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ABSTRACT

Orthopedic infections (ie, septic arthritis, osteomyelitis, or implant-related infections) are serious
conditions that can produce devastating outcomes to the patient. They pose formidable diagnostic
and therapeutic challenges. Because of an aging population, increase in prosthetic joint replace-
ments, and prevalence of diabetes, the rate of orthopaedic infections is increasing. As bacterial
pathogens are becoming progressively resistant to currently available antibiotics, novel and effica-
cious antimicrobial therapies are needed to treat orthopedic infections. Innate antimicrobial pep-
tides, such as defensins and cathelicidins, are part of the natural human immune system defenses
against bacteria. They exhibit very potent antimicrobial activity and high degree of selectivity to
target bacterial microorganisms without affecting mammalian host cells. Inducing expression of
endogenous antimicrobial peptides can replicate the function of antibiotics. Bacterial resistance has
not developed to antimicrobial peptides; hence, they offer very efficacious means to combat multi-
drug-resistant microbes. In this review, brief characteristics of antimicrobial peptides are provided

with the emphasis on their potential applications to treat and prevent orthopedic infections.
Level of Evidence: V; Descriptive review/Expert opinions.
Keywords: Orthopaedic infections; Antimicrobial peptides; Antibiotic resistant bacteria.

INTRODUCTION

With the rise of antibiotic-resistant bacte-
ria and an increased incidence of peripros-
thetic joint infection (PJI) [1], a need has
arisen for novel approaches to fighting in-
fections, in particular osteomyelitis. This
need is accentuated by the emergence of
multidrug-resistant bacteria resulting from

Corresponding Author:

Zbigniew Gugala, MD, PhD

Department or Orthopaedic Surgery and Rehabilitation
University of Texas Medical Branch

301 University Blvd, Suite 2.368

Galveston, TX 77555, USA

e-mail: zgugala@utmb.edu

DOI: 10.18600/t0j.020113

the overuse of antibiotics [2]. The need be-
comes increasingly important as 0.2-5.0%
of cases develop PJI where the most common
cause of infection is Staphylococcus strains
[3]- In particular, multiresistant Staphylo-
coccus aureus and vancomycin-resistant En-
terococcus faecium pose major risks for in-
fection in terms of osteomyelitis, as they are
recognized to cause infections in bones and
joints [1,2,4]. One of the main concerns sur-
rounding these multidrug-resistant bacteria
is the ability to form biofilms on the surface
of orthopaedic implants. Biofilms are a high-
ly structured community of bacteria thatare
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from 10 to 1,000 times more resistant to
drug therapies than planktonic bacteria
[3,5,6]. Because of the resistant nature of
these bacteria and the capability of biofilm
formation, treatment and control of the in-
fection are particularly challenging [1].
One appealing approach to combating these
multiresistant bacteria is through the use
of antimicrobial peptides. Antimicrobial
peptides are naturally expressed and uti-
lized by the innate immune system as an
additional layer of defense against patho-
gens [7]. Antimicrobial peptides are usually
cationic and are therefore selective towards
particular cell membrane compositions.
These peptides additionally serve as local
agents and prove to have very little sys-
temic impact, making them excellent candi-
dates for therapy [5]. There is great diversi-
ty between the structure and mechanisms
of action of these antimicrobial peptides,
which can impact the spectrum of microbes
against which they are active.

Cathelicidins and defensins are 2
classes of antimicrobial peptides expressed
in humans that exhibit therapeutic promise.
Cathelicidin peptides exhibit a great deal of
diversity in both their sequence and struc-
ture, but still are active as immunomodula-
tors and/or antimicrobial agents [8]. They
are cationic and small (12-97 residue) pep-
tides that possess anti-infective properties
[8]. One well studied cathelicidin is LL-37,
which is expressed in humans as part of
the innate immune response. Expression of
LL-37 is induced by infection; utilizing this
knowledge provides interesting therapeu-
tic or diagnostic opportunities [5,8].

Unlike cathelicidins, defensins pres-
ent a conserved scaffold of an antiparallel
B-sheet while still maintaining high diversi-
ty in the sequence [9]. Although a-defensins
show promise as a diagnostic tool [10,11]],
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the focus for therapeutic application lies on
B-defensins because they have a natural-
ly wider tissue distribution, constitutively
expressed or induced by bacteria or proin-
flammatory cytokines, and are able to act
as immune effectors [9]. Beta defensins
are known to be produced by osteocytes
and osteoblasts—an attribute which adds
to their appeal as a therapeutic option for
osteomyelitis and PJI [5]. The expression
of B-defensins is induced by infection in
the osteoblasts and osteocytes [12]. These
peptides are active at low concentrations
(10-100 pg/mL) and together are active
against Gram-positive, Gram-negative bac-
teria, mycobacteria, fungi, and enveloped
viruses [13]. Beta defensins contain 38-
42 residues, including 6 cysteine residues
linking C1 to C5, C2 to C4, and C3 to C6 [8].
The remainder of the sequence is highly
variable, demonstrating the conservation
of the scaffold with sequence diversity.
Beta-defensins are known to represent an
important part in the innate immune sys-
tem in humans. Immunological activity can
be observed in cases of osteoradionecrosis
(ORN), where viable bone close to the ne-
crotic bone expresses 3-defensin-1 (HBD-1),
HBD-2, and HBD-3 to provide immunologi-
cal functions [7]. These peptides because of
their residence in bone tissue, in addition to
having broad antimicrobial activity, chemi-
cal resistance, and lack of antigenicity, pro-
vide further evidence of being useful thera-
peutic agents in terms of osteomyelitis [14].

