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Background:Human�-defensins are predominantly expressed in themale reproductive system, but their functions remain
unknown.
Results: Recombinant human DEFB114 rescues human sperm motility and D-GalN-sensitized mice under LPS challenges
through its LPS-neutralizing activity.
Conclusion: Recombinant DEFB114 peptides have therapeutic potential for LPS-induced inflammatory diseases.
Significance: This work contributes to unveiling novel functions of human �-defensins that are crucial for addressing their
physiological and pathological mechanisms.

Lipopolysaccharide (LPS) is an important pathological factor
involved in serious inflammatory diseases and male reproduc-
tive impairments. Emerging evidence demonstrates that antimi-
crobial peptides possess protective activity in response to LPS-
induced inflammation. However, the LPS-binding and/or
immunosuppressive activity of �-defensins (DEFBs) has been
underestimated. In the present work, we characterized a novel
human defensin, DEFB114, which was expressed predomi-
nantly in the epididymis and gingival cells at the RNA level.
Homogenous recombinant DEFB114 peptides were prepared
and characterized using mass spectrometry. DEFB114 protein
exhibited a broad spectrum of antimicrobial activity with salt
sensitivity against typical pathogenic microbes (i.e. Escherichia
coli, Staphylococcus aureus, and Candida albicans). Interest-
ingly, DEFB114 demonstrated novel LPS-binding activity in
vitro and inhibited TNF-� release in RAW264.7 cultures
through the inhibition of MAPK p42/44 when challenged with

LPS. Moreover, DEFB114 could also rescue the LPS-induced
reduction of human spermmotility in vitro and protect D-galac-
tosamine-sensitized C57BL/6 mice from LPS-induced lethality
in vivo. The protective activity of DEFB114 on RAW264.7,
human sperm, and the D-galactosamine-sensitized mice was
disulfide bond-dependent because alkylated DEFB114 lost its
activity. The low cytotoxicity of the DEFB114 peptide toward
human erythrocytes is indicative of its potential therapeutic use
in the treatment of LPS-induced inflammation, LPS contamina-
tion, and potentially septic shock.

The abuse of conventional antibiotics has led to the increas-
ing emergence of resistant pathogenic bacteria, which remain
one of the gravest challenges facing modern medicine (1).
Moreover, antibiotic treatment could stimulate the release of
an excess of lipopolysaccharide (LPS), a major constituent of
the outer membrane of Gram-negative bacteria (2) that causes
serious sepsis or inflammatory responses. LPS can be opsonized
by LPS-binding protein and transferred toCD14 to forma com-
plex that is recognized by Toll-like receptor 4 (TLR-4),5 which
ismainly expressed onmonocytes andmacrophages (3), to acti-
vate the immune system. LPS is considered one of the most
potent initiators of inflammatory cytokines and a crucial medi-
ator of sepsis and septic shock (2). Therefore, the enhanced
release of LPS induced by antibiotics might exacerbate existing
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inflammation and promote further damage in inflamed areas.
In the United States alone, over 600,000 cases of sepsis and
120,000 cases of death are reported on an annual basis (4). To
date, no treatment is available to combat sepsis-mediated
lethality (5).
In males, 1) neonatal exposure to LPS in rats has an immedi-

ate impact on gonocyte genesis in addition to its impairment of
the onset of puberty and sexual performance in late adulthood
(6); 2) LPS also increases the levels of proinflammatory and
oxidative stressmarkers in the testis (7) and causes apoptosis of
germ cells (8); and 3) acting through the LPS receptor TLR-4,
which is expressed on the membrane of human and mouse
sperm, LPS reduces sperm motility, induces sperm apoptosis,
and significantly impairs the potential for fertilization (9). Con-
versely, molecules that neutralize LPS activity, such as poly-
myxin B, rescue LPS-induced spermmotility loss and apoptosis
via the reduction of LPS binding to TLRs (10). Alternatively,
antioxidant and/or anti-inflammatory reagents, such as L-car-
nitine, also ameliorate proinflammatory and oxidative stress
and display protective roles against infertility in severely
infected or septic males (7). Thus, molecules with LPS-neutral-
izing activity and anti-inflammatory effects may have physio-
logical and therapeutic significance. Their common mecha-
nism is also an important clue for the screening of new
therapeutic targets.
Fortunately, males have developed an array of natural mech-

anisms to combat bacteria and LPS. Antimicrobial peptides
(AMPs), as ancient evolutionary cationic peptides, protect their
hosts against a vast array of microorganisms. The most high-
lighted human AMPs are cathelicidins and defensins. Males
preferentially express �-defensin (DEFB) gene clusters in their
reproductive tract, particularly in the epididymis and testis
(11). The defensin family is viewed as an effective antimicrobial
and immunomodulatory protein family in inflammatory dis-
eases (12). Some human epididymal DEFBs, such as DEFB118
(formerly ESC42), SPAG11E (also known as Bin1b), and
DEFB126, possess both antimicrobial and diverse functions in
sperm fertility. Moreover, a previous study suggested that
defensins might play roles in the protection against LPS-in-
duced inflammation because the intraperitoneal injection of
rats with LPS increased the production of Spag11 variants and
major defensin expression in the male reproductive tract (13).
However, in a rat model of epididymitis, LPS-induced epidid-
ymitis decreased the expression of epididymal�-defensins, dis-
rupted SPAG11E expression, and resulted in the impairment of
spermmotility (14). The controversial reactions of SPAG11E in
response to LPS reflect the complexity of �-defensins in the
inflammatory response. The underlyingmechanisms remain to
be addressed.
It seems that the antimicrobial activity of DEFBs is only the

tip of the iceberg in their extensive network of interactions
within the immune system and reproductive system. Because of
the notion that DEFBs have relatively low LPS neutralization
potency (5, 15, 16), the emerging novel LPS-binding capacity of
DEFB123 and its ability to inhibit LPS-mediated effects in vitro
and in vivo (17) suggest that the LPS neutralization potency of
DEFBs might be underestimated. So far, a total of 39 potential
human DEFB genes have been identified (18, 19). However, no

human DEFB protein products, except for DEFB123 (17), have
been tested regarding their LPS-binding capacity and inhibi-
tory effects on LPS-mediated inflammation in vitro and in vivo.
DEFBs that are preferentially expressed in the male reproduc-
tive tract (11) should be revisited because AMPs are known to
modulate the immune response via binding to LPS and block-
ing LPS-dependent cytokine induction efficiently, exhibiting a
therapeutic significance for severe Gram-negative infections
and aggressive antibiotic therapies (12, 20).
Recently, we have been interested in a novel human �-defen-

sin, DEFB114 (GenBankTM ID 245928; chromosome 6p21)
(18), which was reported to be expressed in the epididymis and
saliva according to the records in the BioGPS database. The
most predominant expression of DEFB114 RNA is in the epi-
didymis, where it is expressed 2-fold higher than in saliva. Its
constitutive mRNA expression in gingival keratinocytes was
induced by interleukin (IL)-1� and Candida species (21).
Thereby, this peptide was speculated to play a dual role in host
defense and fertility. To date, neither the active human
DEFB114 peptide nor its functions have been reported. In the
present study, we demonstrated that the recombinant human
DEFB114 peptide, besides its antimicrobial potential, not only
possesses LPS-binding activity and anti-inflammation effects in
vitro and in vivo, but could also protect human sperm from
motility loss when challenged with LPS. Our data suggest that
the LPS-neutralizing and anti-inflammation potency of DEFBs
might have been underestimated and needs to be revised care-
fully. DEFB peptides could also be a natural candidate pool for
anti-LPS and anti-inflammation peptide screening.

