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R E S EARCH ART I C L E
I N FERT I L I TY
Deficient human b-defensin 1 underlies male infertility
associated with poor sperm motility and genital
tract infection
Ruiying Diao,1,2,3* Kin Lam Fok,2* Hao Chen,1,2,3* Mei Kuen Yu,2 Yonggang Duan,1,3

Chin Man Chung,2 Zhao Li,3,4 Hanwei Wu,1 Zesong Li,1 Hu Zhang,3,4 Ziliang Ji,3,4 Wanhua Zhen,1

Chi Fai Ng,5 Yaoting Gui,3 Zhiming Cai,1,3† Hsiao Chang Chan2,6†
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Genital tract infection and reduced sperm motility are considered two pivotal etiological factors for male infertility
associated with leukocytospermia and asthenozoospermia, respectively. We demonstrate that the amount of human
b-defensin 1 (DEFB1) in sperm from infertile men exhibiting either leukocytospermia or asthenozoospermia, both of
which are associatedwith reducedmotility and reducedbactericidal activity in sperm, ismuch lower compared to that
in normal fertile sperm. Interference with DEFB1 function also decreases both motility and bactericidal activity in
normal sperm,whereas treatmentwith recombinant DEFB1markedly restores DEFB1 expression, bactericidal activity,
sperm quality, and egg-penetrating ability in sperm from both asthenozoospermia and leukocytospermia patients.
DEFB1 interactswith chemokine receptor type6 (CCR6) in spermand triggersCa2+mobilization,which is important for
sperm motility. Interference with CCR6 function also reduces motility and bactericidal activity of normal sperm. The
present finding explains a common defect in male infertility associated with both asthenozoospermia and leukocy-
tospermia, indicating a dual role of DEFB1 in defendingmale fertility. These results also suggest that the expression of
DEFB1 and CCR6may have diagnostic potential and that treatment of defective spermwith recombinant DEFB1 pro-
tein may be a feasible therapeutic approach for male infertility associated with poor spermmotility and genital tract
infection.
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INTRODUCTION

Infertility affects ∼10 to 15% of couples worldwide, and male infertility
contributes about 50% of these infertile cases (1). Male infertility is
attributed to multiple factors, and defective sperm function is the most
common cause of infertility (2). Spermmotility is considered one of the
most important sperm functions that affect natural conception (3), and
reduced sperm motility, also known as asthenozoospermia, is a com-
mon cause of infertility and accounts for about 18% of the male subfer-
tility and infertility cases (4). Seminal tract infection is another common
cause of infertility, which is observed in about 11% of infertile male pa-
tients (5). It has been postulated that the presence of leukocytes in se-
men, also known as leukocytospermia, which affects anywhere between
5 and 10% of the male population (6, 7), is an indicator of seminal tract
infection, but the correlation remains controversial (8). Asthenozoos-
permia is often associated with the presence of infection or leukocytes
in semen (8, 9); however, the pathogenesis and any association between
asthenozoospermia and leukocytospermia remain largely unexplored.