Current Status

Diagnosis of osteomyelitis is often difficult
and unclear regardless of routine inflam-
matory laboratory values, radiologic stud-
ies, and aspirate fluid and culture analysis
[15]. Thereis evidence that both a-defensins
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and LL-37 could be valuable in the diagnos-
tic process. In a recent study, synovial fluid
levels of a-defensins demonstrate nearly
100% sensitivity and specificity for diag-
nosis of PJI [15]. Virulence did not impact
the magnitude of response by a-defensins,
thereby eliminating concerns surrounding
low virulence and false negatives [16]. Al-
pha-defensins gain additional credibility
in diagnostic testing for osteomyelitis and
PJI by eliminating virulence as a diagnos-
tic hurdle. It is important to note that the
study included patients with antibiotic ad-
ministration and/or systemic inflamma-
tory arthropathies, which both frequently
frustrate the diagnostic process [15] LL-37
and HBD-3 appear to be equally impressive
candidates in terms of diagnostic capabil-
ities, both demonstrating significant local
upregulation in patients with PJI [5].

In addition to being able to use these
peptides as diagnostic tools, HBD-2 and,
more recently, HBD-3 demonstrates the
ability to be biocompatible and potentially
useful as therapeutic agents [17]. Attach-
ment of HBD-2 to implants as an antimicro-
bial technique has shown to prevent infec-
tion with 100% killing of E. coli (used as a
Gram-negative bacteria test) observed up
to 2 hours post-introduction of implant to
bacteria, and 60% killing observed 6 hours
post-introduction [2]. Although HBD-2 is
active against Gram-negative bacteria, it is
not active against Gram-positive bacteria
or fungi, such as yeast [4]. HBD-2’s inactivi-
ty against Gram-positive bacteria presents
a problem, with 80% of osteomyelitis cases
stemming from Staphylococcus aureus, a
Gram-positive bacterial strain [18]. HBD-2
also does notretain antimicrobial function-
ality at physiological salt concentrations,
which discourages its use as a therapeutic
agent [19]. Demonstrating the concept that
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defensins can be utilized to coat implants
and provide antimicrobial effects is an in-
tegral step toward developing novel tech-
niques for combating infection.

Unlike HBD-2, HBD-3 is known to
work over a broad spectrum of organ-
isms. HBD-3 is the most cationic 3-defen-
sin, as well as being the most potent anti-
bacterial agent displaying activity against
gram-negative bacteria, gram-positive
bacteria, fungi, such as yeast or Saccharo-
myces cerevisiae, and bacterial complex-
es, such as Burkholderia cepacea [4,20,21].
The activity against Staphylococcus aureus
and against multiple other multiresistant
bacterial strains is the most important
antimicrobial activity exhibited by HBD-3
[18]. HBD-3 is also known to have great-
er stability relative to HBD-2 and is able
to maintain its antimicrobial function at
physiological salt conditions, making it a
promising candidate for therapeutic use
[22]. In addition to stability and salt-insen-
sitivities, HBD-3 displays no hemolytic ac-
tivity using concentrations up to 500 pg/
mL [12]. This absence of hemolytic activity
indicates that HBD-3 could be a safe ther-
apeutic option as it is not active against
eukaryotic cells, more specifically, eryth-
rocytes. Higher concentrations of HBD-3
yield more potent effects on the multire-
sistant bacteria, which potentially could be
utilized without harming the patient.

Finally, HBD-3 demonstrates the ca-
pability to inhibit biofilm formation [3,6,23].
Because biofilm formation is a dynamic
process, it is important to look at which
stage of formation HBD-3 inhibits. By look-
ing at dItB and icaA levels, 2 bacterial genes
known to assist in biofilm formation, some
mechanistic details can be revealed [23].
HBD-3 appears to stimulate icaA upregu-
lation but appears to not have a significant

117




McCaskey et al.

impact on dItB. This effect is significant as
vancomycin and clindamycin, 2 commonly
used antibiotics, illicit a moderate increase
in icaA transcription but significantly in-
duce the upregulation of dItB transcription
[23]. The differences in regulation patterns
of icaA and dItB indicate that the mecha-
nism of inhibition demonstrates a more
complicated effect of HBD-3 compared to
vancomycin and clindamycin on icaA and
dItB regulation [23]. Even though the regu-
lation patterns of vancomycin, clindamycin,
and HBD-3 are different, the effectiveness
against biofilms does not appear to be im-
pacted. As the concentration of vancomy-
cin, clindamycin, and HBD-3 increases, the
bacterial colonies decrease during the bio-
film adhesion phase, or first phase, of bio-
film formation [6]. In the biofilm formation
phase, when the concentration of HBD-3
and clindamycin are greater than the MIC,
there is significant inhibition of biofilm
formation. This finding illustrates more
sensitivity than vancomycin, where the
concentration necessary to inhibit biofilm
formation increases to between 2 times
and 4 times the MIC [6]. In the biofilm initial
mature phase, inhibition potency starts to
waver between the 3 antibacterials, where
HBD-3 significantly reduces the biofilm
area in both the 2 times and 4 times the
MIC groups. Clindamycin also reduced the
biofilm area in both the 2 times and 4 times
the MIC groups; however it exhibited less
potency on already formed biofilms than