EXPERIMENTAL PROCEDURES

Expression of DEFB114 in the Human Epididymis—Human
epididymis was obtained from an adult male donor who died in
an accident. This procedure followed the ethical guidelines of
the Institute of Biochemistry and Cell Biology. One of the
donor’s epididymides was dissected into the caput, corpus, and
cauda regions according to their morphological features (22) to
extract RNA and proteins. The other epididymis was fixed, par-
affin-embedded, and sliced for immunostaining. DEFB114
expression at the RNA level in the human epididymis was con-
firmed by RT-PCR using the forward primer 5�-ATGAG-
GATCTTTTACTATCTCC-3� and reverse primer 5�-AAA-
CATATCATCTTCTTCATA-3�. The PCR program consisted
of the following: step 1, denaturation at 94 °C for 5 min; step 2,
25 cycles of reaction (94 °C for 30 s, 57 °C for 30 s, and 72 °C for
45 s); and step 3, 72 °C for 5 min. The DEFB114 protein in the
human epididymis of the caput, corpus, and cauda regions was
also detected with the purified antibody in Western blotting
(1:2000 dilution) and immunohistochemistry staining (1:100
dilution) assays.
Expression and Purification of the Recombinant DEFB114

Peptide—The expression vector pTWIN1 and restriction
enzymes were purchased from New England BioLabs Co., Ltd.
(Beijing, China). Ex TaqDNA polymerase and T4 DNA ligase
were from Takara Co., Ltd. (Dalian, China). Escherichia coli
DH5� and BL21 (DE3) strains were employed for subcloning
and recombinant protein expression, respectively.
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The general approach was as described previously (23). The
signal peptide sequence was predicted using SignalP version
3.0. The sequence encoding the mature DEFB114 peptide was
amplified and inserted into pTWIN1 in framewith the SapI and
PstI sites. The forward and reverse primers were 5�-CAG-
GCTCTTCTAACGATCGTTGCACC-3� and 5�-CACCTG-
CAGTTAAAACATATCATCTTCTTC-3�, respectively. The
recombinant constructs were verified by sequencing and trans-
formed into competent E. coliBL21 (DE3) cells. A single colony
was cultured in 1 liter of Luria-Bertani (LB)medium containing
100 �g/ml ampicillin with shaking at 37 °C. When the A600 nm
reached 0.8–1.0, protein expression was initiated by the addi-
tion of 0.3 mM isopropyl 1-thio-�-D-galactopyranoside fol-
lowed by shaking at 16 °C for 14–16 h. Cells harvested by cen-
trifugation (5,000 � g for 10 min) were resuspended in 30ml of
lysis buffer (20 mM sodium phosphate buffer, 0.5 M NaCl, 0.1
mM EDTA, 0.1% Triton X-100 (v/v), pH 8.5) and lysed by son-
ication on ice at 200 watts for 5 min. The supernatant was sep-
arated by centrifuging at 12,000 � g (4 °C for 30 min) and co-
incubated with 10 ml of chitin beads (New England BioLabs)
with gentle shaking at 4 °C for 30 min. The standard protocol
(New England BioLabs) was applied for the purification of the
fusion protein. Briefly, the beads were washed with 20 volumes
of washing buffer (20mM sodium phosphate buffer, 0.5 MNaCl,
0.1 mM EDTA, 0.1% Triton X-100, pH 8.0), followed by the
addition of 5 volumes of cleavage buffer (20 mM sodium phos-
phate buffer, 0.5 M NaCl, 0.1 mM EDTA, pH 5.5, in sterile pyro-
gen-free water) and subsequent incubation at room tempera-
ture overnight. Then 20 �l of the chitin beads loaded with the
fusion protein before and after co-incubation with cleavage
buffer were added separately to equal volumes of 2� SDS-
PAGE loading buffer, boiled in a water bath, and subjected to
SDS-PAGE analysis to assess cleavage efficiency. The ratio of
the target protein to total proteins was evaluated by analyzing
the images of the SDS-polyacrylamide gels using the Gel Image
System (TANON Co., Shanghai, China).
The peptides were concentrated and purified using fast pro-

tein liquid chromatography (FPLC) system on a Superdex-75
column (GE Healthcare) with elution buffer (20 mM sodium
phosphate buffer, 50 mM NaCl, pH 5.5, in sterile pyrogen-free
water) at a flow rate of 0.5 ml/min. A Pierce BCA protein assay
kit (Fisher) was used for the quantitative analysis of protein
concentrations. The recombinant DEFB114 was then analyzed
by high performance liquid chromatography (HPLC; Agilent
1200) with a Agilent ZORBAX 300SB-C8 column (4.6 � 150
mm, 5 �m) using mobile phases A and C with a two-step linear
gradient of 0–5%C in the first 5.0min, followed by 5.0–100%C
in the next 25 min (mobile phase A, 0.1% trifluoroacetic acid
(TFA); mobile phase C, 0.1% TFA, 90% acetonitrile-water).
Matrix-assisted Laser Desorption Ionization Time-of-flight

(MALDI-TOF) Mass Spectrometry and LC-MS/MS Analysis—
Identification of the recombinant DEFB114 peptide was per-
formed using MALDI-TOF mass spectra recorded on a Bruker
Microflex MALDI-TOF MS spectrometer. The sample was
added to an equal volume of the matrix (2,5-dihydroxybenzoic
acid). The instrument was operated in the positive ion/linear
mode with an accelerating voltage of 20 kV.