After being produced from the testes, sperm acquire their motility
and fertilizing capacity during their transit through the epididymis, in a
1Shenzhen Key Laboratory of Genitourinary Tumor, Shenzhen Second People’s Hospital,
First Affiliated Hospital of Shenzhen University, Shenzhen 518035, China. 2Epithelial Cell
Biology Research Center, Key Laboratory for RegenerativeMedicine ofMinistry of Education
of China, School of Biomedical Sciences, Faculty of Medicine, The Chinese University of
Hong Kong, Hong Kong SAR, China. 3Guangdong and Shenzhen Key Laboratory of Male
Reproductive Medicine and Genetics, Institute of Urology, Peking University Shenzhen
Hospital, Shenzhen PKU-HKUST Medical Center, Shenzhen 518036, China. 4Shantou
University Medical College, Shantou 515041, China. 5Department of Surgery, Division of
Urology, The Chinese University of Hong Kong, Hong Kong SAR, China. 6Sichuan
University–The Chinese University of Hong Kong Joint Laboratory for Reproductive
Medicine, Women’s and Children’s Hospital, Sichuan University, Sichuan 610017, China.
*These authors contributed equally to this work.
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process known as sperm maturation (10). Recently, members of the b-
defensin family, a group of small secretory peptides with antimicrobial
activities (11, 12), have been implicated in the process of sperm matu-
ration in the epididymis (13). Our previous studies have demonstrated
that Bin-1b, a rat epididymis-specific b-defensin (14), is involved in the
initiation of spermmotility (13), and that interfering with its function in
an autoimmune rat model results in reduced spermmotility with com-
promised fertility (15). Multiple b-defensins with region-specific ex-
pression patterns in the epididymis have been found in humans and
mice, suggesting that these secretory defensin peptides may contribute
to the distinct microenvironments for sperm maturation in different
segments of the epididymis (16). This notion is supported by the recent
reports showing that epididymis-specific b-defensin 22 determines the
fertilization capability of sperm through its heparin-binding activity
(17), whereas b-defensin 15 is required for sperm motility and fertility
(18). A recent report has also demonstrated that mutation inDEFB126,
another epididymis-specific b-defensin (19), is correlated with de-
creased leptin-binding and egg-penetrating ability (20). Together, these
findings make it clear that b-defensin family members may be involved
not only in host defense but also in regulating sperm functions that are
important to fertility. Althoughmost of the studies have focused on the
epididymis-specific b-defensins, the possible involvement of other
b-defensin members, which are widely expressed in different epithelial
tissues including the epididymis, in regulating sperm function and fer-
tility has not been reported.

Human b-defensin 1 (DEFB1, also termed HBD-1) is the first iden-
tifiedmember of the b-defensin family,withwide distribution in various
epithelia throughout the body (21) and antimicrobial activities against
viruses, bacteria, and fungi (22). Recent studies have shown that DEFB1
is not only expressed in the epithelia of the male genital tract but also
present in seminal plasma and ejaculated spermatozoa (23), indicating
eTranslationalMedicine.org 13 August 2014 Vol 6 Issue 249 249ra108 1
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that DEFB1 secreted by the male genital tract epithelia can bind to
sperm. However, its role in regulating sperm function and defending
male fertility has not been explored. The present study of sperm from
infertile men diagnosed with asthenozoospermia or leukocytospermia
has revealed a common cause for male infertility, associating the two
abnormalities with reduced amount of DEFB1.
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RESULTS

Deficiency of DEFB1 in sperm is associated with poor sperm
motility and reduced bactericidal activity
Wecompared the expression ofDEFB1 in spermobtained fromnormal
(n = 32) and infertile patients with either asthenozoospermia (n = 33;
progressive sperm motility <32%) or leukocytospermia (n = 20; with
leukocyte count >3 × 106 cells/ml and confirmed bacterial infection
in the semen) (tables S1 and S2). Immunostaining showed that whereas
DEFB1 was highly expressed in the lower head and midpiece of sperm
from normal individuals, as previously described (23), DEFB1 immu-
nostaining intensity was reduced in both types of abnormal sperm
(Fig. 1A). Western blot analysis confirmed significantly lower level of
DEFB1 in both types of abnormal sperm compared to normal sperm
(Fig. 1B and fig. S1, P < 0.01). The specificity of the antibody was vali-
dated by preabsorption of the antibody with a recombinant DEFB1
(rDEFB1) peptide, which abolished the band detected in the Western
blot (fig. S2). This effect was not observed with another defensin pep-
tide, DEFB126 (fig. S2C), confirming the specificity of the antibody. The
observed abnormal expression of DEFB1 in both asthenozoospermia
and leukocytospermia suggests possible involvement of DEFB1 in the
pathogenesis of the two abnormalities.

Because b-defensin family members have antimicrobial activities
and some have been reported to promote sperm motility (12, 13), we
further investigated whether the low level of DEFB1 in abnormal sperm
is associated with poor spermmotility and reduced bactericidal activity.
As expected, the expression of DEFB1, as determined by Western blot
(Fig. 1B), in sperm from both normal and asthenozoospermia patients
was positively correlated with spermmotility (r = 0.68, P = 3.71 × 10−6)
(fig. S3). On the contrary, the number of semen leukocytes, which is
often proportional to the severity of bacterial infection, was found to
be inversely correlated with the expression of DEFB1 in sperm from
both normal and leukocytospermia patients (r = −0.92, P = 8.27 × 10−9)
(fig. S4). The number of leukocytes was also inversely associated with
sperm motility in normal and leukocytospermia patients (r = −0.69, P =
1.56 × 10−8) (fig. S5). The average sperm motility in leukocytospermia
was significantly lower than that in the normal controls (34.0 ± 18.6% in
leukocytospermia versus 72.4 ± 6.2% in normal, P = 2.77 × 10−9) (Fig.
1C), which was similar to the reduced spermmotility observed in asth-
enozoospermia (26.3 ± 9.7%).

