1997) 387:861. doi: 10.1038/43088

Hamanaka Y, Nakashima M, Wada A, Ito M, Kurazono H, Hojo H, et al.
Expression of human beta-defensin 2 (hBD-2) in Helicobacter pylori induced
gastritis: antibacterial effect of hBD-2 against Helicobacter pylori. Gut.
(2001) 49:481-487. doi: 10.1136/gut.49.4.481

Harder J, Bartels J, Christophers E, Schroder JM.
characterization of human beta -defensin-3, a novel human inducible peptide
antibiotic. J Biol Chem. (2001) 276:5707-13. doi: 10.1074/jbc.M008557200
Sharma H, Nagaraj R. Human f-defensin 4 with non-native disulfide
bridges exhibit antimicrobial activity. PLoS ONE. (2015) 10:e0119525.
doi: 10.1371/journal.pone.0119525

Propheter DC, Chara AL, Harris TA, Ruhn KA, Hooper LV. Resistin-like
molecule B is a bactericidal protein that promotes spatial segregation of
the microbiota and the colonic epithelium. Proc Natl Acad Sci USA. (2017)
114:11027-33. doi: 10.1073/pnas.1711395114

mBio.

Isolation and

Frontiers in Immunology | www.frontiersin.org

136

May 2020 | Volume 11 | Article 965


https://doi.org/10.1053/j.gastro.2011.06.079
https://doi.org/10.1038/nri.2016.29
https://doi.org/10.1007/s11033-012-1997-x
https://doi.org/10.5021/ad.2012.24.2.126
https://doi.org/10.1038/35106587
https://doi.org/10.1128/iai.70.2.953-963.2002
https://doi.org/10.1136/gut.52.5.735
https://doi.org/10.1016/j.crohns.2013.05.006
https://doi.org/10.1136/gutjnl-2012-302180
https://doi.org/10.1016/j.micinf.2013.08.007
https://doi.org/10.1189/jlb.0403147
https://doi.org/10.1016/j.molimm.2004.05.005
https://doi.org/10.1016/j.cellsig.2017.03.016
https://doi.org/10.1128/IAI.00905-16
https://doi.org/10.1128/aac.37.12.2534
https://doi.org/10.1021/bi0273563
https://doi.org/10.1016/j.bpj.2011.02.018
https://doi.org/10.1016/j.bbamem.2015.11.003
https://doi.org/10.1073/pnas.1101130108
https://doi.org/10.1073/pnas.1814924116
https://doi.org/10.7554/eLife.38174
https://doi.org/10.1038/84627
https://doi.org/10.1111/j.1462-5822.2008.01227.x
https://doi.org/10.1016/j.mib.2013.12.005
https://doi.org/10.1111/j.1742-4658.2006.05589.x
https://doi.org/10.1128/mBio.01418-16
https://doi.org/10.1128/mBio.02021-19
https://doi.org/10.1038/s41598-019-41246-6
https://doi.org/10.1371/journal.ppat.1006261
https://doi.org/10.1038/mi.2015.27
https://doi.org/10.1038/43088
https://doi.org/10.1136/gut.49.4.481
https://doi.org/10.1074/jbc.M008557200
https://doi.org/10.1371/journal.pone.0119525
https://doi.org/10.1073/pnas.1711395114
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Blyth et al.

Colonic Host Defense Peptides

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Miki T, Goto R, Fujimoto M, Okada N, Hardt W-D. The bactericidal lectin
ReglIIB prolongs gut colonization and enteropathy in the streptomycin
mouse model for Salmonella diarrhea. Cell Host Microbe. (2017) 21:195-207.
doi: 10.1016/j.chom.2016.12.008

Stelter C, Képpeli R, Konig C, Krah A, Hardt W-D, Stecher B, et al.
Salmonella-induced mucosal lectin RegIIIp kills competing gut microbiota.
PL0oS ONE. (2011) 6:€20749. doi: 10.1371/journal.pone.0020749

Cash HL, Whitham CV, Behrendt CL, Hooper LV. Symbiotic bacteria direct
expression of an intestinal bactericidal lectin. Science. (2006) 313:1126-30.
doi: 10.1126/science.1127119

Mukherjee S, Zheng H, Derebe MG, Callenberg KM, Partch CL, Rollins D,
et al. Antibacterial membrane attack by a pore-forming intestinal C-type
lectin. Nature. (2014) 505:103-7. doi: 10.1038/nature12729

Smith JJ, Travis SM, Greenberg EP, Welsh M]J. Cystic fibrosis airway epithelia
fail to kill bacteria because of abnormal airway surface fluid. Cell. (1996)
85:229-36. doi: 10.1016/50092-8674(00)81099-5

Johansson J, Gudmundsson GH, Rottenberg ME, Berndt KD, Agerberth
B. Conformation-dependent antibacterial activity of the naturally
occurring human peptide LL-37. ] Biol Chem. (1998) 273:3718-24.
doi: 10.1074/jbc.273.6.3718

Wang Y, Agerberth B, Lothgren A, Almstedt A, Johansson J. Apolipoprotein
A-I binds and inhibits the human antibacterial/cytotoxic peptide
LL-37. J Biol Chem. (1998) 273:33115-8. doi: 10.1074/jbc.273.50.
33115

Scott A, Weldon S, Buchanan PJ, Schock B, Ernst RK, McAuley DE, et al.
Evaluation of the ability of LL-37 to neutralise LPS in vitro and ex vivo. PLoS
ONE. (2011) 6:€26525. doi: 10.1371/journal.pone.0026525

Guo L, Lim KB, Poduje CM, Daniel M, Gunn JS, Hackett M, et al. Lipid A
acylation and bacterial resistance against vertebrate antimicrobial peptides.
Cell. (1998) 95:189-98. doi: 10.1016/50092-8674(00)81750-x

Bocker U, Yezerskyy O, Feick P, Manigold T, Panja A, Kalina U, et al.
Responsiveness of intestinal epithelial cell lines to lipopolysaccharide
is correlated with Toll-like receptor 4 but not Toll-like receptor
2 or CDI14 expression. Int ] Colorectal Dis. (2003) 18:25-32.
doi: 10.1007/s00384-002-0415-6

McHugh BJ, Wang R, Li H-N, Beaumont PE, Kells R, Stevens H,
et al. Cathelicidin is a “fire alarm”, generating protective NLRP3-
dependent airway epithelial cell inflammatory responses during infection
with  Pseudomonas aeruginosa. PLoS Pathog. (2019) 15:¢1007694.
doi: 10.1371/journal.ppat.1007694

Jung K, Eyerly B, Annamalai T, Lu Z, Saif L]. Structural alteration
of tight and adherens junctions in villous and crypt epithelium of
the small and large intestine of conventional nursing piglets infected
with porcine epidemic diarrhea virus. Vet Microbiol. (2015) 177:373-8.
doi: 10.1016/j.vetmic.2015.03.022

YiH, Zhang L, Gan Z, Xiong H, Yu C, Du H, et al. High therapeutic efficacy of
cathelicidin-WA against postweaning diarrhea via inhibiting inflammation
and enhancing epithelial barrier in the intestine. Sci Rep. (2016) 6:25679.
doi: 10.1038/srep25679

Akiyama T, Niyonsaba E Kiatsurayanon C, Nguyen TT, Ushio H, Fujimura
T, et al. The human cathelicidin LL-37 host defense peptide upregulates
tight junction-related proteins and increases human epidermal keratinocyte
barrier function. J Innate Immun. (2014) 6:739-53. doi: 10.1159/000
362789

Mack DR, Michail S, Wei S, McDougall L, Hollingsworth MA. Probiotics
inhibit enteropathogenic E. coli adherence in vitro by inducing
intestinal mucin gene expression. Am ] Physiol. (1999) 276:G941-50.
doi: 10.1152/ajpgi.1999.276.4.G941

Bergstrom KSB, Kissoon-Singh V, Gibson DL, Ma C, Montero M,
Sham HP, et al. Muc2 protects against lethal infectious colitis by
disassociating pathogenic and commensal bacteria from the colonic
mucosa. PLoS Pathog. (2010) 6:1000902. doi: 10.1371/journal.ppat.10
00902

Johansson MEV, Phillipson M, Petersson J, Velcich A, Holm L, Hansson
GC. The inner of the two Muc2 mucin-dependent mucus layers in
colon is devoid of bacteria. Proc Natl Acad Sci USA. (2008) 105:15064-9.
doi: 10.1073/pnas.0803124105

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Zhang Y, Zhu M, Yang Z, Pan X, Jiang Y, Sun C, et al. The human
cathelicidin LL-37 induces MUC5AC mucin production by airway epithelial
cells via TACE-TGF-a-EGFR pathway. Exp Lung Res. (2014) 40:333-42.
doi: 10.3109/01902148.2014.926434

Yoshimura T, McLean MH, Dzutsev AK, Yao X, Chen K, Huang J, et al.
The antimicrobial peptide CRAMP is essential for colon homeostasis
by maintaining microbiota balance. | Immunol. (2018) 200:2174-85.
doi: 10.4049/jimmunol.1602073

Lebeis SL, Bommarius B, Parkos CA, Sherman MA, Kalman D. TLR signaling
mediated by MyD88 is required for a protective innate immune response
by neutrophils to Citrobacter rodentium. ] Immunol. (2007) 179:566-77.
doi: 10.4049/jimmunol.179.1.566

McDermott AJ, Falkowski NR, McDonald RA, Pandit CR, Young VB,
Huffnagle GB. Interleukin-23 (IL-23), independent of IL-17 and IL-22, drives
neutrophil recruitment and innate inflammation during Clostridium difficile
colitis in mice. Immunology. (2016) 147:114-24. doi: 10.1111/imm.12545
Barlow PG, Li Y, Wilkinson TS, Bowdish DME, Lau YE, Cosseau C, et al. The
human cationic host defense peptide LL-37 mediates contrasting effects on
apoptotic pathways in different primary cells of the innate immune system. J
Leukoc Biol. (2006) 80:509-20. doi: 10.1189/jIb.1005560

Podolnikova NP, Podolnikov AV, Haas TA, Lishko VK, Ugarova TP.
Ligand recognition specificity of leukocyte integrin aMp2 (Mac-1,
CD11b/CD18) and its functional consequences. Biochemistry. (2015)
54:1408-20. doi: 10.1021/bi5013782

Lishko VK, Moreno B, Podolnikova NP, Ugarova TP. Identification of human
cathelicidin peptide LL-37 as a ligand for macrophage integrin aMp2 (Mac-
1, CD11b/CD18) that promotes phagocytosis by opsonizing bacteria. Res Rep
Biochem. (2016) 2016:39-55. doi: 10.2147/rrbc.s107070

Wantha S, Alard J-E, Megens RTA, van der Does AM, Doring
Y, Drechsler M, et al. Neutrophil-derived cathelicidin promotes
adhesion of classical monocytes. Circ Res. (2013) 112:792-801.
doi: 10.1161/CIRCRESAHA.112.300666

Suzuki K, Murakami T, Kuwahara-Arai K, Tamura H, Hiramatsu K, Nagaoka
I. Human anti-microbial cathelicidin peptide LL-37 suppresses the LPS-
induced apoptosis of endothelial cells. Int Immunol. (2011) 23:185-93.
doi: 10.1093/intimm/dxq471

Shahid M, Cavalcante PA, Knight CG, Barkema HW, Han B, Gao J, et al.
Murine and human cathelicidins contribute differently to hallmarks of
mastitis induced by pathogenic Prototheca bovis algae. Front Cell Infect
Microbiol. (2020) 10:31. doi: 10.3389/fcimb.2020.00031

Zanetti M. The role of cathelicidins in the innate host defenses of mammals.
Curr Issues Mol Biol. (2005) 7:179-96.