In order to determine the disulfide connectivity of DEFB114
bymass spectrometry, trypticmap analysis was performed. The
buffer of the DEFB114 protein was exchanged to 50 mM

NH4HCO3 (pH 7.8), and the protein concentration was
adjusted to 1mg/ml before digestion.Digestion of theDEFB114
protein was conducted by adding modified trypsin to a final
protease/protein ratio of 1:50 at 37 °C for 24 h according to the
usage information of the sequencing grade modified trypsin
(Promega V5113). The products of digestion were centrifuged,
and the supernatant was analyzed by an Agilent HPLC system
model 1200with anAgilent ZORBAXEclipseXDB-C18 column
(4.6 � 150 mm, 5 �m). The complex disulfide linkages in the
protein were determined by capillary LC-MS/MS using Easy
nLC1000 HPLC system and Thermo Q Exactive mass spec-
trometry (Fisher) in Shanghai Applied ProteinTechnology Co.,
Ltd.
Reduction and Alkylation of Recombinant DEFB114—Re-

combinant DEFB114 (20 �M) was reduced with different con-
centrations of dithiothreitol (DTT; 1, 5, and 20 mM) for 30 min
at 37 °C in 10 mM phosphate buffer (pH 7.4) and then alkylated
with 30 mM iodoacetamide for 1 h at 25 °C in the dark. The
reaction was stopped by adding 30 mM cysteine and incubated
for 30 min at 25 °C. The alkylated peptide was then analyzed by
mass spectrometry.
To evaluate the effects of the alkylated peptide on cell level

and animal models, the modified peptide was concentrated
using a Millipore 3-kDa membrane, and buffer exchange was
performed by passing it through a Sephadex G-15 column pre-
equilibrated with 10 mM phosphate-buffered saline (PBS; pH
7.4). The protein was adjusted to 0.5–1.0 mg/ml and filtered
through a sterile 0.2-�m membrane. The sterile sample was
stored at 4 °C in the dark before use.
Antimicrobial and Hemolytic Assays—The antimicrobial

activity of DEFB114 was determined by using the colony-form-
ing unit (cfu) assay as described previously (24). The culture
media for E. coli K12D31, Staphylococcus aureus, and Candida
albicans were LB broth, Mueller-Hinton Broth, and YPD,
respectively. To assess the salt tolerance of the peptide, 40
�g/ml DEFB114 was incubated with the above strains in the
presence or absence of 150 mMNaCl. Individual microbial col-
onies were counted manually, and antimicrobial activity was
calculated as described previously (23). All of the values were
the averages of three measurements conducted in triplicate.
The peptide concentration at which no viable colonies were
formed served as the minimum microbicidal concentration.
The hemolytic activity of DEFB114 was determined as

described by Kluver et al. (25) with minor modifications. Syn-
thetic human cathelicidin LL-37 (GL Biochem, Shanghai,
China) was used as a positive control (26). The absorbance at
450 nm for saline- and 0.1% Triton X-100-treated erythrocytes
served as the 0 and 100% hemolysis controls, respectively.
Hemolysis was calculated as described previously (25). All
measurements were themeans of three experiments conducted
in triplicate.
Affinity of DEFB114 for LPS-Sepharose Beads—LPS from

E. coli O111:B4 (Sigma-Aldrich) was cross-linked to CNBr-ac-
tivated Sepharose 6B (GE Healthcare) according to the manu-
facturer’s instructions. The Purpald assay was used to deter-
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mine the coupling efficiency (27). Purified DEFB114 peptides
(2.0mg) were added to 100�l of LPS-conjugated beads in bind-
ing buffer (10 mM sodium phosphate buffer, pH 7.4). After pre-
incubation at room temperature for 30min, the suspensionwas
separated by centrifugation at 1,000 � g for 1 min. The beads
were eluted with the binding buffer at different NaCl concen-
trations (0.1, 0.5, 1.0, and 2.0 M) followed by elution with 4 M

urea. The eluate was subjected to SDS-PAGE analysis.
The specificity of the affinity of DEFB114 for the LPS beads

was determined by adding competitive LPS at different concen-
trations to the binding buffer. After washing with the binding
buffer, the protein bound to the beads was eluted with 4 M urea
in the binding buffer and analyzed on 15% SDS-polyacrylamide
gels.
AffinityMeasurements between LPS andDefensin Proteins by

Fortebio’s Octet System—Purified protein was diluted or dia-
lyzed in dialysis buffer (20 mM sodium phosphate, pH 7.4) and
biotinylated at room temperature for 30 min. The unconju-
gated biotin was removed by Zeba Spin desalting column (cat-
alogue no. 89882, Fisher). The biotin-conjugated protein was
diluted to 50 �g/ml. The sensors (Super Streptavidin) were
prewet in dialysis buffer for 15 min prior to use and then were
loaded with biotinylated proteins for 15min. The sensors with-
out loading of biotinylated proteins were used as controls to
correct base-line drift. LPSwas prepared in a serial dilution (10,
5, 2.5, 1.25, 0.6, and 0.3 �M) in a 96-well plate. The measure-
ments were carried out automatically at room temperature.
Cells and Conditions—Macrophages (RAW264.7) were

obtained from the American Type Culture Collection and cul-
tured in Dulbecco’s modified Eagle’s medium (Invitrogen) sup-
plemented with 100 units/ml penicillin, 100 mg/ml streptomy-
cin, 2 mM L-glutamine, and 10% fetal calf serum. The cells were
grown at 37 °C and 5% CO2 in humidified air. The cells were
seeded in 96-well plates at 1.0 � 105 cells/ml or 6-well plates at
2.0 � 106 cells/ml. To explore the effects of DEFB114 on the
inflammatory response of macrophages, we followed the pro-
tocols that had been utilized in the research of DEFB123 (17)
with minor modification. RAW264.7 cells were preincubated
with or without DEFB114 in cell culture medium for 30 min
before the addition of LPS (E. coliO111:B4, Sigma-Aldrich) and
further incubated for 5 h. For MAPK determination experi-
ments, the cells were stimulated for 15 min. Tumor necrosis
factor-� (TNF-�) levels per 50 �l of cell culture supernatant
were determined using a mouse cytokine enzyme-linked
immunosorbent assay (ELISA) kit (Pierce) according to the
manufacturer’s instructions. For alkylated DEFB114, similar
assays were conducted. The corresponding dose-response data
were normalized based on the total amount of TNF-� release in
relation tomediumalone (equal to 100%). All experimentswere
performed in triplicate.
Western Blot Analysis of MAPK—RAW264.7 cells were pre-

incubated in cell culture medium with or without DEFB114 for
30 min before the addition of LPS (50 ng/ml) (E. coli O111:B4;
Sigma-Aldrich). For MAPK determination experiments, the
cells were stimulated with LPS for 15 min. The cells were lysed
with 2% SDS and incubated in a water bath at 100 °C for 5 min.
Supernatantswere separated by centrifugation at 12,000� g for
30 min at 4 °C, and protein concentrations were determined