The inverse association of DEFB1 expression with the number of
semen leukocytes in patients with confirmed genital tract infection sug-
gests reduced bactericidal activity due to the reduced amount ofDEFB1.
BecauseDEFB1 itself is known to have bactericidal activity (12) through
disrupting the cytoplasmic membrane of microorganisms (24), we
suspected that varying levels of DEFB1 in sperm may affect the
bacteria-killing capacity of sperm, although bactericidal activity of
sperm per se had not been reported. We tested this possibility by incu-
bating sperm with Escherichia coli and Staphylococcus aureus, two bac-
terial strains commonly found inmale genital tract infection (25, 26), for
www.Scienc
1 hour and by counting the bacterial colony-forming units (CFUs) after
overnight bacterial culture. The results showed that normal sperm ex-
hibited strong bactericidal activity against both strains of bacteria, as
indicated by the significantly reduced CFUs compared to the control
without sperm treatment (Fig. 1D, P < 0.01). Notably, DEFB1 was de-
tected in originally DEFB1-free bacteria after incubation with sperm
(fig. S6), indicating transfer of sperm-bound DEFB1 to bacteria, which
explains its bacteria-killing effect. Because DEFB1 level was decreased
in both asthenozoospermia and leukocytospermia (Fig. 1, A and B), we
suspected that both types of abnormal spermwould have reduced bac-
tericidal activity. Indeed, the results showed that the sperm obtained
from both asthenozoospermia and leukocytospermia patients exhib-
ited reduced bactericidal activity, as reflected by the increased E. coli
CFUs in the bacterial cultures after incubation with the abnormal
sperm compared to that with normal sperm (Fig. 1E, P < 0.01).
Together, these results indicate that reduced sperm motility and bac-
tericidal activity in both types of abnormal sperm may stem from de-
ficiency in DEFB1.

Immunodepletion of DEFB1 impairs sperm motility and
bactericidal activity in normal human sperm
If abnormal expression ofDEFB1 is associated with both asthenozoos-
permia and leukocytospermia, we should be able to mimic the two
abnormalities by interfering with DEFB1 function in normal sperm.
To test this, we treated normal human sperm with antibody against
DEFB1 to neutralize its function, and then examined its effect on
sperm motility and bactericidal activity, with immunoglobulin G
(IgG) as the control antibody. In Fig. 2A, addition of DEFB1 antibody
(20 mg/ml), but not control IgG, significantly reduced sperm motility
in normal sperm (n = 5) (P = 0.008), but not in sperm obtained from
asthenozoospermia and leukocytospermia patients (Fig. 2A). Notably,
DEFB1 antibody did not cause agglutination of sperm (less than five
sperm per agglutinate; fig. S7), suggesting that the effect of DEFB1 an-
tibody on sperm motility was primarily due to the immunodepletion
ofDEFB1, but not agglutination of sperm. Because themembers of the
b-defensin family have similar protein conformation, it is important to
demonstrate that the DEFB1 antibody does not cross-react with other
b-defensins on sperm. Indeed, rDEFB1 abolished the effect of DEFB1
antibody on sperm motility, but recombinant DEFB126 had no effect
(fig. S8), indicating that the effect of DEFB1 antibody on sperm mo-
tility is primarily attributed to its specific effect on DEFB1, but not
other b-defensins. Similarly, the bactericidal activity of normal human
sperm, but not the sperm from the two abnormal groups, was signif-
icantly reduced by the treatment withDEFB1 antibody, as indicated by
the increased CFUs of E. coli after treatment (Fig. 2B, P = 4.46 × 10−4).
DEFB1 antibody treatment in normal sperm also increased S. aureus
CFUs, confirming a role of DEFB1 in mediating sperm bactericidal
activity (Fig. 2C). No significant effect was observed with control IgG
in all the experiments with DEFB1 antibody treatment (fig. S9). In
addition, we used a separate source of monoclonal DEFB1 antibody
and observed similar effects on sperm motility and bactericidal ac-
tivity in sperm obtained from normal individuals (fig. S10), con-
firming that the effect of DEFB1 antibody was specific. Together,
these results suggest that specifically interfering with functional
DEFB1 by its antibody canmimic the two types of sperm abnormal-
ities in infertile men, providing further support to the notion that de-
ficiency in DEFB1 is associated with two sperm disorders that cause
male infertility.
eTranslationalMedicine.org 13 August 2014 Vol 6 Issue 249 249ra108 2
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Fig. 1. Expression of DEFB1 in sperm is associatedwith poor spermmo-
tility and antibacterial activity. (A) Representative confocal images showing