Barlow PG, Svoboda P, Mackellar A, Nash AA, York IA, Pohl J, et al.
Antiviral activity and increased host defense against influenza infection
elicited by the human cathelicidin LL-37. PLoS ONE. (2011) 6:e25333.
doi: 10.1371/journal.pone.0025333

Alt JA, Qin X, Pulsipher A, Orb Q, Orlandi RR, Zhang J, et al. Topical
cathelicidin (LL-37) an innate immune peptide induces acute olfactory
epithelium inflammation in a mouse model. Int Forum Allergy Rhinol. (2015)
5:1141-50. doi: 10.1002/alr.21634

Xia X, Zhang L, Wang Y. The antimicrobial peptide cathelicidin-
BF could be a potential therapeutic for Salmonella typhimurium
infection. Microbiol Res. (2015) 171:45-51. doi: 10.1016/j.micres.2014.
12.009

Haiwen Z, Rui H, Bingxi Z, Qingfeng G, Beibei W, Jifeng Z, et al
Cathelicidin- derived PR39 protects enterohemorrhagic Escherichia
coli O157:H7 challenged mice by improving epithelial function and
balancing the microbiota in the intestine. Sci Rep. (2019) 9:9456.
doi: 10.1038/s41598-019-45913-6

Yi H, Hu W, Chen S, Lu Z, Wang Y. Cathelicidin-WA improves
intestinal epithelial barrier function and enhances host defense against
enterohemorrhagic Escherichia coli O157:H7 infection. J Immunol. (2017)
198:1696-705. doi: 10.4049/jimmunol. 1601221

Mishra NM, Briers Y, Lamberigts C, Steenackers H, Robijns S, Landuyt
B, et al. Evaluation of the antibacterial and antibiofilm activities of novel
CRAMP-vancomycin conjugates with diverse linkers. Org Biomol Chem.
(2015) 13:7477-86. doi: 10.1039/c50b00830a

Frontiers in Immunology | www.frontiersin.org

137

May 2020 | Volume 11 | Article 965


https://doi.org/10.1016/j.chom.2016.12.008
https://doi.org/10.1371/journal.pone.0020749
https://doi.org/10.1126/science.1127119
https://doi.org/10.1038/nature12729
https://doi.org/10.1016/s0092-8674(00)81099-5
https://doi.org/10.1074/jbc.273.6.3718
https://doi.org/10.1074/jbc.273.50.33115
https://doi.org/10.1371/journal.pone.0026525
https://doi.org/10.1016/s0092-8674(00)81750-x
https://doi.org/10.1007/s00384-002-0415-6
https://doi.org/10.1371/journal.ppat.1007694
https://doi.org/10.1016/j.vetmic.2015.03.022
https://doi.org/10.1038/srep25679
https://doi.org/10.1159/000362789
https://doi.org/10.1152/ajpgi.1999.276.4.G941
https://doi.org/10.1371/journal.ppat.1000902
https://doi.org/10.1073/pnas.0803124105
https://doi.org/10.3109/01902148.2014.926434
https://doi.org/10.4049/jimmunol.1602073
https://doi.org/10.4049/jimmunol.179.1.566
https://doi.org/10.1111/imm.12545
https://doi.org/10.1189/jlb.1005560
https://doi.org/10.1021/bi5013782
https://doi.org/10.2147/rrbc.s107070
https://doi.org/10.1161/CIRCRESAHA.112.300666
https://doi.org/10.1093/intimm/dxq471
https://doi.org/10.3389/fcimb.2020.00031
https://doi.org/10.1371/journal.pone.0025333
https://doi.org/10.1002/alr.21634
https://doi.org/10.1016/j.micres.2014.12.009
https://doi.org/10.1038/s41598-019-45913-6
https://doi.org/10.4049/jimmunol.1601221
https://doi.org/10.1039/c5ob00830a
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Blyth et al.

Colonic Host Defense Peptides

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Scott MG, Dullaghan E, Mookherjee N, Glavas N, Waldbrook M, Thompson
A, et al. An anti-infective peptide that selectively modulates the innate
immune response. Nat Biotechnol. (2007) 25:465-72. doi: 10.1038/nb
11288

Niyonsaba F, Madera L, Afacan N, Okumura K, Ogawa H, Hancock REW.
The innate defense regulator peptides IDR-HH2, IDR-1002, and IDR-1018
modulate human neutrophil functions. J Leukoc Biol. (2013) 94:159-70.
doi: 10.1189/j1b.1012497

Wu BC, Lee AH-Y, Hancock REW. Mechanisms of the
defense regulator peptide-1002 anti-inflammatory activity in a
sterile inflammation mouse model. J Immunol. (2017) 199:3592-603.
doi: 10.4049/jimmunol.1700985

Wuerth K, Lee AHY, Falsafi R, Gill EE, Hancock REW. Characterization
of host responses during Pseudomonas aeruginosa acute infection
in the lungs and blood and after treatment with the synthetic
immunomodulatory peptide IDR-1002. Infect Immun. (2019) 87:¢00661-18.
doi: 10.1128/TAI.00661-18

Huante-Mendoza A, Silva-Garcfa O, Oviedo-Boyso ], Hancock
REW, Baizabal-Aguirre VM. Peptide IDR-1002 inhibits NF-kB
nuclear translocation by inhibition of IkBa degradation and activates
p38/ERK1/2-MSK1-dependent CREB phosphorylation in macrophages
stimulated with lipopolysaccharide. (2016) 7:533.
doi: 10.3389/fimmu.2016.00533

innate

Front Immunol.

Meade KG, O’Farrelly C. pB-Defensins: farming the microbiome
for homeostasis and health. Front Immunol. (2018) 9:3072.
doi: 10.3389/fimmu.2018.03072

Morrison GM, Davidson DJ, Kilanowski FM, Borthwick DW,

Crook K, Maxwell Al, et al. Mouse beta defensin-1 is a functional
homolog of human beta defensin-1. Mamm Genome. (1998) 9:453-7.
doi: 10.1007/5003359900795

Sechet E, Telford E, Bonamy C, Sansonetti PJ, Sperandio B. Natural
molecules induce and synergize to boost expression of the human
antimicrobial peptide B-defensin-3. Proc Natl Acad Sci USA. (2018)
115:E9869-78. doi: 10.1073/pnas.1805298115

Nguyen GC, Kaplan GG, Harris ML, Brant SR. A national survey of the
prevalence and impact of Clostridium difficile infection among hospitalized
inflammatory bowel disease patients. Am ] Gastroenterol. (2008) 103:1443-
50. doi: 10.1111/j.1572-0241.2007.01780.x

Rodemann JF, Dubberke ER, Reske KA, Seo DH, Stone CD. Incidence
of Clostridium difficile infection in inflammatory bowel disease. Clin
Gastroenterol Hepatol. (2007) 5:339-44. doi: 10.1016/j.cgh.2006.12.027
Yeaman MR, Yount NY. Mechanisms of antimicrobial peptide action and
resistance. Pharmacol Rev. (2003) 55:27-55. doi: 10.1124/pr.55.1.2

Yang D, Chertov O, Bykovskaia SN, Chen Q, Buffo M]J, Shogan J, et al.
Beta-defensins: linking innate and adaptive immunity through dendritic
and T cell CCR6. Science. (1999) 286:525-8. doi: 10.1126/science.286.54
39.525

Wu Z, Hoover DM, Yang D, Bouleégue C, Santamaria F, Oppenheim JJ,
et al. Engineering disulfide bridges to dissect antimicrobial and chemotactic
activities of human beta-defensin 3. Proc Natl Acad Sci USA. (2003)
100:8880-85. doi: 10.1073/pnas.1533186100

Biragyn A, Surenhu M, Yang D, Ruffini PA, Haines BA, Klyushnenkova
E, et al. Mediators of innate immunity that target immature, but not
mature, dendritic cells induce antitumor immunity when genetically fused
with nonimmunogenic tumor antigens. J Immunol. (2001) 167:6644-53.
doi: 10.4049/jimmunol.167.11.6644

Rohrl ], Yang D, Oppenheim JJ, Hehlgans T. Identification and biological
characterization of mouse beta-defensin 14, the orthologue of human
beta-defensin 3. ] Biol Chem. (2008) 283:5414-19. doi: 10.1074/jbc.M7091
03200

Biragyn A, Ruffini PA, Leifer CA, Klyushnenkova E, Shakhov A, Chertov
O, et al. Toll-like receptor 4-dependent activation of dendritic cells
by beta-defensin 2. Science. (2002) 298:1025-9. doi: 10.1126/science.10
75565

Funderburg N, Lederman MM, Feng Z, Drage MG, Jadlowsky ], Harding
CV, et al. Human -defensin-3 activates professional antigen-presenting cells
via Toll-like receptors 1 and 2. Proc Natl Acad Sci USA. (2007) 104:18631-5.
doi: 10.1073/pnas.0702130104

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Wanke D, Mauch-Miicke K, Holler E, Hehlgans T. Human beta-defensin-
2 and—3 enhance pro-inflammatory cytokine expression induced by TLR
ligands via ATP-release in a P2X7R dependent manner. Immunobiology.
(2016) 221:1259-65. doi: 10.1016/j.imbio.2016.06.006

Boniotto M, Jordan WJ, Eskdale J, Tossi A, Antcheva N, Crovella S, et al.
Human beta-defensin 2 induces a vigorous cytokine response in peripheral
blood mononuclear cells. Antimicrob Agents Chemother. (2006) 50:1433-41.
doi: 10.1128/AAC.50.4.1433-1441.2006

Bensch KW, Raida M, Migert HJ, Schulz-Knappe P, Forssmann WG. hBD-
1: a novel beta-defensin from human plasma. FEBS Lett. (1995) 368:331-5.
doi: 10.1016/0014-5793(95)00687-5

Duits LA, Ravensbergen B, Rademaker M, Hiemstra PS, Nibbering
PH. Expression of beta-defensin 1 and 2 mRNA by human monocytes,
macrophages and dendritic cells. Immunology. (2002) 106:517-25.
doi: 10.1046/j.1365-2567.2002.01430.x

Vongsa RA, Zimmerman NP, Dwinell MB. CCR6 regulation of the actin
cytoskeleton orchestrates human beta defensin-2- and CCL20-mediated
restitution of colonic epithelial cells. J Biol Chem. (2009) 284:10034-45.
doi: 10.1074/jbc.M805289200

Otte J-M, Werner I, Brand S, Chromik AM, Schmitz E Kleine M, et al.
Human beta defensin 2 promotes intestinal wound healing in vitro. J Cell
Biochem. (2008) 104:2286-97. doi: 10.1002/jcb.21787

Kiatsurayanon C, Niyonsaba F, Smithrithee R, Akiyama T, Ushio H, Hara M,
et al. Host defense (antimicrobial) peptide, human B-defensin-3, improves
the function of the epithelial tight-junction barrier in human keratinocytes.
] Invest Dermatol. (2014) 134:2163-73. doi: 10.1038/jid.2014.143
Narushima Y, Unno M, Nakagawara K, Mori M, Miyashita H, Suzuki Y,
et al. Structure, chromosomal localization and expression of mouse genes
encoding type III Reg, RegIII alpha, RegIII beta, ReglII gamma. Gene. (1997)
185:159-68. doi: 10.1016/50378-1119(96)00589-6

Lehotzky RE, Partch CL, Mukherjee S, Cash HL, Goldman WE, Gardner KH,
et al. Molecular basis for peptidoglycan recognition by a bactericidal lectin.
Proc Natl Acad Sci USA. (2010) 107:7722-7. doi: 10.1073/pnas.0909449107
Terazono K, Yamamoto H, Takasawa S, Shiga K, Yonemura Y, Tochino
Y, et al. A novel gene activated in regenerating islets. J Biol Chem.
(1988) 263:2111-14.

Shin JH, Seeley R]. Reg3 proteins as gut hormones? Endocrinology. (2019)
160:1506-14. doi: 10.1210/en.2019-00073

Takasawa §S. Regenerating gene (REG) product and its potential
clinical ~usage. Expert Opin Ther Targets. (2016) 20:541-50.
doi: 10.1517/14728222.2016.1123691

Abe M, Nata K, Akiyama T, Shervani NJ, Kobayashi S, Tomioka-Kumagai
T, et al. Identification of a novel Reg family gene, Reg IIIdelta, and mapping
of all three types of Reg family gene in a 75 kilobase mouse genomic region.
Gene. (2000) 246:111-22. doi: 10.1016/s0378-1119(00)00059-7

Ogawa H, Fukushima K, Naito H, Funayama Y, Unno M, Takahashi
K, et al expression of HIP/PAP regenerating
gene III in human inflammatory bowel disease and a murine
bacterial reconstitution model. Inflamm Bowel Dis. (2003) 9:162-70.
doi: 10.1097/00054725-200305000-00003

Burger-van Paassen N, Loonen LMP, Witte-Bouma J, Korteland-van
Male AM, de Bruijn ACJM, van der Sluis M, et al. Mucin Muc2
deficiency and weaning influences the expression of the innate defense
genes Reg3P, Reg3y and angiogenin-4. PLoS ONE. (2012) 7:e38798.
doi: 10.1371/journal.pone.0038798

Tovanna J, Orelle B, Keim V, Dagorn JC. Messenger RNA sequence
and expression of rat pancreatitis-associated protein, a lectin-related
protein overexpressed during acute experimental pancreatitis. J Biol Chem.
(1991) 266:24664-9.

Okamoto H. The Reg gene family and Reg proteins: with special attention
to the regeneration of pancreatic beta-cells. | Hepatobiliary Pancreat Surg.
(1999) 6:254-62.