using the BCA method. Thirty micrograms of protein per well
were loaded to analyze p44/42 MAPK (Rabbit mAb 4695,
1:10,000; Cell Signaling Technology) and phospho-p44/42
MAPK (rabbit mAb 4370, 1:10,000; Cell Signaling Technology)
in comparison with �-actin as a control (rabbit mAb 4970,
1:10,000; Cell Signaling Technology) in Western blots. Goat
anti-rabbit IgG-HRP antibody A0545 (1:80,000; Sigma-Al-
drich) was the secondary antibody.
Animal Assays—Care and treatment of the animals was

based on the institutional animal care policies of Shanghai
Institute of Planned Parenthood Research. Male C57BL/6mice
(specific pathogen-free) with body weight ranging from 20 to
22 g were purchased from SIPPR-BK Animal Co., Ltd. (Shang-
hai, China). D-Galactosamine (D-GalN) and LPS derived from
E. coli (strain O111:B4) were purchased from Sigma-Aldrich.
All dilutions were conducted in 0.9% NaCl (w/v) in endotoxin-
free water. Before injection, either DEFB114 or alkylated
DEFB114was added to the LPS saline solution and incubated at
37 °C for 15min. C57BL/6mice were injected intraperitoneally
with D-GalN (50 mg/0.2 ml of saline), LPS (100 ng/0.2 ml of
saline) with either DEFB114 or alkylated DEFB114, and saline
alone (0.2ml). Deaths due to LPS-induced sepsis were recorded
at 10 and 24 h postinjection.
To further evaluate the therapeutic potential of DEFB114,

C57BL/6 mice were injected intraperitoneally with 100 ng of
LPS on one side and then injected with either DEFB114 or alky-
lated DEFB114 in 0.5 ml of saline on the opposite side. Con-
comitantly, all mice were sensitized with sterile D-GalN (50
mg/0.2ml of saline) solution. Deaths due to LPS inductionwere
recorded at 10 and 24 h postinjection.
Semen Samples and Human Sperm Motility Assays—Semen

samples were collected bymasturbation after 3–5 days of absti-
nence, and the sperm parameters were evaluated according to
the criteria of the World Health Organization (49) including
the volume of semen, sperm concentration, motility, and mor-
phology as well as leukocyte concentration. With informed
consent, the semen samples obtained from each individual
were tested separately. Semen samples were first liquefied at
37 °C for 30 min. Sperm was collected by centrifugation at
300 � g for 5 min at room temperature and resuspended in
human tubal fluid medium containing 10% serum substitute
supplement to 2–5 � 106 sperms/ml. Then 200 ng/ml LPS,
10–50 �g/ml DEFB114, or 10–50 �g/ml alkylated DEFB114
were added to the culture medium and mixed gently. The mix-
ture was incubated for 0–6 h at 37 °C under a 5% CO2 atmo-
sphere. At the end of the incubation, spermmotility parameters
were measured by a computer-aided semen analysis system
(Cyto-S, VideoTesT Co., Saint-Petersburg, Russia).

RESULTS

Expression of DEFB114 in the Human Epididymis—Human
DEFB114 has been discovered by using a computational search
strategy (18) in the human �-defensin gene clusters. DEFB114
shares conserved cysteine pairing and spacing between cysteine
bridges in alignments with typical �-defensins (Fig. 1a).
Although DEFB114 expression was detected at the transcrip-
tional level in gingival tissues and keratinocytes (19), data sets
from the U133plus2 Affymetrix microarray of a survey across
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130 diverse normal human tissues in the BIOGPS database
showed that it wasmost intensively expressed in the epididymis
corpus. The relative expression level of DEFB114 in the epidid-
ymis is nearly 2-fold higher than in saliva according to the
microarray data. No function has been assigned to this gene so
far. We identified the expression of DEFB114 mRNA in the
caput and corpus regions of the human epididymis by RT-PCR
analysis (Fig. 1b). DEFB114 proteins were also detected in the
human epididymis by Western blotting and immunohisto-
chemistry staining using a purified antibody raised in our labo-
ratory (Fig. 1, c and d). A band of �5 kDa was detected in the
caput and corpus, but not in the other portions of the epididy-
mis (Fig. 1c). Immunohistochemistry confirmed that the posi-
tive signal was confined to the caput epididymal epithelia and
was also present in part of the corpus epididymal epithelia (Fig.
1d). The generation of the antibody followed the protocols
described previously (28). The antibody could recognize �5 ng
of antigen protein in Western blot assays.
Expression, Purification, and Characterization of Recombi-

nant DEFB114 Protein—Obtaining active DEFB114 peptide
was an essential step to address the roles of DEFB114 in immu-

nity and fertility. In the present study, we used an approach of
intein-mediated fusion expression and purification because it is
simple, economical, and effective in the study ofDEFBs (23, 24),
which has been successfully demonstrated in our laboratory.
Human DEFB114 was fused with Ssp intein and a chitin-bind-
ing domain (Fig. 2a). This construct facilitated the simple and
fast purification of DEFB114 after expression by binding to chi-
tin beads and efficient autocatalyzed cleavage to release the
mature peptide. The expression, purification, and autocata-
lyzed cleavage of the fusion protein were analyzed by SDS-
PAGE. The efficiency of pH-induced cleavage was �40% (Fig.
2b) under optimized conditions. The mature DEFB114 pep-
tides were ultrafiltrated and purified with a Superdex-75 col-
umn (GE Healthcare) (Fig. 2c). The yield of the purified
DEFB114 peptide was 5–8 mg for 1 liter of LB broth.
To evaluate the peptide quality, the purified peptide was ana-

lyzed with MALDI-TOF mass spectrometry. The construct
used allowed the production of mature peptides without extra
amino acid residues to avoid possible interference with the
properties of DEFB peptides. The measured molecular mass
(5,218.07 Da) was consistent with the theoretical value of

FIGURE 1. Expression patterns of DEFB114 mRNA and protein in the human epididymis. a, amino acid sequences of five mature human �-defensins
(DEFB114, DEFB101, DEFB102, DEFB103, and DEFB104) were aligned using the program ClustalX (48). The identities are indicated by the histograms below,
where larger histograms correlate with higher identities. Asterisks and the shaded letters indicate conserved cysteine residues. DEFB114 expression in the caput
(Cap), corpus (Cor), and cauda (Cau) regions of the human epididymis was determined by RT-PCR (b) and Western blot (WB) (c). The protein extract was loaded
at 50 �g/lane, and the antibody was diluted at 1:1,000. d, immunostaining of the DEFB114 protein in the caput, corpus, and cauda segments of the human
epididymis. The brown color in the tissues indicates a high level of DEFB114 expression.
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5,218.4 Da (Fig. 2d). These data demonstrated that there were
no extra vector-derived residues in the DEFB114 peptide,
which was in accordance with our previous design.
Because �-defensins have conserved C1-C5, C2-C4, and