HBD-3 [6]. Vancomycin did not affect the
biofilm area, exhibiting even less potency
on already formed biofilms than both clin-
damycin and HBD-3. Because of the stabili-
ty of HBD-3, the broad-spectrum action dis-
played by HBD-3, and the impact HBD-3 has
on biofilm formation, HBD-3 is considered
to be the most promising class of defensin
antimicrobial peptides, especially in terms
of therapy for orthopaedic implant-related
infections [3,6].

Future Prospects

HBD-3 stands out amongst other peptides
as a good candidate for combating ortho-
paedic implant-related infections and os-
teomyelitis. The amino acid sequence along
with the secondary structure created by
the particular amino acids is illustrated by
Figure 1 [22].

A 3-dimensional model of HDB-3 is
depicted in Figure 2, illustrating the sec-
ondary structure present throughout HBD-
3 as well as indicating the positions of the 3
disulfide bonds indicated in yellow [22]. Itis
apparent that there is no tertiary structure
present in HBD-3, which introduces options
in terms of making the peptide itself.

There are 2 main ways to obtain
HBD-3, peptide synthesis or vector recom-
bination. As mentioned above, the lack of
tertiary structure and the small size of
HBD-3 make peptide synthesis a strong pos-
sibility in terms of obtaining viable peptide.

HBD-3 GIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRGRKCCRRKK

—_— RN

o—helix

B1 strand

= —

B2 strand B3 strand

Figure 1. The amino acid sequence and secondary structure of HBD-3 [22]. It is clearly
illustrated that 3 beta sheets are present as well as an alpha helix at the N-terminal.
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Figure 2. The cartoon rendition of the fold-
ing pattern of HBD-3. The alpha helix is
located towards the N-terminal of the pep-
tide, whereas (3 unit within the antipar-
allel beta sheets acts as the anchor of the
protein configuration [22].

Recombination techniques can also be uti-
lized for creating HBD-3, although they are
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more complicated because the short pep-
tides are on the limit of having adequate ex-
pression, as well as the peptide itself being
toxic to the bacteria cells [20]. Even though
it is markedly more complicated, there are
ways to accomplish expression of HBD-3 in
bacteriaas charted below in Table 1 [20]. The
chart shows the optimal conditions for suc-
cessful recombination, including bacteria
type, fusion partner protein, method of fu-
sion cleavage, and expected expression level.

With this information HBD-3 can be
produced. Once the production and purifica-
tion of HBD-3 is complete, testing to deter-
mineantimicrobial activity canbe conducted
by introducing HBD-3 to a variety of bacte-
rial strains and observing the viability of
the bacteria. After the antimicrobial activity
of the produced HBD-3 is confirmed, coating

Table 1. Recombination Technologies for Production of Defensins and Their
Estimated Expression Levels Reported in the Literature.

Defensin Expression Fusion Partner Protein Fusion Expression Ref.
System Cleavage Level
hBD1 E. coli LightMeromyosin (LMM)  Protease 4 1 %‘% Ig:ﬁf 8 24
hBD2 0.346 g/L 25
hBD3 Thioredoxin (trxA) Enterokinase 0.210g/L 26
hBD4 0.689 g/L 27
};11\1131351-63 trp ALE 1413 polypeptide CNBr 1.5-3.2mg/L. 28
Glutatione-S-transferase;
hNP1 S.aureus P. aeruginisa protein; CNBr NA 29
S.aureaus protein
Yeast cells
hBD1 S. cerevisiae 55 pg/ml. 30
hNP1, hNP5 Insect cells i . i i
hBDLhBD2  Baculovirus Pre-pro defensin CNBr 3-5pg/mL  31-33
Green fluorescent .
hBD2 Cell free protein (GFP) Enterokinase 1.2 mg/mL 34
hBD2 Thioredoxin (trxA) CNB 2 mg/mL 35,36
TOJ 2(1):115-122, 2016 119




McCaskey et al.

orthopaedic implants with bioactive pep-
tides can be tested [2,17]. The use of HBD-
3 as an antimicrobial coating on orthopae-
dic implants to combat biofilm formation
of multidrug-resistant bacteria in the body
can then be studied. The potential exists to
further lower the incidence of osteomyelitis
and implant-related infections without fur-
ther inducing bacterial resistance. HBD-3
shows promise in as a bioactive agent that
can prevent bacterial colonization and bio-
film formation on orthopaedic implants [2].
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