Natividad JMM, Hayes CL, Motta J-P, Jury ], Galipeau HJ, Philip V,
et al. Differential induction of antimicrobial REGIII by the intestinal
microbiota and Bifidobacterium breve NCC2950. Appl Environ Microbiol.
(2013) 79:7745-54. doi: 10.1128/ AEM.02470-13

Brandl K, Plitas G, Schnabl B, DeMatteo RP, Pamer EG. MyD88-mediated
signals induce the bactericidal lectin RegIII gamma and protect mice against

Increased and

Frontiers in Immunology | www.frontiersin.org

May 2020 | Volume 11 | Article 965


https://doi.org/10.1038/nbt1288
https://doi.org/10.1189/jlb.1012497
https://doi.org/10.4049/jimmunol.1700985
https://doi.org/10.1128/IAI.00661-18
https://doi.org/10.3389/fimmu.2016.00533
https://doi.org/10.3389/fimmu.2018.03072
https://doi.org/10.1007/s003359900795
https://doi.org/10.1073/pnas.1805298115
https://doi.org/10.1111/j.1572-0241.2007.01780.x
https://doi.org/10.1016/j.cgh.2006.12.027
https://doi.org/10.1124/pr.55.1.2
https://doi.org/10.1126/science.286.5439.525
https://doi.org/10.1073/pnas.1533186100
https://doi.org/10.4049/jimmunol.167.11.6644
https://doi.org/10.1074/jbc.M709103200
https://doi.org/10.1126/science.1075565
https://doi.org/10.1073/pnas.0702130104
https://doi.org/10.1016/j.imbio.2016.06.006
https://doi.org/10.1128/AAC.50.4.1433-1441.2006
https://doi.org/10.1016/0014-5793(95)00687-5
https://doi.org/10.1046/j.1365-2567.2002.01430.x
https://doi.org/10.1074/jbc.M805289200
https://doi.org/10.1002/jcb.21787
https://doi.org/10.1038/jid.2014.143
https://doi.org/10.1016/s0378-1119(96)00589-6
https://doi.org/10.1073/pnas.0909449107
https://doi.org/10.1210/en.2019-00073
https://doi.org/10.1517/14728222.2016.1123691
https://doi.org/10.1016/s0378-1119(00)00059-7
https://doi.org/10.1097/00054725-200305000-00003
https://doi.org/10.1371/journal.pone.0038798
https://doi.org/10.1128/AEM.02470-13
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Blyth et al.

Colonic Host Defense Peptides

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

intestinal Listeria monocytogenes infection. J Exp Med. (2007) 204:1891-900.
doi: 10.1084/jem.20070563

Brandl K, Plitas G, Mihu CN, Ubeda C, Jia T, Fleisher M, et al. Vancomycin-
resistant enterococci exploit antibiotic-induced innate immune deficits.
Nature. (2008) 455:804-7. doi: 10.1038/nature07250

Natividad JMM, Petit V, Huang X, de Palma G, Jury J, Sanz Y, et al.
Commensal and probiotic bacteria influence intestinal barrier function and
susceptibility to colitis in Nod1~/~; Nod2™/~ mice. Inflamm Bowel Dis.
(2012) 18:1434-46. doi: 10.1002/ibd.22848

Liang SC, Tan X-Y, Luxenberg DP, Karim R, Dunussi-Joannopoulos K,
Collins M, et al. Interleukin (IL)-22 and IL-17 are coexpressed by Th17 cells
and cooperatively enhance expression of antimicrobial peptides. ] Exp Med.
(2006) 203:2271-9. doi: 10.1084/jem.20061308

Zheng Y, Valdez PA, Danilenko DM, Hu Y, Sa SM, Gong Q, et al. Interleukin-
22 mediates early host defense against attaching and effacing bacterial
pathogens. Nat Med. (2008) 14:282-9. doi: 10.1038/nm1720

Pickert G, Neufert C, Leppkes M, Zheng Y, Wittkopf N, Warntjen M, et al.
STATS3 links IL-22 signaling in intestinal epithelial cells to mucosal wound
healing. ] Exp Med. (2009) 206:1465-72. doi: 10.1084/jem.20082683
Kinnebrew MA, Ubeda C, Zenewicz LA, Smith N, Flavell RA, Pamer EG.
Bacterial flagellin stimulates Toll-like receptor 5-dependent defense against
vancomycin-resistant Enterococcus infection. ] Infect Dis. (2010) 201:534-43.
doi: 10.1086/650203

Geddes K, Rubino SJ, Magalhaes JG, Streutker C, Le Bourhis L, Cho JH, et al.
Identification of an innate T helper type 17 response to intestinal bacterial
pathogens. Nat Med. (2011) 17:837-44. doi: 10.1038/nm.2391

Vaishnava S, Yamamoto M, Severson KM, Ruhn KA, Yu X, Koren O,
et al. The antibacterial lectin ReglIIgamma promotes the spatial segregation
of microbiota and host in the intestine. Science. (2011) 334:255-8.
doi: 10.1126/science.1209791

Miki T, Holst O, Hardt W-D. The bactericidal activity of the C-type lectin
ReglIIB against Gram-negative bacteria involves binding to lipid A. J Biol
Chem. (2012) 287:34844-55. doi: 10.1074/jbc.M112.399998

Mukherjee S, Partch CL, Lehotzky RE, Whitham CV, Chu H, Bevins CL, et al.
Regulation of C-type lectin antimicrobial activity by a flexible N-terminal
prosegment. ] Biol Chem. (2009) 284:4881-8. doi: 10.1074/jbc.M808077200
Wilson CL, Ouellette AJ, Satchell DP, Ayabe T, Lopez-Boado YS, Stratman
JL, et al. Regulation of intestinal alpha-defensin activation by the
metalloproteinase matrilysin in innate host defense. Science. (1999) 286:113—
17. doi: 10.1126/science.286.5437.113

Ghosh D, Porter E, Shen B, Lee SK, Wilk D, Drazba J, et al. Paneth cell
trypsin is the processing enzyme for human defensin-5. Nat Immunol. (2002)
3:583-90. doi: 10.1038/ni797

Keilbaugh SA, Shin ME, Banchereau RE, McVay LD, Boyko N, Artis D, et al.
Activation of RegllIbeta/gamma and interferon gamma expression in the
intestinal tract of SCID mice: an innate response to bacterial colonisation
of the gut. Gut. (2005) 54:623-9. doi: 10.1136/gut.2004.056028

Loonen LMP, Stolte EH, Jaklofsky MTJ, Meijerink M, Dekker J, van Baarlen
P, et al. REG3y-deficient mice have altered mucus distribution and increased
mucosal inflammatory responses to the microbiota and enteric pathogens in
the ileum. Mucosal Immunol. (2014) 7:939-47. doi: 10.1038/mi.2013.109
Steppan CM, Brown EJ, Wright CM, Bhat S, Banerjee RR, Dai CY, et al.
A family of tissue-specific resistin-like molecules. Proc Natl Acad Sci USA.
(2001) 98:502-6. doi: 10.1073/pnas.98.2.502

Pine GM, Batugedara HM, Nair MG. Here, there and everywhere: resistin-
like molecules in infection, inflammation, and metabolic disorders. Cytokine.
(2018) 110:442-51. doi: 10.1016/j.cyt0.2018.05.014

Gerstmayer B, Kiisters D, Gebel S, Miiller T, Van Miert E, Hofmann
K, et al. Identification of RELMgamma, a novel resistin-like molecule
with a distinct expression pattern. Genomics. (2003) 81:588-95.
doi: 10.1016/s0888-7543(03)00070-3

Holcomb IN, Kabakoff RC, Chan B, Baker TW, Gurney A, Henzel W, et al.
FIZZ1, a novel cysteine-rich secreted protein associated with pulmonary
inflammation, defines a new gene family. EMBO J]. (2000) 19:4046-55.
doi: 10.1093/emboj/19.15.4046

Loke P, Nair MG, Parkinson J, Guiliano D, Blaxter M, Allen JE. IL-
4 dependent alternatively-activated macrophages have a distinctive

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

in vivo gene expression phenotype. BMC Immunol. (2002) 3:7.
doi: 10.1186/1471-2172-3-7

Nair MG, Gallagher IJ, Taylor MD, Loke P, Coulson PS, Wilson RA, et al.
Chitinase and Fizz family members are a generalized feature of nematode
infection with selective upregulation of Ym1 and Fizz1 by antigen-presenting
cells. Infect Immun. (2005) 73:385-94. doi: 10.1128/IA1.73.1.385-394.2005
Schinke T, Haberland M, Jamshidi A, Nollau P, Rueger JM,
Amling M. Cloning and functional characterization of resistin-like
molecule gamma. Biochem Biophys Res Commun. (2004) 314:356-62.
doi: 10.1016/j.bbrc.2003.12.100

Jang JC, Chen G, Wang SH, Barnes MA, Chung JI, Camberis M, et al.
Macrophage-derived human resistin is induced in multiple helminth
infections and promotes inflammatory monocytes and increased parasite
burden. PLoS Pathog. (2015) 11:¢1004579. doi: 10.1371/journal.ppat.1004579
Kim K-H, Zhao L, Moon Y, Kang C, Sul HS. Dominant inhibitory
adipocyte-specific secretory factor (ADSF)/resistin enhances adipogenesis
and improves insulin sensitivity. Proc Natl Acad Sci USA. (2004) 101:6780-
85. doi: 10.1073/pnas.0305905101

Patel SD, Rajala MW, Rossetti L, Scherer PE, Shapiro L. Disulfide-dependent
multimeric assembly of resistin family hormones. Science. (2004) 304:1154-
8. doi: 10.1126/science.1093466

Banerjee RR, Lazar MA. Dimerization of resistin and resistin-like molecules
is determined by a single cysteine. J Biol Chem. (2001) 276:25970-3.
doi: 10.1074/jbc.M103109200

He W, Wang M-L, Jiang H-Q, Steppan CM, Shin ME, Thurnheer MC, et al.
Bacterial colonization leads to the colonic secretion of RELMbeta/FIZZ2,
a novel goblet cell-specific protein. Gastroenterology. (2003) 125:1388-97.
doi: 10.1016/j.gastro.2003.07.009

Pu Z, Che Y, Zhang W, Sun H, Meng T, Xie H, et al. Dual roles of IL-18 in
colitis through regulation of the function and quantity of goblet cells. Int ]
Mol Med. (2019) 43:2291-302. doi: 10.3892/ijmm.2019.4156

Hill DA, Hoffmann C, Abt MC, Du Y, Kobuley D, Kirn TJ, et al. Metagenomic
analyses reveal antibiotic-induced temporal and spatial changes in intestinal
microbiota with associated alterations in immune cell homeostasis. Mucosal
Immunol. (2010) 3:148-58. doi: 10.1038/mi.2009.132

Artis D, Wang ML, Keilbaugh SA, He W, Brenes M, Swain GP, et al.
RELMbeta/FIZZ2 is a goblet cell-specific immune-effector molecule in
the gastrointestinal tract. Proc Natl Acad Sci USA. (2004) 101:13596-600.
doi: 10.1073/pnas.0404034101

Herbert DR, Yang J-Q, Hogan SP, Groschwitz K, Khodoun M, Munitz
A, et al. Intestinal epithelial cell secretion of RELM-beta protects
against gastrointestinal worm infection. J Exp Med. (2009) 206:2947-57.
doi: 10.1084/jem.20091268

Ahmed N, Heitlinger E, Affinass N, Kiihl AA, Xenophontos N, Jarquin VH,
et al. A novel non-invasive method to detect RELM beta transcript in gut
barrier related changes during a gastrointestinal nematode infection. Front
Immunol. (2019) 10:445. doi: 10.3389/fimmu.2019.00445

Strober W, Fuss IJ, Blumberg RS. The immunology of mucosal
models of inflammation. Annu Rev Immunol. (2002) 20:495-49.
doi: 10.1146/annurev.immunol.20.100301.064816

Gironella M, Iovanna JL, Sans M, Gil E Pefalva M, Closa D, et al. Anti-
inflammatory effects of pancreatitis associated protein in inflammatory
bowel disease. Gut. (2005) 54:1244-53. doi: 10.1136/gut.2004.056309

Krimi RB, Letteron P, Chedid P, Nazaret C, Ducroc R, Marie J-
C. Resistin-like molecule-beta inhibits SGLT-1 activity and enhances
GLUT2-dependent jejunal glucose transport. Diabetes. (2009) 58:2032-8.
doi: 10.2337/db08-1786

Osborne LC, Joyce KL, Alenghat T, Sonnenberg GF, Giacomin PR, Du Y,
et al. Resistin-like molecule o promotes pathogenic Th17 cell responses
and bacterial-induced intestinal inflammation. J Immunol. (2013) 190:2292—
2300. doi: 10.4049/jimmunol.1200706