C3-C6 cysteine pairing patterns (29), characterization of the
closely spaced, complex disulfide bond patterns in the
DEFB114 peptide was a challenge. We chose capillary
LC-MS/MS to identify the complex disulfide bonds of
DEFB114 peptides. The DEFB114 peptides and their tryptic
products were analyzed by HPLC using an Agilent ZORBAX
300SB-C8 column (Fig. 2e) and an Agilent 20RBAX Eclipse
XDB-C18 column, respectively, and the peaks were verified by
MALDI-TOFmass spectrometry (supplemental Fig. 1) prior to
LC-MS/MS analysis. The trypticDEFB114 products containing
complex disulfide bonds were then analyzed by LC-MS/MS
using the Easy nLC1000 HPLC system and Thermo Q Exactive
mass spectrometry (Fisher). The ion in the full-scanmass spec-
trum of one peak was a doubly charged ion at m/z 646.3278
resulting in a measured [M � 2H]2� of 1,291.6482 Da, which
matched for a disulfide-linked pair of peptides (QIDICSLPR
andCK). Themass (calculated [M� 2H]� 932.8928Da) of this
ion matches for a complex disulfide-linked fragment (CTK,
ICCTEK, and DCLESEK). The MS/MS spectra were manually
matched to determine the disulfide bond pairings, and the
results demonstrated that the purified tryptic peptides carried
correct disulfide bonds (Fig. 2, f and g). The extracted ion chro-
matogram analysis (supplemental Fig. 2) also demonstrated
that the signals of the fragments were reliably related with the
disulfide bond pairing patterns (Cys10–Cys24, Cys3–Cys31,
Cys14–Cys32).
Antimicrobial Activity and LPS-binding Activity of DEFB114

in Vitro—In this study, diverse microbes were used to evaluate
the antimicrobial activity of the recombinantDEFB114peptide.
The recombinant DEFB114 peptide exhibited dose-dependent
antimicrobial activity against E. coli K12D31, S. aureus, and
C. albicans, which are representatives of Gram-negative bacte-
ria, Gram-positive bacteria, and fungi, respectively (Fig. 3a).
The minimum microbicidal concentration values were meas-
ured to be 45, 50, and 65 �g/ml for the three microbial strains,
respectively. As a common feature, the recombinant DEFB114
peptide showed impaired antimicrobial activity with elevated
concentrations of NaCl (Fig. 3b). The survival rate of E. coli
K12D31 was increased to 44.3% following the addition of 150
mMNaCl. However, the increments were only 8.6 and 16.6% for
S. aureus and C. albicans, respectively.
Using the active recombinant DEFB114 peptide, we demon-

strated that DEFB114 was a typical �-defensin molecule with a
broad range of antimicrobial activity and salt sensitivity in vitro.
These observations were consistent with the expression of
DEFB114 in low salt compartments, such as gingival tissues,
keratinocytes, and epididymal epithelium cells. However,
recent evidence indicates that the salt sensitivity of DEFBs in
vivo may be lower than believed originally (30). To determine
whether the recombinant DEFB114 peptide reflects the native

FIGURE 2. Expression, purification, and characterization of the DEFB114
peptide. a, construction of the recombinant plasmid pTWIN1-DEFB114. The
coding frame of the mature DFFB114 peptide was inserted into the plasmid
pTWIN1 using SapI and PstI. b, SDS-PAGE analysis of DEFB114 expression in
E. coli BL21 (DE3). Lanes 1 and 2, cell lysate before and after induction with
isopropyl 1-thio-�-D-galactopyranoside, respectively; lanes 3 and 4, DEFB114
fusion protein bound on chitin beads before and after autocleavage, respec-
tively; lanes 5 and 6, released DEFB114 from the chitin beads before and after
ultrafiltration, respectively; lane 7, DEFB114 peptides recovered through
FPLC. c, purification of DEFB114 by FPLC was monitored at 280 nm. The arrow
indicates the peak of purified DEFB114. d, the molecular weight of DEFB114
was determined by mass spectrometry (MALDI-TOF). e, the homogeneity of
the purified peptides by FPLC was further analyzed using mobile phases A
and C with a two-step linear gradient of 0 –5% C in the first 5.0 min, followed
by 5.0 –100% C in the next 25 min (mobile phase A, 0.1% TFA; mobile phase C,
0.1% TFA, 90% acetonitrile-water). f, tandem analysis of the precursor ion at
m/z 646.3278 [M � 2H]2� showing the dominant fragment ions derived from
the tryptic fragment that bears a disulfide bond (Cys10–Cys24) between � and

� chains. g, tandem analysis of the precursor ion at m/z 932.8928 [M � 2H]2�

showing the dominant fragment ions derived from the tryptic fragment that
bears disulfide bonds (Cys3–Cys31, Cys14–Cys32).
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peptide in vivo, assays should be conducted in the future,
including isolating DEFB114 and confirming its activity in vivo.

It is known that the antimicrobial activity of AMPs does not
necessarily correlate with their affinity for LPS or LPS-neutral-
izing activity. We thus examined the affinity of DEFB114 for
LPS. Recombinant DEFB114 could bind to LPS beads and was
subsequently eluted with buffers containing different concen-
trations of NaCl, whereas the remaining bound peptides were
eventually elutedwith a binding buffer containing 4M urea (Fig.
4a). The amount of DEFB114 peptides bound to the beads was
decreased with increasing concentrations of free LPS (Fig. 4b).
These observations suggested that the binding of DEFB114 to
LPS was specific. We then quantitatively evaluated the affinity
of DEFB114 for LPS using ForteBio’s Octet RED system. Detec-
tion technology of biolayer interferometry utilized in this plat-
form is a label-free, fluidics-free, real-time detection based on

an optically coated streptavidin biosensor. This technique was
based on the measurement of light intensity produced by an
interference of two or more light beams. The defensin proteins
were biotinylated and fixed on biosensors. LPS was prepared in
a serial dilution (10, 5, 2.5, 1.25, 0.6, and 0.3 �M). Themeasured
dissociation constant value (KD) of LPSwas 0.44�M for binding
DEFB114 (Fig. 4c) and 368 �M for binding alkylated DEFB114
(Alk-DEFB114) (Fig. 4d). The data implied that DEFB114 pos-
sessed a higher affinity for LPS compared with alkylated
DEFB114.
Inhibitory Activity of DEFB114 on the LPS-mediated Release

of TNF-� from RAW264.7 Cells—It is unclear whether
DEFB114 binding to LPS results in LPS neutralization and inhi-

FIGURE 3. Antimicrobial and hemolytic activity of recombinant DEFB114.
a, antimicrobial activity of the DEFB114 peptide against E. coli K12D31,
S. aureus (CMCC 26003), and C. albicans (SC 5314) (2.0 – 4.0 � 105 cfu/ml) was
measured using cfu assays. b, salt-sensitive antimicrobial activity of DEFB114
(40 �g/ml) was determined in the absence or presence of 150 mM NaCl. c,
concentration-dependent hemolytic effects of the recombinant DEFB114
peptide and LL-37 peptide. Treatment with 0.1% Triton X-100 served as a
reference for complete hemolysis. The values represent the averages of three
independent measurements with duplicate samples. Error bars, S.E.

FIGURE 4. LPS-binding activity of DEFB114. a, recombinant DEFB114
bound on LPS beads was eluted with buffers containing variant concentra-
tions of NaCl and 4 M urea and analyzed on a 15% SDS-polyacrylamide gel.
Lane 1, DEFB114 prior to loading on the LPS beads; lane 2, flow-through after
loading; lanes 3– 6, DEFB114 eluted with NaCl concentrations of 0.1, 0.5, 1.0,
and 2.0 M, respectively; lanes 7 and 8, DEFB114 eluted with 4 M urea. b, the
binding of DEFB114 to LPS beads was attenuated with competitive LPS. The
eluates with 4 M urea were analyzed on a 15% SDS-polyacrylamide gel. Lanes
1 and 2, similar to a; lanes 3–7, eluates of DEFB114 with different concentra-
tions of competitive LPS (0.1, 0.2, 0.4, 0.8, and 1.6 mg/ml, respectively). The
association and dissociation of LPS for DEFB114 (c) as well as for alk-DEFB114
(d) was monitored by the Octet interferometer (ForteBio).
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bition of inflammation. Considering that several AMPs are
capable of blocking the release of certain LPS-induced cyto-
kines, such asTNF-�, by interferingwith or binding to LPS (31),
wemeasured theTNF-� levels in the supernatant of RAW264.7
cell cultures that had been preincubated with DEFB114 using
ELISA after stimulation with LPS. DEFB114 inhibited TNF-�
release in a dose-dependent manner compared with alkylated
DEFB114 (Fig. 5). To validate this effect, we also examined
whether earlier events in LPS signaling were inhibited by the
action of DEFB114. By using phospho-specific antibodies to
detect phosphorylated kinases (pMAPK42/44), we confirmed
that high levels of pMAPK42/44 were abolished if RAW264.7
cells were preincubated with increasing concentrations of
DEFB114 when challenged with LPS (Fig. 6a).
Disulfide Bonds Are Essential for DEFB114 to Interfere with

the LPS-mediated Effects on RAW264.7 Cells—Generally, three
intramolecular disulfide bonds in DEFBs play crucial roles to
stabilize the three-dimensional structures. The different con-
tributions of these disulfide bonds are related to the antimicro-
bial activity of different DEFBs (25, 32). The activity of DEFBs
on eukaryotic cells ismostly dependent on both disulfide bonds
(33) and their overall hydrophobicity (25). To elucidate the
essential roles of the disulfide bonds in DEFB114, we reduced
DEFB114 with DTT and subsequently alkylated with iodo-
acetamide. The samples were analyzed by using a MALDI-
TOF/TOF mass spectrometer (Applied Biosystems model
4800). A single signal was detected at m/z 5218.07 for puri-
fied DEFB114 (Fig. 7). DTT treatment and carboxyamido-
methylation of DEFB114 resulted in a single signal corre-
sponding to the completely reduced form (m/z 5566) with all
six cysteine residues alkylated and the other two signals cor-
responding to forms with five (m/z 5508) and four (m/z 5450)

alkylated cysteine residues, respectively (Fig. 7). The mass
spectrum analysis confirmed that the DEFB114 peptide was
reduced and alkylated.
Using the samemacrophagemodel, we tested whether endo-

toxin-induced MAPK activation was inhibited by the alkylated
DEFB114 peptide. We observed that DEFB114, instead of alky-
latedDEFB114, preincubatedwithRAW264.7 cells prior to LPS
addition, inhibitedTNF-� release (Fig. 5) by abolishing the high
levels of pMAPK42/44 induced by LPS (Fig. 6b). This observa-
tion indicates that the intramolecular disulfide bonds of
DEFB114 are essential. The administration of DEFB114 alone
had littlemeasurable effect onTNF-� release and inflammatory
signaling in the absence of LPS, which was reflected in the lack
of a cytokine response in macrophages exposed to different
concentrations of DEFB114 (Figs. 5 and 6).
Hemolytic Activity of DEFB114—A concern regarding the

development of bioengineered cationic antimicrobial peptides
is their potential toxicity to host cells (34). No evident hemoly-
sis was detected after a 1-h exposure of human erythrocytes to
DEFB114 peptides at a concentration of 100 �g/ml (Fig. 3c). By
contrast, LL-37 exhibited significant hemolytic activity (�20%)
at this concentration. Therefore, the treatment of erythrocytes
with DEFB114 at concentrations above the minimummicrobi-
cidal concentration value resulted in little damage. DEFB114
seems safe and might have the potential to be used in the
treatment of LPS-induced sepsis or inflammatory diseases in
the future.

FIGURE 5. DEFB114 attenuates LPS-induced TNF-� release in the
RAW264.7 cell model. TNF-� levels in the supernatants of LPS-induced
RAW264.7 cell cultures were measured using an ELISA kit. DEFB114 (a) rather
than alkylated DEFB114 (b) inhibited the LPS-induced release of TNF-�. Error
bars, S.E.

FIGURE 6. DEFB114 inhibits LPS-mediated MAPK phosphorylation in
macrophages (RAW264.7). Macrophages (RAW264.7) were incubated with
DEFB114 (or alkylated DEFB114) and then LPS, or left untreated. Cellular pro-
teins were extracted and separated by SDS-PAGE and blotted onto PVDF
membranes. LPS signaling via MAPK p42/44 (a) was detected using a phos-
pho-specific antibody. a, decreased intensity of phospho-specific bands
(p-MAP kinase p42/44) accompanied with increasing DEFB114 concentrations
in comparison with total MAPK p42/44 and actin. Alkylated DEFB114 failed to
inhibit the phosphorylation of MAPK p42/44 in comparison with its intact
form (b).
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DEFB114 Interferes with the LPS-mediated Impairment of
Human Sperm Motility—It is known that LPS exposure can
reduce sperm motility, induce sperm apoptosis, and signifi-
cantly impair the potential for fertilization (9). As an epididy-
mal �-defensin with low cytotoxicity, DEFB114 might protect
local sperm from inflammation and loss of function via LPS
neutralization. Sperm motility, as the most obvious parameter
of sperm quality, was measured as an index to evaluate the
action of DEFB114 on LPS-challenged human sperm in vitro.
DEFB114, rather than alkylated DEFB114, significantly rescued
the motility of sperm in vitro, which was impaired by LPS dur-
ing a 6-h incubation (Fig. 8). The protective effects of DEFB114
were dose-dependent compared with those of LPS addition
alone. These data indicate that disulfide bonds are also essential
for DEFB114 to interfere with LPS-mediated sperm motility
impairment in vitro.
DEFB114 Protects D-GalN-sensitized C57BL/6 Mice from