Munitz A, Waddell A, Seidu L, Cole ET, Ahrens R, Hogan SP,
et al. Resistin-like molecule alpha enhances myeloid cell activation
and promotes colitis. J Allergy Clin Immunol. (2008) 122:1200-1207.el.
doi: 10.1016/j.jaci.2008.10.017

Munitz A, Seidu L, Cole ET, Ahrens R, Hogan SP, Rothenberg
ME. Resistin-like molecule alpha decreases glucose tolerance

Frontiers in Immunology | www.frontiersin.org

May 2020 | Volume 11 | Article 965


https://doi.org/10.1084/jem.20070563
https://doi.org/10.1038/nature07250
https://doi.org/10.1002/ibd.22848
https://doi.org/10.1084/jem.20061308
https://doi.org/10.1038/nm1720
https://doi.org/10.1084/jem.20082683
https://doi.org/10.1086/650203
https://doi.org/10.1038/nm.2391
https://doi.org/10.1126/science.1209791
https://doi.org/10.1074/jbc.M112.399998
https://doi.org/10.1074/jbc.M808077200
https://doi.org/10.1126/science.286.5437.113
https://doi.org/10.1038/ni797
https://doi.org/10.1136/gut.2004.056028
https://doi.org/10.1038/mi.2013.109
https://doi.org/10.1073/pnas.98.2.502
https://doi.org/10.1016/j.cyto.2018.05.014
https://doi.org/10.1016/s0888-7543(03)00070-3
https://doi.org/10.1093/emboj/19.15.4046
https://doi.org/10.1186/1471-2172-3-7
https://doi.org/10.1128/IAI.73.1.385-394.2005
https://doi.org/10.1016/j.bbrc.2003.12.100
https://doi.org/10.1371/journal.ppat.1004579
https://doi.org/10.1073/pnas.0305905101
https://doi.org/10.1126/science.1093466
https://doi.org/10.1074/jbc.M103109200
https://doi.org/10.1016/j.gastro.2003.07.009
https://doi.org/10.3892/ijmm.2019.4156
https://doi.org/10.1038/mi.2009.132
https://doi.org/10.1073/pnas.0404034101
https://doi.org/10.1084/jem.20091268
https://doi.org/10.3389/fimmu.2019.00445
https://doi.org/10.1146/annurev.immunol.20.100301.064816
https://doi.org/10.1136/gut.2004.056309
https://doi.org/10.2337/db08-1786
https://doi.org/10.4049/jimmunol.1200706
https://doi.org/10.1016/j.jaci.2008.10.017
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Blyth et al. Colonic Host Defense Peptides

during intestinal inflammation. ] Immunol. (2009) 182:2357-63. Conflict of Interest: The authors declare that the research was conducted in the

doi: 10.4049/jimmunol.0803130 absence of any commercial or financial relationships that could be construed as a
188. Yan H, Hancock RE.  Synergistic  interactions  between potential conflict of interest.

mammalian  antimicrobial ~defense peptides. Antimicrob  Agents

Chemother.  (2001)  45:1558-60.  doi:  10.1128/AAC.45.5.1558-156 Copyright © 2020 Blyth, Connors, Fodor and Cobo. This is an open-access article

0.2001 distributed under the terms of the Creative Commons Attribution License (CC BY).
189. Bedran TBL, Mayer MPA, Spolidorio DP, Grenier D. Synergistic anti- The use, distribution or reproduction in other forums is permitted, provided the
inflammatory activity of the antimicrobial peptides human beta-defensin-3 original author(s) and the copyright owner(s) are credited and that the original

(hBD-3) and cathelicidin (LL-37) in a three-dimensional co-culture model  publication in this journal is cited, in accordance with accepted academic practice.

of gingival epithelial cells and fibroblasts. PLoS ONE. (2014) 9:e106766. No use, distribution or reproduction is permitted which does not comply with these
doi: 10.1371/journal.pone.0106766 terms.

Frontiers in Immunology | www.frontiersin.org 140 May 2020 | Volume 11 | Article 965


https://doi.org/10.4049/jimmunol.0803130
https://doi.org/10.1128/AAC.45.5.1558-1560.2001
https://doi.org/10.1371/journal.pone.0106766
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

l" frontiers
in Immunology

REVIEW
published: 22 May 2020
doi: 10.3389/fimmu.2020.00983

OPEN ACCESS

Edited by:

Charles Lee Bevins,
University of California, Davis,
United States

Reviewed by:

Henk Peter Haagsman,

Utrecht University, Netherlands

Ping Li,

Zhejiang Gongshang University, China
*Correspondence:

Rajamani Lakshminarayanan
lakshminarayanan.rajamani@
seri.com.sg

Imran Mohammed
Imran.mohammed@nottingham.ac.uk

T These authors share
senior authorship

Specialty section:

This article was submitted to
Microbial Immunology,

a section of the journal
Frontiers in Immunology

Received: 28 February 2020
Accepted: 27 April 2020
Published: 22 May 2020

Citation:

Ting DSJ, Beuerman RW, Dua HS,
Lakshminarayanan R and
Mohammed | (2020) Strategies in
Translating the Therapeutic Potentials
of Host Defense Peptides.

Front. Immunol. 11:983.

doi: 10.3389/fimmu.2020.00983

Check for
updates

Strategies in Translating the
Therapeutic Potentials of Host
Defense Peptides

Darren Shu Jeng Ting 23, Roger W. Beuerman?, Harminder S. Dua ™2,
Rajamani Lakshminarayanan®?* and Imran Mohammed ™

"Larry A. Donoso Laboratory for Eye Research, Academic Ophthalmology, Division of Clinical Neuroscience, School of
Medicine, University of Nottingham, Nottingham, United Kingdom, 2 Department of Ophthalmology, Queen’s Medical Centre,
Nottingham, United Kingdom, ° Anti-infectives Research Group, Singapore Eye Research Institute, The Academia,
Singapore, Singapore

The golden era of antibiotics, heralded by the discovery of penicillin, has long been
challenged by the emergence of antimicrobial resistance (AMR). Host defense peptides
(HDPs), previously known as antimicrobial peptides, are emerging as a group of
promising antimicrobial candidates for combatting AMR due to their rapid and unique
antimicrobial action. Decades of research have advanced our understanding of the
relationship between the physicochemical properties of HDPs and their underlying
antimicrobial and non-antimicrobial functions, including immunomodulatory, anti-biofilm,
and wound healing properties. However, the mission of translating novel HDP-derived
molecules from bench to bedside has yet to be fully accomplished, primarily attributed
to their intricate structure-activity relationship, toxicity, instability in host and microbial
environment, lack of correlation between in vitro and in vivo efficacies, and dwindling
interest from large pharmaceutical companies. Based on our previous experience and
the expanding knowledge gleaned from the literature, this review aims to summarize
the novel strategies that have been employed to enhance the antimicrobial efficacy,
proteolytic stability, and cell selectivity, which are all crucial factors for bench-to-bedside
translation of HDP-based treatment. Strategies such as residues substitution with natural
and/or unnatural amino acids, hybridization, L-to-D heterochiral isomerization, C- and
N-terminal modification, cyclization, incorporation with nanoparticles, and “smart design”
using artificial intelligence technology, will be discussed. We also provide an overview of
HDP-based treatment that are currently in the development pipeline.

Keywords: antibiotic, antimicrobial peptide, antimicrobial resistance, artificial intelligence, host defense peptide,
nanoparticle, peptide

INTRODUCTION

Antimicrobial resistance (AMR) currently represents a major global health threat of the twenty-first
century and is estimated to cost 10 million deaths per year by 2050 (1, 2). Tackling AMR requires
a multi-faceted and synergistic approach, including understanding of the main mechanisms and
drivers of AMR at the microorganism, individual and population levels, antimicrobial stewardship
within the healthcare and agriculture sectors, in tandem with discovery and development of new
classes of antimicrobial therapy (3, 4).
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Host defense peptides (HDPs), also known as antimicrobial
peptides, are a group of evolutionary conserved molecules
that play critical roles in the innate immune system (5-7).
These molecules are usually small in size (around 12-50 amino
acid residues), cationic (with a net charge of +2 to +13),
and amphiphilic geometry (5, 6). So far, more than 3,000
naturally occurring and synthetic HDPs have been discovered
across six life kingdoms (8, 9), underlining their essential roles
during the adaptation and evolutionary process. HDPs have
been shown to exhibit broad-spectrum antimicrobial activities
against a plethora of microorganisms, including drug-resistant
bacteria, fungi, parasites, and viruses (5, 10). In contrast
to conventional antibiotics (which usually target a particular
extracellular or intracellular binding site), cationic HDPs bind
to the anionic surfaces of bacteria causing lytic cell death
through varied mechanisms. Additionally, HDPs could also kill
bacteria via inhibition of macromolecules that are involved in
the biosynthesis of the surface membrane, and components of
metabolic organelles (11, 12). Such unique mechanism of action
accounts for the rapid and broad-spectrum antimicrobial action
and the low risk of developing AMR as modification of the entire
microorganisms’ anionic membrane incurs a substantially higher
fitness cost when compared to alteration of a particular binding
site targeted by the conventional antibiotics (e.g., alteration in the
30S subunit inhibits the action of aminoglycosides) (13).

In addition to the antimicrobial activity, there has been
emerging evidence highlighting the non-antimicrobial roles of
HDPs, including antibiofilm (14), immunomodulatory (15),
wound healing (16), anti-viral, and anti-cancer properties
(17), rendering them an attractive and novel class of clinical
therapeutics (18). For instance, corneal infection or infectious
keratitis is a sight-threatening ocular disease that can be caused
by a wide range of microorganisms, including bacteria, fungi,
parasites, and viruses (19, 20). In addition, corneal infection
may be caused by polymicrobial infection which can present
significant therapeutic challenges to the clinicians (21). The dual
broad-spectrum antimicrobial and wound healing properties of
HDPs would not only provide a comprehensive antimicrobial
coverage for the infection but also expedite the healing process
of corneal ulceration, limiting the damage to the cornea and
ultimately preserving the vision. The complete repertoire of
antimicrobial and non-antimicrobial functions of HDPs has
been recently summarized in a seminal review by Mookherjee
etal. (22).

Despite decades of research efforts have been invested in
the field of HDP, the mission of translating novel HDP-derived
molecules from bench to beside has yet to be fully accomplished.
The sluggishness in the HDP-derived drug development pipeline
is primarily attributed to their complex structure-activity
relationship (SAR), undesired toxicity to host tissues, instability
in host and microbial environment, lack of correlation between
in vitro and in vivo efficacies, and dwindling interest from
large pharmaceutical companies (23-26). A list of synthetic
derivatives of HDPs that are currently under clinical trials
are summarized in Table 1 for readers’ convenience. Detailed
overview on the mechanisms of actions and clinical applications
of HDPs have also been provided elsewhere in published review

articles (27-29). Based on the literature and our experience,
this review article aims to highlight the strategies that have
been attempted to enhance the antimicrobial efficacy, proteolytic
stability, and cell selectivity (for microbial cells instead of host
cells; i.e., improved safety) of HDPs, which are all important
factors to be considered during the translation of these molecules.

STRATEGIES FOR ENHANCING
ANTIMICROBIAL EFFICACY AND SAFETY
OF HDPs

Structurally, HDPs are mainly characterized by the presence
of key charged residues (e.g., Arg and Lys), with a high
proportion of hydrophobic residues (constituting 50% or more)
and amphipathicity (7, 30). Optimization of HDP sequences
to improve antimicrobial efficacy has been previously detailed
(30, 31). Here, we aim to provide key strategies to improve
the selectivity of HDPs toward microbial membranes through
reported examples of model HDPs that were enhanced through
rational design approaches (Table 1).

Residue Substitution With Natural Amino
Acids (AAs)
HDPs should fulfill key functional requirements to qualify
for clinical use, including low toxicity, high antimicrobial
activity, and good in vivo stability (24). These requirements are
closely linked to their biochemical selectivity toward anionic
and zwitterionic surfaces (24). The antimicrobial activity is
attributed to a fine balance of hydrophobicity, cationic residues,
amphipathicity, and structural conformation (e.g., a-helical, p-
sheet, and cyclized) (32). On the other hand, the hydrophobic
interaction between specific residues of HDPs (e.g., Leu, Ile,
Val, Phe, Tyr, Trp) and zwitterionic phospholipids on host cell
surfaces is responsible for its toxicity. For example, peptide
derivatives of mastoparan (a key constituent of wasp venom) that
were designed based on fixed five rules utilizing the quantitative
structure-activity relationship (QSAR) approach showed potent
antimicrobial efficacy against Bacillus subtilis (33). It was shown
that the potency of these derivatives was mainly dependent on
the presence of Trp, Lys, and His (33). Lata et al. (34) analyzed
486 HDPs from the antimicrobial peptide database (APD) for
AA frequency in these sequences using the bioinformatic tools.
Residues such as Gly, Arg, Lys, and Leu were shown to be
commonly found in HDPs, whilst AAs such as Ser, Pro, Glu,
and Asp were least common at both N- and C-terminus. A
recent study from Hilpert group has demonstrated through in
silico designed library of 3,000 de novo short peptides (9-mer
in length) that the specific design characteristics of HDPs did
not apply to short peptides (35). The peptide sequences that
were grouped as “super active” based on their activity toward
Pseudomonas aeruginosa were mainly composed of Lys, Arg, Trp,
and Val/Ile/Leu (35). However, the activity of these super peptides
toward host cells and in vivo stability was not yet reported.
Melittin, a key constituent of honey-bee venom, is a potent
HDP with strong antimicrobial activity (36). However, its clinical
use is largely limited by the high hemolytic activity (36). Blondelle
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TABLE 1 | Derivatives of host defense peptides in clinical trials.