LPS-induced Lethality—Although DEFB114 demonstrated
LPS neutralization and anti-inflammation effects in cell models
in vitro, its protective roles should be confirmed in vivo. Among
the �-defensin family members, to our knowledge, only
DEFB123 has been shown to have LPS-neutralizing activity in
vivo without apparent toxicity (17). Both the observed weak
hemolytic activity (Fig. 3c) and apparently lack of toxic effects
on sperm (Fig. 8b) implied that DEFB114 was safe. Because no
murine orthologs of DEFB114 and DEFB123 have been found,
it is impossible to use endogenous murine �-defensin genes.
Therefore, we administrated recombinant human DEFB114

into a murine model of acute sepsis to prove its LPS-neutraliz-
ing activity following the previously described procedures with
minor modifications (17, 35). Groups of C57BL/6 mice were
first sensitized with D-GalN to induce high susceptibility to
LPS-induced lethality. Then endotoxemia was induced by 100
ng of LPS/mouse. The control groups injected with 50 �g of
DEFB114 peptide or alkylated DEFB114 (alk-DEFB114)/mouse
(without LPS) showed no lethality during the recording time
and in the following 30 days. The group injected with LPS alone
resulted in lethality in 13 of 15 mice within 24 h (Table 1).
LL-37, which has a high potential to prevent LPS-mediated
lethality, as a positive therapeutic control, rescued 14 of 15mice
and 13 of 15 mice within 10 and 24 h, respectively. We prein-
cubated the DEFB114 peptide or alk-DEFB114 with LPS and
subsequently injected the solution into the mice (Table 1). Co-
incubation of LPS with increasing concentrations of the
DEFB114 peptide resulted in the increased survival of the sen-
sitized animals. Preincubation of LPS with 50 �g of DEFB114
rescued 22 of 25 mice, whereas co-incubation with 50 �g of
alk-DEFB114 rescued only 4 of 25 mice. There was no signifi-
cant difference between the survival rates of the alk-DEFB114-
treated group and bovine serum albumin (BSA)-treated group
within 10 and 24 h (Table 1).
To further evaluate the therapeutic potency of DEFB114,

after intraperitoneal administration of a lethal dose of 100 ng of

FIGURE 7. Mass spectrometry analysis of the oxidized and reduced
DEFB114 molecules. DEFB114 (20 �M) was incubated with different concen-
trations of DTT, alkylated, and analyzed by MALDI-TOF MS. DEFB114 in its
completely reduced form with all six cysteine residues alkylated (m/z 5566)
and the other two forms, corresponding to five (m/z 5508) and four (m/z 5450)
alkylated cysteine residues, were also detected. a.u., arbitrary units.

FIGURE 8. DEFB114 rescues the LPS-induced loss of human sperm motil-
ity in a dose- and time-dependent manner. We pretreated and incubated
2.0 –5.0 � 106 human sperm cells/ml with combinations of LPS and DEFB114
or with alkylated DEFB114 or left them untreated (CN, control). Progressive
sperm motility (a � b%) was measured with CASA after incubation with dif-
ferent doses of the DEFB114 peptide (a). Different effects of DEFB114 and
alkylated DEFB114 at the same concentration (50 �g/ml) on sperm motility
were compared after 6 h of incubation (b). A significant difference (*, one-way
analysis of variance, least significant difference test, p � 0.05, n � 10) was
observed between DEFB114 and alkylated DEFB114 regarding their inhibi-
tory effects on the impairment of sperm motility. Error bars, S.D.
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LPS on one side, we injected either DEFB114 or alkylated
DEFB114 on the opposite side of the peritoneum. Concomi-
tantly, all mice were sensitized with D-GalN (50 mg/mouse).
DEFB114 showed protective effects by increasing survival rates
in the therapeutic assays, as shown in (Table 2).

DISCUSSION

Using an active recombinant peptide, we demonstrated that
DEFB114 is a typical �-defensin protein with LPS-neutralizing
activity. Although a wide spectrum of antimicrobial activity is a
common feature in the DEFB family, both the LPS affinity and
neutralizing activity of DEFB114 are novel. So far, among
human DEFBs, only DEFB123 has been shown to have LPS-
neutralizing activity in vitro and in vivo (17). Whether other
human DEFB family members have similar activity will be an
important question if this activity is a common feature of
DEFBs.
It ismore difficult to characterize natural humanDEFBs than

rodent �-defensins because of ethical problems and the lack of
homologs in rodents. Only several human �-defensins have
orthologs in rodents because themammalian�-defensin family
has undergone dynamic evolution (36). DEFB114 has no rodent
ortholog, which limits the functional assays for DEFB114 by
using its endogenous gene in rodents.Moreover, LPS treatment
of animals shows different effects on the expression of DEFBs.
In the LPS-induced ratmodel of epididymitis, the expression of
�-defensin (Defb) 29, 41, and 42 did not change significantly
after LPS treatment, whereas themRNA levels of the other nine
members were significantly decreased, including SPAG11E
(14). Another report showed that LPS challenge induced the
expression of Spag11mRNA variants and defensins in themale
reproductive tract of rats, followedby a concomitant increase in
protein expression (13). These apparent differences might
derive from themethods bywhich LPSwas administered (i.e. by
intraperitoneal injection or direct injection into the epididy-
mis). The different responses of defensins following LPS treat-
ment reveal the complexity of defensin regulation to some
extent. Considering that rodents have no DEFB114 homolog
and the roles of antimicrobial responses against infections in
the reproductive tract are poorly understood, we chose to
observe the protective effects of DEFB114 on the motility of
human sperm in vitro. Further, because rodents have no
DEFB114 homolog, we simply observed the survival rate of
D-GalN-sensitized C57BL/6mice in different treatment groups

to reduce complexity. The fluctuations of endogenous mouse
�-defensins potentially have a minimal impact on our observa-
tions of the function of DEFB114 because we used an array of
control groups.
To our knowledge, DEFB114 is the second �-defensin that

possesses both LPS-binding and -neutralizing activity in vivo
and in vitro; however, LPS binding potency does not necessarily
correlate with neutralizing activity. For example, hBD2 com-
petitively inhibits the interaction between LPS and LPS-bind-
ing protein, which initiates and amplifies the LPS signaling (15).
However, the anti-inflammatory effect of DEFB103 is not a
result of the direct binding of the peptide with LPS (16).
Whether DEFB114 has a direct effect on inflammatory signal-
ing pathways should be further examined. Its potential immu-
nosuppressive activity by interfering with inflammatory signal-
ing pathways might be a critical factor to exploit its future
clinical use.
Because LPS-inducedTNF-� is a key inflammatory cytokine,

the toxicity of LPS in D-GalN-sensitized mice actually results
from severe liver injury caused by the TNF-�-induced apopto-
sis of hepatocytes (37). Therefore, it is reasonable to speculate
thatDEFB114 could provide a defense against LPS by inhibiting
the release of TNF-� at the cell level. DEFB114 expression in
gingival keratinocytes (19) might exert its effect through a sim-
ilar mechanism by inhibiting TNF-� release in response to
IL-1� and Candida species stimulation (21). Considering that
DEFB114 exhibits weak cytotoxicity (�10 times less than LL-37
at a peptide concentration of 300 �g/ml) in the in vitro assays,
the possibility of treating septic shock by inhibiting TNF-�
release with DEFB114 administration in vivo should be
exploited further to address the underlying mechanism and
clinical potency. In addition to LPS binding, the direct interfer-
ence of DEFB114 in inflammation signaling pathways in the
presence of LPS could not be excluded. Among human DEFBs,
DEFB103 associates with and rapidly enters macrophages and
then inhibits bothMyD88 and TRIF signaling pathways, result-
ing in the transcriptional repression of proinflammatory genes
(38). Whether DEFB103 and DEFB114 utilize a similar mecha-
nism to exert their anti-inflammatory activity is an interesting
question. The answer will be helpful for identifying similar, but
somewhat different, mechanisms of DEFBs and ascertaining
the necessary requirements of this family. A comparison of the
mechanisms that different DEFB family members may utilize

TABLE 1
DEFB114 blocks LPS-induced lethality in D-GalN-sensitized C57BL/6 mice
Either DEFB114 or alkylated DEFB114 was added to the LPS saline solution and incubated at 37 °C for 15 min. C57BL/6 mice were injected intraperitoneally with D-GalN
(50 mg/0.2 ml of saline), LPS (100 ng/0.2 ml of saline) with either DEFB114 or alkylated DEFB114, and saline alone (0.2 ml). Survival animal numbers were recorded at 10
and 24 h postinjection.

Condition LPS DEFB114 Alk-DEFB114 LL-37 BSA
Survivors/total

(10 h)
Survival
(10 h)

Survivors/total
(24 h)

Survival
(24 h)

ng �g �g �g �g % %
Negative control 100 0 0 0 50 4/25 16 4/25 16
DEFB114 alone 0 50 0 0 0 5/5 100 5/5 100
Alk-DEFB114 alone 0 0 50 0 0 5/5 100 5/5 100
Control 100 0 0 0 0 2/15 13.3 2/15 13.3
Treatment 100 5 0 0 0 8/25 32 5/25 20

100 25 0 0 0 17/25 68 10/25 40
100 50 0 0 0 22/25 88 19/25 76
100 0 50 0 0 4/25 16 4/25 16

Positive control 100 0 0 10 0 14/15 93.3 13/15 86.7
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will also facilitate the discovery and combination of new anti-
inflammatory targets. Further, the clinical use of DEFB114 is
not confined to septic shock. It could be expected thatDEFB114
might also have therapeutic potency in other diseases that are
characterized by the release of TNF-�.
Although it is still unclear why such a wide range of �-de-

fensins are present in the male reproductive tract, their diverse
functions can be briefly classified into three types: their com-
mon role in innate immunity by exhibiting antimicrobial activ-
ity in the reproductive system (28, 39) and non-reproductive
systems (19); sperm maturation-related functions (28, 40, 41);
and immunoregulating activity, which has been shown in non-
reproductive systems (19). In addition to their expression in
reproductive tissues, the majority of human �-defensins are
also expressed in non-reproductive tissues (19). As a specific
example, DEFB114 is expressed in gingival tissue and keratino-
cytes, in addition to its expression in the epididymis. Because of
its active expression in the epididymis, human DEFB114 might
exert inflammation-suppressing activity in the male reproduc-
tive tract, although an in vivo study is absent at present, and it is
unclear whether this�-defensin has an additional role in sperm
maturation.
Furthermore, it is speculated that the potential responses of

other cytokines to treatment with DEFB114 under LPS chal-
lenge cannot be ignored. Cytokines in the semen have physio-
logical and pathological functions. Men with spinal cord injury
have unique semen with normal sperm concentrations but
abnormally low sperm motility because their elevated levels of
the cytokines IL-1�, IL-6, and TNF-� act at the level of the
sperm receptor to inhibit sperm motility (42). TNF-� and IL-6
significantly reduce progressive motility at higher concentra-
tions in a dose- and time-dependent manner (43). In subfertile
couples, the levels of TNF-� and IL-1� in the seminal fluid
correlate significantly with leukocyte counts and ratios in the
same ejaculates as indicators of silent male genital tract infec-
tions/inflammation (44). Furthermore, the previous work dem-
onstrated that when mouse bin1b was overexpressed in trans-
genic mouse models, this �-defensin played a role in the
regulation of the inflammatory response in the epididymis by
down-regulating IL-1� and IL-1� expression (39). All of these
observations suggest that cytokines in the semen are also key
factors that affect the function of sperm both physiologically
and pathologically. Dysfunction of DEFB114 or any other
DEFBs might also interfere with normal cytokine regulation

indirectly and cause immunity and fertility problems. There-
fore, DEFB114 might have the potency to treat microbe/LPS-
contaminated semen by neutralizing LPS and down-regulating
inflammatory factors.
Defensins have been considered to be proinflammatory as

their expression increases in response to TLR ligands, TNF-�,
IL-1�, IFN-�, PMA, and following infection or injury. They also
mediate the innate immune response and modulate inflamma-
tion by chemoattracting CD4 T cells and immature dendritic
cells through CCR6. However, several lines of evidence support
both a pro- and anti-inflammatory role for humanDEFBs. They
may promote the release of both proinflammatory (IL-6 and
IL-18) and anti-inflammatory (IL-10) cytokines and chemo-
kines (45, 46). Emerging evidence suggests that epididymal
DEFBs might have complex activity in vitro and in vivo rather
than proinflammatory activity alone. Notably, the well known
proinflammatory humanDEFB4 (hBD2) is not expressed in the
epididymis (47). It could be speculated that epididymal DEFBs
potentially have anti-inflammatory activity, which might
explain, to some extent, why so many DEFBs are specifically
expressed in the male reproductive tract where immune toler-
ance is required.
In conclusion, we identified the recombinant DEFB114 pep-

tide as an active �-defensin. We demonstrated that DEFB114
possessed both LPS-binding and -neutralizing activity. Its
activity was dependent on disulfide bonds that stabilize the ter-
tiary structure of the peptide. Both the pleiotropic functions
and low hemolytic activity of DEFB114 endow this peptide with
therapeutic potential for LPS-induced inflammatory diseases
and the impairment of sperm motility.
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