Drug/peptide
name

Peptide derivative

Progress

Application

References/Trial registry (Status; Last update

posted)

Omiganan Indolicidin

(CLS001/MBI226)

Pexiganan
(MSI-78)

Magainin

Iseganan
(IB-367)

Protegrin

C16G2 Novispirin G10

Brilacidin Defensin mimetic

(PMX-30063)

Novexatin
(NP213)

PAC-113
hLF_14

Polyarginine cyclic HDP

Histatin-3
Human lactoferrin

OP-145
(AMPB0.4Ac)

Glutoxim
(NOV-002)

Human LL-37

Synthetic hexapeptide

Lytixar
(LTX-109)

Synthetic peptidomimetic

Opebacan
(rBPI-21)

Bactericidal/permeability
increasing protein (BPI)

Phase II/1ll

Phase Il

Phase II/1ll

Phase Il

Phase I/Il

Phase Il

Phase lib
Phase Il

Phase Il

Phase II/11l

Phase I/lla

Phase I/Il

Facial seborrheic dermatitis; Genital warts;
Rosacae; Vulvar neoplasia; Atopic dermatitis;
Acne vulgaris; Skin antisepsis; Prevention of
catheter infections

Diabetic foot ulcer (topical)

Prevention of radiation-induced oral mucositis;
Ventilator-associated Pneumonia

Dental cavities

Prevention of radiation-induced oral mucositis,
treatment of gram-positive bacterial skin
infections

Onychomycosis (topical)

Oral candidiasis (mouth rinse)

Bacteraemia; Candidemia; anti-infectives for
haematopoietic stem cell transplant recipients

Chronic suppurative otitis media

Tuberculosis; myelodysplastic syndromes;
ovarian cancer; non-small cell lung cancer;
breast cancer;

Impetigo; drug-resistant gram-positive nasal
and skin infections (topical); atopic dermatitis

Prevention of endotoxemia following
myeloablative allogeneic stem cell
transplantation; anti-sepsis in patients with
burn injury

NCT03688971 (recruiting; May 2019)
NCT02576847 (completed; Jul 2018)
NCT02547441 (completed; Jul 2018)
NCT02576860 (completed; Mar 2018)
NCT03091426 (completed; Dec 2017)
NCT02596074 (completed; Aug 2017)
NCT03071679 (completed; May 2017)
NCT02571998 (completed; Mar 2017)
NCT02849262 (completed; Mar 2017)
NCT02456480 (completed; Jul 2016)
NCT02066545 (completed; Sept 2015)
NCT01784133 (completed; May 2015)
NCT02028286 (completed; Apr 2014)
NCT00608959 (completed; Jan 2010)
NCT00231153 (completed; Aug 2009)
NCT00027248 (completed; Sept 2005)
(
(
(
(
(

NCT01594762 (completed; Jun 2017)
NCT01590758 (completed; Jun 2017)
NCT00563433 (completed; Nov 2007)
NCT00563394 (completed; Nov 2007)

NCT00022373 (unknown; Oct 2014)
NCT00118781 (terminated; Jul 2005)

(failed in Phase III; https://www.thepharmaletter.com/
article/intrabiotics-lead-drug-hits-snag-in-phase-iii)

NCT02594254 (completed; Aug 2019)
NCT02509845 (completed; Aug 2019)
NCT03196219 (completed; Aug 2019)
NCT02254993 (completed; Aug 2019)
NCT03052842 (completed; Aug 2019)
NCT03004365 (completed; Aug 2019)
NCT02044081 (completed; Aug 2019)
NCT04240223 (completed; Feb 2020)
NCT02324335 (completed; Jan 2019)
NCT02052388 (completed; Sep 2018)
NCT01211470 (completed; May 2012)

www.novabiotics.co.uk (no registered trial) —PMID

32232410
NCT00659971 (completed; Jun 2008)

(
NCT00430469 (withdrawn; Jun 2015)
NCT00509834 (withdrawn; Jun 2015)
NCT00509847 (withdrawn; May 2014)
NCT00509938 (completed; Oct 2008)

ISRCTN12149720 (completed; Feb 2019)
ISRCTN84220089 (completed; Jan 2008)

NCT00960726 (withdrawn; Jul 2012)

NCT00499122 (completed; Jan 2018)
NCT00347412 (completed; Nov 2011)
NCT00345540 (completed; Mar 2015)
NCTO01158235 (completed; Jun 2011)
NCT01223222 (completed; Feb 2011)
NCT01803035 (completed; Apr 2014)
NCT00454155 (terminated; Jul 2012)

NCT00462904 (terminated; Nov 2019)

et al. (37) studied the function of Trp in melittin activity
through serial Trp substitution starting from N- to C-terminus.
Substitution of Leu— Trp at 9th position was shown to decrease

the hemolytic activity whereas substitution of Pro— Trp at 14th
position improved the alpha-helical conformation and reduced
the hemolytic effects compared to parent melittin peptide.
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HDPs with Pro residues are widely known to display a
disrupted helix conformation, which eventually affects their
surface retention time and penetration into microbe cytoplasm
(38, 39). A recent study using peptide analog (Anal 3, 19-AA
long) from N-terminus of Helicobacter pylori ribosomal protein
L1 has demonstrated that an insertion of Pro-hinge into Anal
3 (via Glu— Pro substitution at 9th position) significantly
improves the peptide selectivity toward microbes with no effect
on host cells (40, 41). This was attributed to the helix-hinge-
helix conformation of Anal 3-Pro analog at the surface of bacteria
allowing peptide penetration and DNA binding in the cytoplasm.
This study suggested that rational insertion of Pro residue
through SAR analysis could improve the biological membrane
selectivity of microbicidal peptides. Proline-rich designed HDPs
such as ARV-1502 (42), oncocin (43), and Bac-5 (44, 45) have
shown significant efficacy against Gram-negative pathogens but
not host cells membranes. Unlike cationic HDPs, proline-rich
peptides kill bacteria through inhibition of protein synthesis
(12, 45-47). Histidine-rich (48, 49), alanine-rich (50), and
tryptophan-rich (51) short HDPs have also been developed.
These were shown to be highly effective at acidic pH against a
range of Gram-negative and Gram-positive bacteria (52).

Magainin-2 is 23 residues long antimicrobial peptide (AMP)
isolated from frog skin, Xenopus laevis (53). Due to its
non-hemolytic and broad-spectrum antimicrobial properties,
magainin-2 was widely studied as a model peptide to understand
the SAR of naturally occurring AMPs (54-58). Chen et al.
(59) have demonstrated that the alpha-helical conformation of
magainin-2 could be stabilized through Gly— Ala substitution
(at both 13th and 18th position) and C-terminal amidation.
This was shown to increase the antibacterial activity by 2-
fold against a range of bacteria without modulating its safety
against erythrocytes (59). Numerous groups have made attempts
to improve the activity of magainin-2 against Gram-negative
bacteria through residue substitution. It was demonstrated
that the substitution of Phe— Trp in magainin-2 (F12W
mutant) increased its activity against Gram-negative bacteria;
however, this increased its selectivity toward erythrocytes,
causing significant hemolysis (60). This could be attributed to
the bulkiness of Trp compared to Phe and the presence of
NH-group in Trp that is capable of forming hydrogen bonds
with zwitterionic phospholipids (39, 61). Further modification
through reduction of net charge of FI2W mutant (Lys— Glu
substitution at 10th position) was shown to reduce the hemolytic
effect. However, this made the mutant magainin-2 less effective
against Gram-negative bacteria (60). Extensive SAR studies from
Zasloff’s laboratory led to the development of MSI-78 (also
known as pexiganan), a derivative of magainin-2, which showed
improved safety/efficacy profile compared to parent magainin-2
sequence (62, 63). However, it failed in the phase III clinical trial
for the treatment of infective diabetic foot ulcers. Further details
on pexiganan clinical journey can be reviewed elsewhere (64-66).

Typically, natural HDPs display a net positive charge between
+2 and +13. It has been widely demonstrated that modification
of total net charge of synthetic HDPs through cationic residue
substitution enhances electrostatic interaction between HDPs
and lipopolysaccharide (LPS) (30, 60). However, this approach

has shown to increase the toxicity of certain HDPs. For example,
magainin-2 analogs with positive charge above +5 were shown
to display hemolytic effects (rank order +6 > +5 > +4 >
+3) (67). To overcome the inherent issues associated with
peptide optimization, Mishra and Wang (68) adopted an
ab initio design approach which involved utilization of novel
database-filtering technology (DFT). This led to the development
of a 13-AA long, leucine-rich, anti-MRSA peptide template—
termed “DFTamP1” (68). A subsequent study demonstrated that
DFT503, an optimized variant of DFTamP1, was shown to be
safe and effective in in vivo killing of MRSA in a neutropenic
mouse model. This anti-MRSA activity was attributed to its
eight Leu residues and a single Lys at position 11 (net charge
+1) (69). These studies suggested that lower cationic charge
and high hydrophobicity is preferred for anti-MRSA synthetic
peptides. This strategy could form the basis for the development
of species-specific peptide-based therapy against multidrug
resistant (MDR) pathogens.

LL-37 is a lone member of the cathelicidin family of HDPs
reported in humans (70-72). It was widely studied due to
its multi-functional abilities, including microbicidal (73), anti-
cancer, immunomodulatory (74), chemotactic (75), and wound-
healing properties (76). Numerous groups have exploited the
structure of LL-37 to design a range of synthetic antimicrobial
analogs through residue substitution (77, 78). FK-13 (residues
17-29 of LL-37) was identified as a core antimicrobial and
anti-cancer domain using nuclear magnetic resonance (NMR)
technique (79). Subsequently, the deletion of Phe at 17th
position led to the development of KR-12, which showed potent
antimicrobial efficacy equivalent to LL-37 and FK-13 against
Escherichia coli, but devoid of toxic activity against host cells (80).
KR-12 and KE-18 analogs were recently shown to possess anti-
Candida and anti-Staphylococcal properties (81). Specifically, KE-
18 showed anti-biofilm activity even at sub-killing concentration
against yeast and bacteria (81). Further variants of KR-12
were also reported and the less cationic analogs, a5 and a6,
were shown to possess potent immunomodulatory, antibiofilm,
antimicrobial, and osteogenic properties (82-85). Variants of
LL-23, corresponding to 23 N-terminal residues of LL-37, were
generated through substitution of Ser— Ala and Ser— Val at
the 9th position. LL-23V9 peptide was shown to display increased
antimicrobial and immunosuppressive activities compared to LL-
23 and parent LL-37 (86). Wang et al. (77), Mishra and Wang (87)
have recently demonstrated that titanium surface immobilized
FK-16 (a short variant of LL-37) is highly antimicrobial against
ESKAPE pathogens. Our group has recently demonstrated that
FK-16 could be used for repurposing conventional antibiotics
such as vancomycin as a strategy to counter antimicrobial
resistance (88). Further improvement of FK-16 by Narayana et al.
(89) have also led to the development of GF-17, 17BIPHE2, and
other related variants of superior efficacy and safety compared
to LL-37. Nell et al. (90) designed a range of short peptides
through residue substitution based on the LL-37 sequence
for neutralization of lipopolysaccharide (LPS) and lipoteichoic
acid (LTA). P60.4, a 24-AA derivative, was shown to possess
similar LPS/LTA neutralization ability and antimicrobial effects
compared to LL-37, but with negligible in vivo toxicity toward
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audible canal, skin, and eyes. This peptide was subsequently
termed as OP-145 and was proven to be safe and efficacious in
the treatment of chronic otitis media in phase I/II clinical trials
(91). However, the activity of OP-145 was recently shown to
be reduced in human plasma (92). Subsequent modification led
to the development of synthetic antimicrobial and antibiofilm
peptides (SAAPs) such as SAAP-145, —148, and —276, which
showed potent anti-biofilm activity against a range of MDR
pathogens (92).

Residue Substitution With Unnatural AAs
HDPs are essentially a group of small bioactive molecules
made of different combinations of 20 naturally occurring
AAs. The nearly infinite chemical space (20") and varying
physicochemical properties account for the vast structural
and functional diversities of naturally occurring HDPs (8, 9).
However, susceptibility to host cell interaction (e.g., human
erythrocytes, albumin, etc.) (93, 94) and proteolytic degradation
from the host and bacterial proteases (e.g., human proteases in
serum, staphylococcus aureolysin, pseudomonas elastase, etc.)
(95-98) remains one of the key impediments in translating
HDP-based treatment to clinical therapeutics. For instance,
the anti-staphylococcal activity of cathelicidin (LL-37)—one
of the most widely studied human HDPs—was shown to be
inhibited by the proteases produced by Staphylococcus aureus,
namely the aureolysin (a metalloproteinase) and V8 protease
(glutamylendopeptidase), via cleavage and hydrolysis of the
intramolecular peptide bonds (96).

To overcome this barrier, incorporation of unnatural or non-
proteinogenic AAs has been employed to increase the proteolytic
stability and/or antimicrobial efficacy of HDPs. It is known
that the antimicrobial efficacy of HDPs is greatly influenced
by the cationicity (99). To preserve the cationicity and thence
efficacy, researchers have attempted to optimize the HDPs by
replacing the cationic residues (e.g., lysine) with its analogs such
as ornithine, 2,4-diamino-butyric acid (DAB), and 2,3-diamino-
propionic acid (DAP), which have three, two, and one methylene
(CH_) groups in the side chain, respectively (100, 101). Using
Trp-rich peptides as the design template, Arias et al. (101)
reported a 4-fold length-dependent increase in the antibacterial
activity against E. coli when the side chain of lysine was shortened
from 4-carbon (lysine) to 1-carbon (DAP). Such effect was likely
attributed to an increase in membrane permeabilization based
on calcein leakage study. In addition, a substantial improvement
in the stability against trypsin was observed when the side
chain of arginine or lysine was shortened (101). Oliva et al.
(102) investigated the potential role of integrating unnatural
AAs within the 9-residue synthetic HDPs and discovered that
unnatural AAs such as 2-naphthyl-L-alanine (an aromatic
residue) and S-tert-butylthio-L-cysteine residues enhanced the
antimicrobial efficacy and proteolytic stability in 10% serum
for 1 and 16h (to a lesser extent). In addition, incorporation of
unnatural AAs dipeptides (tetrahydroisoquionolinecarboxylic
acid-octahydroindolecarboxylic acid; or Tic-Oic) within
magainin analogs has been shown to induce an amphipathic
and loose alpha-helical structure with enhanced antimicrobial

potency and selectivity against Gram-positive, Gram-negative
and mycobacterium (103).

Unnatural AAs have been successfully utilized for improving
the efficacy and stability of various peptidomimetics (104). For
example, Saralasin, a partial angiotensin II receptor agonist, was
developed by incorporation of sarcosine (an unnatural AA) at
a key position in angiotensin II molecule (105). This provided
resistance against aminopeptidases and improved bioactivity.
Carbetocin, a cyclic 8-AA derivative of oxytocin is currently used
for the treatment of post-partum hemorrhage, was developed
through incorporation of unnatural AAs such as methyltyrosine
which improved its metabolic stability and overall therapeutic
benefits (106).

Hybridization

It is widely known that a cocktail of HDPs are produced at
the tissue sites in response to infection (107, 108). This natural
synergism between HDPs was shown to be beneficial to the
host, providing the first line of defense against pathogens. This
was very well-exploited through in vitro and in vivo studies,
which proved that the combination of two HDPs produces
strong activity against bacteria (107, 108). However, this was
not deemed as a cost-effective approach and the issue of
host toxicity remains unresolved. Hybridization strategy was
shown to circumvent these known issues, which involves the
combination of key residues from two to three HDPs of different
mechanisms of actions into a single sequence (109-111). In
1989, Boman et al. (112) elegantly showed that a hybrid of
cecropin-A (1-13) and melittin (1-13) was highly bactericidal
and less toxic toward host cells compared to parent cecropin-A
and melittin. Subsequent modifications led to the development
of numerous short hybrids of cecropin-A and melittin (15-18
residues in length), which showed similar activity as the first-
generation hybrids (113, 114). Chimeras of cecropin-A (CA)
and magainin-2 (MA) were also developed that exhibited potent
antibacterial and antitumor activities. Insertion of hydrophobic
residues through residue substitution in the hinge region (at 16th
position) of CA(1-8)-MA(1-12) hybrid was shown to improve
its antibacterial and antitumor activity with no hemolytic effects
(115). A recent study has demonstrated that substitution of key
residues in CA(1-8)-MA(1-12), specifically Phe5Lys, Lys7His,
Phel3His, Leul4Phe, and Hisl17Leu, could stabilize the alpha-
helical conformation, resulting in improved LPS binding affinity,
increased bactericidal activity against clinical Gram-negative
isolates, and low cytotoxicity (116). Hybrids of human-derived
and animal-derived HDPs were also developed to comprise the
membrane-lytic and immunomodulatory properties of cationic
HDPs. For example, hybrids of cecropin-A (1-8)-LL37(17-20)
(117), melittin(1-13)-LL37(17-30) (118), and BMAP27(9-20)-
LL37(17-29) (119) were shown to be highly bactericidal and
improved the efficacy of conventional antibiotics against a
variety of bacteria. Another study involving “triple hybrid” of
cecropin-A, melittin, and LL-37 showed that this approach could
significantly enhance the bactericidal against a range of Gram-
negative and Gram-positive organisms (120). Similarly, Dutta
et al. (121) reported good in vitro and in vivo eflicacies of
an antimicrobial contact lens coated with melimine (derived
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from melittin and protamine) for treating infectious keratitis
in a rabbit model. These studies have clearly indicated that an
optimized rational design approach could enable development of
chimeras with improved biological selectivity.

In addition to overcoming the issue of host toxicity
(as described above), the hybrid strategy has also led to
the development of numerous species-specific and targeted
bactericidal peptides to prevent damage to useful microbiome
(122-124). Kim et al. (122) have developed a targeted chimeric
peptide for the treatment of P. aeruginosa infection. Through
phage-display library screening, they identified an outer-
membrane porin F (OprF) binding peptide motif, termed PA2.
Hybridization of this tag sequence to a membrane-lytic short
peptide, GNU-7, was shown to improve the antimicrobial efficacy
of parent GNU-7 by 16-fold toward P. aeruginosa both in in vitro
and in vivo model systems. LPS-targeting GNU-7 variants were
also developed through hybridization with lactoferrin (28-34),
BPI (84-99), and de novo sequence (125). Chimeric bactericidal
peptides targeted to E. faecalis (123) and S. mutans (124) were
also developed based on the species-specific pheromones. This
approach was proven to be highly targeted and would prevent
the damage to commensal microbes.

L-to-D Heterochiral Isomerization
Depending on the geometric arrangement, all naturally occurring
AAs (except for glycine) can exist as stereoisomers, either
in L- or D-form, albeit only the L-configuration can be
utilized by cells (126). That said, there is emerging evidence
showing that most organisms are able to produce D-AAs,
primarily through spontaneous racemization of L-AAs or post-
translational enzymatic modification (127). In addition, D-
AAs such as D-alanine and D-glutamic acid are found in
peptidoglycan, which is a key component of the cell wall of Gram-
positive bacteria. These D-AAs have been shown to increase
resistance to host proteases that usually cleave the peptide bonds
between L-AAs, thereby maintaining their virulence (126).
Capitalizing on the evolutionarily advantageous strategy
equipped by microbes, L-to-D isomerization has been utilized
to enhance the proteolytic stability of HDPs against a range of
host and microbes’ proteases (128-133). L-to-D isomerization
can be utilized to either modify specifically one or several
L-AAs (131, 134), or the entire sequence of a L-form HDP
(130-132). Carmona et al. (130) demonstrated that L-to-D
isomerization of Panidin-2 (D-Pin2) improved the cell selectivity
(i.e., reduced hemolysis) and proteolytic stability in human
serum, elastase, and trypsin, while maintaining the antimicrobial
activity against a range of Gram-positive and Gram-negative
bacteria. In a similar vein, Jia et al. (131) reported an improved
stability of D-AA derivative of polybia-CP (which was originally
derived from the venom of social wasp Polybia paulista), in
chymotrypsin and trypsin for 1 and 6 h and reduced hemolytic
activity (D-lysine derivative). In addition to the beneficial effect
of proteolytic stability and/or cell selectivity, the D-form AAs
may enhance the antimicrobial efficacy of HDPs. For example,
the D-form KLKLLLLLKLK-NH2 (derived from sapesin B) was
shown to exhibit increased antimicrobial efficacy against S.
aureus (due to increased interaction with the peptidoglycan),
E. coli and Candida albicans when compared to the L-form

(132). However, the enhanced antimicrobial efficacy was not
observed in other tested D-forms of HDPs such as mastoparan
M and temporin A, suggesting that the D-isomerization effect is
sequence-dependent (132).

L-to-D isomerization has also been shown to confer unique
changes to the peptide-folding and secondary structure of HDPs
(128,131, 133). Based on circular dichroism analysis, the D-form
derivatives of naturally occurring alpha-helical HDPs typically
exhibit a left-hand alpha-helical spectrum (instead of a right-
hand spectrum) whereas partial D-isomerization of HDPs may
result in some degree of loss of alpha-helicity, depending on the
position and number of D-AAs being introduced (128, 131, 133).
Such changes in the secondary structure are likely accountable for
the reduced host toxicity and improved cell selectivity in some
HDPs (131).

This strategy was found to be successful in the development
of daptomycin, an antibacterial cyclic lipopeptide, which was
approved by the US Food and Drug Administration (FDA)
in 2003 for the treatment of skin and systemic Gram-positive
infections (104, 135). Structurally, daptomycin is comprised of
13 residues including D-alanine and D-serine (134). In addition,
it also contains non-canonical amino acids such as ornithine,
L-kynurenine, and L-3-methylglutamic acid (134).

C- and N-Terminal Modification

A range of N- and C-terminal modification strategies have
been proposed to enhance the antimicrobial efficacy and/or
cell selectivity of natural and synthetic HDPs (102, 136,
137). Amongst all, N-terminal acetylation (CH3CO-) and C-
terminal amidation (-NH;) are the two most commonly
attempted strategies (102). N-acetylation is a common protein
modification observed in eukaryotic and prokaryotic cells (138).
By neutralizing the positive charge (NHY ) at the N-terminal, N-
acetylation can result in a range of irreversible changes to the
protein properties, including the folding, stability, and protein-
protein interactions (138). Saikia et al. (139) examined the
antimicrobial efficacy and salt sensitivity of E. coli-derived MreB
(a bacterial cytoskeleton protein found in non-spherical cells)
and its N-acetylated analogs and found that N-acetylated W-
MreB;_9 demonstrated a higher antimicrobial efficacy (in salt)
compared to W-MreB;_g. However, N-acetylation may result in
a decrease in antimicrobial efficacy of certain synthetic HDPs due
to a reduction in the overall cationicity (139, 140), suggesting
that the benefit of this modification strategy is only selective for
certain HDPs.

On the other hand, C-amidation is a common post-
translational modification that is widely observed in nature,
including the natural synthesis of HDPs (137). C-amidation has
been shown to improve the antimicrobial efficacy of certain
HDPs, including aurein (141), melittin (142), modelin-5 (143),
anoplin (144), and esculentin-1 (145), amongst others. The
enhanced antimicrobial efficacy of these HDPs is likely ascribed
to the increased alpha-helix stability at the peptide-membrane
interfaces, enabling a greater membrane disruption and pore
formation (141-144). In addition, Oliva et al. (102) demonstrated
that simultaneous N-acetylation and C-amidation enhanced the
proteolytic stability of HDP derived from human apolipoprotein
B by more than 4-fold when exposed to fetal bovine serum 10%
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for 1 h. Similarly, the proteolytic stability of tachyplesin I (a beta-
hairpin HDP from the horseshoe crab, Tachypleus tridentatus) in
fresh human serum was significantly enhanced using the similar
N-acetylation and C-amidation strategy (146).

Other N- or C-terminal modification strategies have also
been described in the literature, including N-methylation of
certain cyclic HDPs to enhance the antimicrobial efficacy (136),
introduction of 6-aminocaproic acid at the N- and C-terminals
to protect HDPs from the action of exopeptidases (102, 147),
and pegylation of the C-terminus of M33, a branched peptide,
to increase the resistance against P. aeruginosa elastase (148).

Cyclization

Cyclization is a common phenomenon observed in natural HDPs
that can exist in three main forms: (a) sidechain to sidechain;
(b) backbone to backbone; and (c) sidechain to backbone (137).
It has been shown to demonstrate several favorable biological
properties, including enhanced antimicrobial efficacy, stability
against proteases (due to conformational rigidity), enhanced cell
selectivity, and reduced host toxicity (137, 149), rendering it an
attractive strategy for translating HDPs from bench to bedside.
Some of the notable examples of cyclic glyco- or lipopeptides
that are already in clinical use include vancomycin, daptomycin,
and colistin/polymyxin, which are commonly used as last
resorts for combatting MDR bacteria, albeit their widespread
use are hindered by the inherent toxicity and emergence of
AMR (149-151).

In view of the structural stability, Dathe et al. (152) were
able to create a series of short cyclic hexapeptides (based on
AcRRWWRF-NH;) with enhanced antimicrobial efficacy (up to
>16-fold increase) against Bacillus subtilis and E. coli compared
to the linear form, though the hemolytic activity was increased by
3-fold (152). It was also found that the antimicrobial activities of
those small Arg/Trp-rich cyclic peptides were influenced by the
self-assembling behavior of peptides at the bacterial membrane
instead of their hydrophobic surface area, amphiphilicity, and
ring size (153). In addition, a number of small cyclic D,L-alpha-
peptides (with six or eight alternating D- and L-form residues)
have also demonstrated strong antimicrobial efficacy against
Gram-positive and/or Gram-negative bacteria via self-assembly
on the bacterial membranes as organic nanotubules, which could
increase membrane permeability and disrupt transmembrane
ion potentials with resultant cell lysis (154, 155). Furthermore,
molecular dynamic simulations and biophysical assays have
provided further supportive evidence that cyclic peptides are able
to bind to negatively charged membrane more strongly than the
linear peptides and adopt a beta-sheet structure at the membrane
surface (156).

Another form of cyclization that is found abundantly in
natural HDPs, mainly in defensins, is the disulfide intramolecular
cross-link between cysteine residues, which has been shown
to enhance proteolytic stability (157-160). Inspired by the
nature, Scudiero et al. (160) engineered a 17-residue cyclic
synthetic hybrid HDP, based on the internal hydrophobic
domain of human-beta defensin (HBD)-1 and positively charged
C-terminal of HBD-3 (RRKK residues), and demonstrated

good antimicrobial efficacy against Gram-positive and Gram-
negative bacteria and herpes simplex virus, with low toxicity
and good proteolytic stability. Similarly, Mwangi et al. (161)
successfully developed a cyclic HDP-based molecule called ZY4
by introducing a disulfide bond to a derivative of cathelicidin-
BE which is an antimicrobial peptide derived from the snake
venom of Bungarus fasciatus. This molecule was shown to
exhibit significant in vivo antimicrobial efficacy against MDR P.
aeruginosa and A. baumannii with high stability in mice lung
infection and septicemia models (161).

Incorporation With Nanoparticles (NPs)
Nanotechnology is a rapidly growing field in biotechnology
that involves characterization, manipulation and synthesis of
materials that are in nanoscales (or one billionth of meter;
102 m) (162). NPs, with sizes ranging from 1 to 100 nm, can
exist in many forms, including lipid-based, metal-based, carbon-
based, ceramics, semiconductor, and polymeric NPs (163). It
has increasingly been applied in the field of antimicrobials,
either employed as antimicrobial agents or nano-carriers for
drug/peptide delivery in view of their enhanced protection
against extracellular degradation, improved bioavailability, and
cell selectivity (164-167). Recently, Biswaro et al. (166) have
provided an excellent review on the role of nanotechnology in
delivering HDPs. To avoid any significant overlap, this section
aims to only recapitulate the fundamental principles of NPs and
provide some notable examples regarding the potential values of
incorporating NPs with HDPs.

In principle, there are two types of nano-delivery systems:
(a) passive delivery where the intended drugs/peptides are
encapsulated within the nanocarriers through hydrophobic
interaction without any surface modification; and (b) active
delivery where the drugs/peptides are directly conjugated with
the nanocarriers with surface modification with ligands or other
moieties to facilitate delivery to the targeted site (168). Among
all, LL-37 and its mimics are some of the most commonly
explored HDPs that have been incorporated with different types
of NPs, including polymeric NPs [e.g., poly lactic-co-glycolic acid
(PLGA)] (169), gold NP (170, 171), and magnetic NPs (172).

PLGA is a FDA-approved biodegradable and biocompatible
polymer that has demonstrated promising potential as a drug
delivery carrier (173). Chereddy et al. (169) described using
PLGA as a nanoparticle carrier for delivering a sustained
release of LL-37 treatment. Compared to PLGA or LL-37
alone, PLGA-LL37 nanoparticles were reported to expedite
the wound healing process with significantly higher collagen
deposition, re-epithelialization and neovascularization (169).
It also demonstrated better antimicrobial activity against E.
coli compared to PGLA alone, though the efficacy was lower
than LL-37 alone (169). Cruz et al. (174) similarly reported
that the encapsulated form of GIBIM-P5S9K peptide within
PLGA or polylactic acid exhibited around 20 times stronger
antimicrobial efficacy against methicillin-resistant S. aureus
(MRSA), P. aeruginosa, and E. coli when compared to the
free peptide.

In addition, gold NPs have been increasingly applied in the
field of HDPs (175). Comune et al. (171) demonstrated that
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LL-37 conjugated with gold NPs (via an additional cysteine
residue at the C-terminus of LL-37) demonstrated superior in
vitro and in vivo wound healing properties compared to LL-
37 alone. This was attributed to the prolonged phosphorylation
of epidermal growth factor receptor (EGFR) and extracellular-
signal-regulated kinase (ERK)1/2, which increased the migration
of keratinocytes. Gold NPs have also been used as nanocarriers
for other HDPs such as Esc(1-21), a derivative of a frog skin
HDP called esculentin-1a (176). Compared to Esc(1-21), it was
found that the conjugated form of Esc(1-21) with gold NPs via
a poly-ethylene glycol linker improved the antimicrobial efficacy
against P. aeruginosa by around 15-fold, with increased resistance
to proteolytic degradation (176). Certain peptides have also
demonstrated self-assembling ability as a nanocarrier for drug
delivery (166), though this is beyond the scope of our review.

Smart Design Using Artificial Intelligence
(Al) Technology

Al serves as one of the major breakthroughs in the mankind’s
history. Long been deployed in the automobile and technology
industries, Al has only started gaining traction in the field of
science and medicine, owing to the advancement in computer
power, availability of big data, publicly available neural networks,
and improvement in Al algorithms using machine learning and
deep learning (177-180). In view of the infinite chemical space
and complex SAR of natural and synthetic HDPs, Al serves as an
attractive solution to identify and predict novel peptide sequences
with potentially good antimicrobial efficacy (181-184).

To date, a number of machine learning algorithms such
as artificial neural network (ANN) (34, 182), support vector
machine (SVM)-based classifier (34, 183, 184), quantitative
matrices (34), and fuzzy K-nearest neighbor (FKNN) (185) have
been developed to search for the ideal synthetic HDPs. Cherkasov
et al. (182) trained an atomic-based QSAR model using ANN
and inductive chemical descriptors based on two large 9-mer
peptide libraries. The model was then tested against 200 peptides
that were chosen from a virtual library of 100,000 random 9-
mer peptides. The model not only successfully predicted the
antimicrobial efficacy of the synthetic peptides but also identified
potent peptide candidates (HHC-10 and HHC-36) which were
highly active against a range of Gram-positive and Gram-
negative superbugs, with low risk of toxicity (182).

On the other hand, Lee et al. (183) developed a SVM-
based classifier coupled with Pareto-optimization (186) to
deduce the functional and structural similarities of alpha-helical
HDPs. By employing antimicrobial assays and small-angle X-ray
scattering, it was found that the SVM distance to hyperplane
o correlated strongly with the ability of HDP in generating
a negative Gaussian curvature (NGC), which is commonly
responsible for the membrane disruption mechanism of HDP
(183). Subsequently, Yount et al. (184) were able to identify a
unifying physicochemical characteristic of alpha-helical HDPs in
a 3-dimensional space, termed the alpha-core signature, using
knowledge-based annotation and pattern recognition analysis
of bioinformatics databases. The antimicrobial efficacy of this
alpha-core signature (i.e., the ability to induce NGC) was

further validated with the previously developed SVM-based
classifier (184).

DISCUSSION AND FUTURE DIRECTIONS

Since the serendipitous discovery of HDPs in nature during
early 1980s, immense research effort have been invested in
realizing the therapeutic potentials of HDPs in clinic (7). In
this review, we provided a comprehensive overview on eight
key strategies (with examples) in improving and translating the
therapeutic potentials of HDP-based treatment from bench to
bedside. Moreover, we summarized HDP derivatives that are
currently in the development pipeline.

Lessons From Previous Experience

So far, a number of HDP-based treatment have entered advanced
(phase II/III) clinical trials (Table 1) but none had reached
the market due to regulatory hurdles (27, 187). Nevertheless,
many lessons have been learnt from past experience. One of the
notable examples (as described above) is MSI-78 or pexiganan, a
magainin-derived HDP, which did not obtain the FDA approval
after failing to demonstrate any superiority to the normal
standard wound care with oral ofloxacin for infected diabetic
foot ulcers in two phase 3 trials (188). Although the discouraging
results have painted a gloomy outlook for HDP-based treatment
at that time, a closer look at the development pathway of MSI-78
has shed light on the plausible reasons accounting for the failure.
First, although the molecule demonstrated a broad-spectrum
antimicrobial activity against 3,109 clinical isolates (with an
average MICyo of 32 pug/ml or less) (63), the activity remained
considerably weaker than the conventional antibiotics (62).
Second, peptide-based treatment including MSI-78 are more
susceptible to proteolytic degradation when compared to the
conventional small molecule antibiotics. That means HDP-based
treatment need to be administered in a higher concentration to
achieve the intended in vivo efficacy, which could inevitably lead
to increased host toxicity. In addition, MSI-78 exhibits several
favorable properties over conventional antibiotics, including low
risk of developing AMR and good activity against MDR isolates
(63), but the phase 3 clinical trials of MSI-78 were conducted for
mild infective diabetic foot ulcers which did not fully capitalize
on these strengths. This highlights the importance of setting
the right research question during the development of HDP-
based treatment.

Learning from the previous (unsuccessful) experience, a
plethora of strategies have been proposed and attempted to
overcome the inherent limitations of HDP-based treatment, with
enhanced antimicrobial efficacy, proteolytic stability, and cell
selectivity (for microbial cells). Although the design of ideal
HDPs is not governed by a single overarching rule (7), it is
apparent from the literature that peptide design guided by
the fundamental principles and systematic SAR analysis is able
to yield potential efficacious peptide candidates with desired
properties (189). In fact, de novo designed synthetic peptides were
successfully developed purely based on Arg and Trp with 50%
hydrophobicity and demonstrated significantly antimicrobial
and anti-biofilm efficacies against MDR staphylococci (190).
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Proposed Strategy in Designing and
Developing HDP-Based Treatment

Based on the literature and our experience, we propose a potential
strategy in streamlining the drug discovery and development
pathway of HDP-based treatment, starting from designing
new HDP treatment to conducting well-designed pre-clinical
studies (Figure 1). So far, more than 3,000 naturally occurring
and synthetic HDPs (with reported antimicrobial and/or non-
antimicrobial functions) have been discovered (8, 9); therefore,
it would be a good strategy to use an existing template with
proven effect as a starting point for designing a new HDP-
based treatment. Alternatively, employing artificial intelligence
technology in predicting potentially efficacious molecules could
be utilized. Once a starting template is identified (either a linear
peptide or a cyclic peptide), systematic SAR analysis of the
sequence via rational substitution of specific residues is required
to optimize the antimicrobial efficacy and cell selectivity toward
microbial cells. If hybridization strategy is used, functioning
sequence of each single peptide should be first determined before
being hybridized. This is then followed by further SAR analysis
to determine the optimal sequence.

Once the efficacy and safety are optimized, the next hurdle
is to overcome the issue of proteolytic degradation, which
could be achieved through the strategies (either singularly or
in combination) mentioned in Table 2 and Figure 1. However,
it is noteworthy to mention that the beneficial effects of
these modifications may be unique to specific HDPs. In
addition, antimicrobial efficacy and/or microbial cell selectivity
of the HDPs may also be affected during the modification.
Subsequently, the potential lead compound should be validated
in in vitro conditions mimicking the physiological or host
disease environment. For instance, when designing HDP-based
treatment for corneal infection, the designed HDPs should be

tested in tear fluid or in salt of physiological concentration,
which are known to affect the efficacy and stability of HDPs.
The findings enable a better prediction of the in vivo results
and help minimize the unnecessary use of animals (191).
Finally, well-designed pre-clinical studies need to be performed
with appropriate sample size calculation and positive/negative
controls, which will increase the success rate of clinical trials.
For example, efficacy of the designed HDP needs to be compared
with antibiotic treatment that reflects the current clinical practice
for the disease of interest. Otherwise, subsequent clinical trials
are likely to fail and necessary regulatory approval will not
be obtained.

Ideally, it is best to optimize the previous steps before
progressing to the next step. For instance, validating the potential
lead compound in in vitro conditions mimicking physiological
environment is crucial before proceeding to pre-clinical studies.
Modification strategies proposed in each step may also be
applicable to other steps. For example, introduction of unnatural
AAs primarily improves the proteolytic stability but may also
enhance the antimicrobial efficacy (101), and incorporation of
HDPs with nanoparticles may reduce host toxicity as well as
improve bioavailability. In addition, several strategies may be
employed in combination to achieve the intended therapeutic
effect and stability.

There are also increasing reports examining and exploiting
the strategy of using peptide-antibiotic combination to counter
AMR, increase the lifespan of conventional antibiotics and HDPs,
as well as to reduce the undesired toxicity to host tissues (88, 192—
194). The synergistic effect of peptide-antibiotic combination
treatment is likely attributed to the different underlying
mechanism of action whereby the membrane perturbation effect
of peptides facilitates the passive diffusion of conventional
antibiotics into the cells for intracellular targeting action (192).

A Proposed Strategy for Developing Host Defense Peptide Treat t

Step 1:
Design of new
HDPS

Step 2:
Optimize microbial
cell selectivity

Step 3:
Improve proteolytic
stability

Step 5:
Pre-clinical study

4

A 4

¥

Linear vs. cyclic
Native template vs. de
novo

Use of database (e.g.
APD3, LAMP)

Artificial intelligence
screening

- Structure-activity
relationship analysis
with residue
substitution

- Hybridization

- Nanoparticles

- N- and C-terminal
modification

- L-to-D isomerization

- Introduction of
unnatural amino acids

- Validation of ”lead
compounds” in in vitro
conditions mimicking
physiological or disease
environment

- Mechanistic studies

- Secondary/tertiary
structure analysis

- Suitable animal models
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- Appropriate positive and
negative controls

- PK/PD study

- Nanoparticles to improve
bioavailability

FIGURE 1 | A potential strategy for streamlining the drug discovery and developmental pathway of HDP-based treatment, covering from designing of new HDP
treatment to conducting well-designed pre-clinical studies.
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TABLE 2 | Summary of different strategies in translating the therapeutic potentials of host defense peptides (HDPs).

Methods HDPs template

Strategies

Biological effects

Residue substitution

Lee et al. (40) HP ribosomal protein 1

Wang et al. (86) LL-37

Blondelle et al. (37) Melittin
Hybridization

Wei et al. (117) Cecropin and LL-37

Wu et al. (118) Melittin and LL-37

Boman et al. (112) Cecropin and melittin

Unnatural AA

Arias et al. (101) Indolicidin

Clemens et al. (100) Cecropin and magainin

Hicks et al. (103) Magainin
L-to-D isomerization

Jiaetal. (131) Polybia-CP
Manabe et al. (132) Sapesin B
Carmona et al. (130) Pandinin 2
C- and N- terminal modifications

Saikia et al. (139) MreB
Falciani et al. (148) M33
Dennison and Phoenix (143) Modelin-5

Cyclization

Mwangi et al. (161) Cathelicidin-BF

Scudiero et al. (160) HBD-1 and—3
Fernandez-Lopez et al. (154) De novo
Incorporation with nanoparticles

Comune et al. (171) LL-37

Casciaro et al. (176) Esculentin-1a

Chereddy et al. (169) LL-37
Smart design with artificial intelligence technology
Yount et al. (184)

Lee et al. (183)
Cherkasov et al. (182)

5,200 12-mer peptide sequence

572 alpha-helical peptides
Random 9-mer peptide database

Pro substitution
Ala/Val substitution
Trp substitution

Hybridization

Hybridization

Hybridization

Ornithine, DAB, DAP, Agb, and hArg

Ornithine

Tic-Oic

LDI

LDI
LDI

N-acetylation
C-pegylation
C-amidation

Cyclization

Cyclization
Cyclization of D,L-alpha peptides

Gold NP
Gold NP

PLGA NP

SVM-based classifier

SVM-based classifier
QSAR model using ANN

Increased antimicrobial efficacy
Increased antimicrobial efficacy
Reduced host tissue toxicity

Increased antimicrobial efficacy and reduced host tissue
toxicity
Increased antimicrobial efficacy and reduced host tissue
toxicity
Improved antimicrobial efficacy and reduced host tissue
toxicity

Improved antimicrobial activity against GN and
proteolytic stability

Good antimicrobial and anti-biofilm efficacies against GP
and GN

Increased antimicrobial activity against GP, GN and
mycobacterium and reduced host tissue toxicity

Improved proteolytic stability and reduced host tissue
toxicity
Improved antimicrobial efficacy against GP, GN and fungi

Reduced host tissue toxicity

Improved antimicrobial efficacy in salt
Increased proteolytic stability

Improved stabilization of alpha-helix and antimicrobial
efficacy

Increased antimicrobial and antibiofilm efficacies against
MDR-GN and good proteolytic stability

Increased proteolytic stability
Increased antimicrobial efficacy

Improved wound healing

Improved antimicrobial efficacy, wound healing, and
proteolytic stability

Improved wound healing

Identification of a unifying alpha-core signature of peptide
with good correlation with ability to generate NGC

Accurate prediction of peptide ability to generate NGC

Generation of highly active synthetic peptides against
MDR GP and GN, with low toxicity

Three representative examples are provided for each strategy, in order of chronology.
HR, Helicobacter pylori; GF, Gram-positive bacteria; GN, Gram-negative bacteria; DAB, 2,4-diamino-butyric acid; DAF, 2,3-diamino-propionic acid (DAP); Agb, (S)-2-amino-4-
guanidinobutyric acid; hArg, homo-arginine; Tic-Oic, tetrahydroisoquionolinecarboxylic acid-octahydroindolecarboxylic acid dipeptide; HBD, Human-beta-defensin; PLGA, Poly

lactic-co-glycolic acid; SVM, support vector machine; NGC, Negative Gaussian curvature; ANN, Artificial neural network; MDR, Multidrug resistant.

Risk of AMR Related to HDP

Although HDP-based treatment has long been envisioned
as a novel solution to tackle AMR, emerging evidence are
suggesting that HDPs could also develop AMR, albeit with a
lower risk than the conventional antibiotics (7, 195). Spohn
et al. (196) have highlighted the influence of physicochemical

characteristics of HDPs, including the proportion of polar
AAs, cationicity, and hydrophobicity, on the risk of developing
HDP-related AMR, thereby providing invaluable insights into
the design of future HDPs. Reassuringly, cross resistance
between HDPs was found to be limited to those with
similar modes of action, underscoring the importance
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and necessity of having HDPs with different antimicrobial
mechanisms within the therapeutic armamentarium of
antimicrobials (197).

With the advancement in peptide design strategy, synthesis
techniques and AI technology, it is hopeful that clinical
deployment of HDP-based treatment for a range of diseases will
soon become a reality. However, further studies will need to be
conducted to decipher the mechanism of HDP-related AMR in
order to prepare for the potentially self-perpetuating vicious cycle
of AMR in the future.

METHOD OF LITERATURE SEARCH

Electronic databases, including MEDLINE (January 1950-
March 2020) and EMBASE (January 1980-March 2020), were
searched for relevant articles related to host defense peptides.

Keywords such as “host defense peptide,” “antimicrobial peptide,”

? “unnatural amino acid,” “D-amino acid,’

“hybrid,” “cyclization,
“nanotechnology,” “nanoparticles,” “artificial intelligence,” and

“machine learning” were used. Only articles published in English
were included. Bibliographies of included articles were manually
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Jan Wehkamp'™ and Benjamin A. H. Jensen?*#

" Department of Internal Medicine I, University Hospital Ttbingen, Tubingen, Germany, 2 Faculty of Health and Medical
Sciences, Novo Nordisk Foundation Center for Basic Metabolic Research, Human Genomics and Metagenomics
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The occurrence and spread of multidrug-resistant bacteria is a prominent health
concern. To curb this urgent threat, new innovative strategies pursuing novel
antimicrobial agents are of the utmost importance. Here, we unleashed the antimicrobial
activity of human neutrophil peptide-4 (HNP-4) by tryptic digestion. We identified a
single 11 amino acid long fragment (HNP-44 _14) with remarkable antimicrobial potential,
exceeding that of the full length peptide on both mass and molar levels. Importantly,
HNP-44_11 was equally bactericidal against multidrug-resistant and non-resistant
strains; a potency that was further enhanced by N- and C-terminus modifications
(acetylation and amidation, respectively). These observations, combined with negligible
cytotoxicity not exceeding that of the full length peptide, presents proteolytic digestion of
innate host-defense-peptides as a novel strategy to overcome the current health crisis
related to antibiotic-resistant bacteria.

Keywords: host defense peptides, «-defensins, proteolytic digestion, multidrug resistance, HNP-4

INTRODUCTION

The spread and occurrence of new multidrug-resistant bacteria represents a prominent and
emerging health care threat on a global scale. At large, the pharmaceutical industry and
governments alike have failed to develop new antibiotics which has urged World Health
Organization (WHO) to call out for new cost-effective strategies to fight these devastating
pathogens (Tacconelli et al., 2018). A major challenge is the divergent motivation from society
vs. companies, where novel strategies are welcomed yet shelved by regulatory authorities. The
rationale behind such decisions, mitigating the risk of multidrug resistance while ensuring these
novel therapies in case of an outbreak, is justified, yet jeopardizes the costly development of novel
antibiotics. Thus, new cost-effective strategies more resilient to multidrug resistance are urgently
needed (Sukkar, 2013; Falagas et al., 2016). Host-defense-peptides (HDP) - previously known as
antimicrobial peptides (AMPs) — possess a broad range of antimicrobial properties, which could
be useful to develop new antimicrobials in the fight against resistant pathogens (Zasloff, 2002).
Defensins are the most prominent class of HDPs in humans. These small cationic molecules share
as a common motive six conserved cysteines, which from three disulfide bonds classifies them
into a- and B-defensins (White et al., 1995; Ganz, 2003; Selsted and Ouellette, 2005). Four of the
six human o-defensins are expressed by immune cells, namely human neutrophil peptides 1-4

Frontiers in Microbiology | www.frontiersin.org 157

June 2020 | Volume 11 | Article 1147


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2020.01147
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmicb.2020.01147
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2020.01147&domain=pdf&date_stamp=2020-06-03
https://www.frontiersin.org/articles/10.3389/fmicb.2020.01147/full
http://loop.frontiersin.org/people/887330/overview
http://loop.frontiersin.org/people/835129/overview
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Ehmann et al.

Peptide Fragment Combats MDR Bacteria

(HNPs), whereas the remaining two, human a-defensin 5 and
6 (HD-5 and HD-6) are expressed by Paneth cells in the small
intestine (Lehrer and Lu, 2012). All HNPs are processed from
propeptide to mature form during their trafficking activated
by proteolytic digestion in polymorphonuclear neutrophils
azurophilic granules (Valore and Ganz, 1992). These granules
fuse with the lysosome after phagocytosis of pathogens allowing
for context specific bactericidal activity (Ganz et al., 1985; Selsted
et al,, 1985). Based on the biological control of these processes it
is hypothesized that synthetic production of said peptides could
be used as an antibiotic tool against extracellular pathogens.
Yet, large-scale expression of accurately folded defensins is a
major cost-challenge. Inspired by our recent observation that
duodenal fluid degrades full length HD-5 to multiple biological
active fragments with different antimicrobial properties including
potency, efficacy and bacterial spectrum (Ehmann et al., 2019),
we hypothesized that enzymatic digestion of mature HDPs could
unleash their antimicrobial capacity and concomitantly solve the
production-cost challenge of full length peptides. To this end,
the least expressed HNP, HNP-4 (Harwig et al., 1992; Hu et al,,
2019), is more bactericidal against Gram-negative bacteria than
any of HNP-1-3 (Ericksen et al., 2005). While HNP-1-3 only
differs internally in the first amino acid sequence, HNP-4 is more
divergent combined with an increased negative charge ultimately
enhancing antimicrobial activity (Lehrer and Lu, 2012). We
used HNP-4 as precursor to identify new therapeutic agents. To
this end, tryptic digestion of the linearized full length peptide
liberated its antimicrobial potential. We identified a single
fragment with a remarkable bactericidal potency, exceeding the
MIC of the full length peptide on molar level. Surprisingly, we