b-Actin was used as loading control. (C) Summary of spermmotility assessed
by CASA (computer-aided sperm analysis) in asthenozoospermia (n = 33),
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the expression and localization of DEFB1 (green) in the head andmidpiece of
normal sperm and its comparatively lowered level in sperm obtained from
infertile patients with asthenozoospermia and leukocytospermia. Scale bar,
5 mm. Nuclei were counterstained with DAPI (4′,6-diamidino-2-phenylindole)
(blue). Enlarged imagesare shown in the inset. (B) RepresentativeWesternblot
from pooled normal and patient samples (normal and leukocytospermia, n =
10; asthenozoospermia, n = 27), showing decreased DEFB1 in asthenozoosper-
mia (Astheno) and leukocytospermia (Leuko) patients compared to normal in-
dividuals. The summary of individual Western blot results is shown below.
www.Scienc
leukocytospermia (n = 20), and normal (n = 32) sperm. (D) Representative
plates from overnight bacterial cultures of E. coli and S. aureus after incuba-
tion with human tubal fluid (HTF) medium or normal sperm for 1 hour. HTF
medium without bacteria was used as blank control. Summaries of colonies
formed per plate (CFU) are shown in the right panel. (E) Comparison of E. coli
CFUs after incubation with sperm obtained from normal individuals, and
asthenozoospermia and leukocytospermia patients. Data are presented as
means ± SEM, compared by Student’s t test (D), one-way analysis of variance
(ANOVA) with Tukey post hoc test (B and E), or Kruskal-Wallis test (C).
Fig. 2. Immunodepletion of DEFB1 impairs bactericidal activity and
motility of normal sperm. (A and B) Motility of sperm (A) and summary

(Santa Cruz, FL-68) or IgG (20 mg/ml) as control. (C) Summary of S. aureusCFU
formed after incubation, with normal sperm and anti-DEFB1 antibody or IgG
of E. coli CFU (B) from normal, asthenozoospermia (Astheno), and leukocy-
tospermia (Leuko) patients (n = 5 for each group), with anti-DEFB1 antibody
as control. Data are presented asmeans ± SEM, compared byMann-Whitney
test (A) or Student’s t test (B and C).
eTranslationalMedicine.org 13 August 2014 Vol 6 Issue 249 249ra108 3
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rDEFB1 restores sperm motility and bactericidal activity in
infertile sperm
If the impaired sperm motility and bactericidal activity observed in in-
fertile patients with asthenozoospermia and leukocytospermia were in-
deed caused by an abnormally low level of DEFB1, restoring functional
DEFB1 in sperm from the infertile patients should rescue the sperm
functions. To test this, we first examined whether we could restore
DEFB1 expression in abnormal sperm by incubating them with an
rDEFB1, which contains 37 amino acid residues of the active region
(32 to 68 amino acids) of DEFB1.We used free rDEFB1 at levels similar
to the DEFB1 levels present in an ejaculate of sperm as determined by
Western blot (fig. S11). InWestern blot analysis, rDEFB1 treatment for
1 hour resulted in an increase in the levels of rDEFB1protein (3.9 kD) in
both normal and abnormal sperm, whereas the original sperm DEFB1
content did not change significantly (Fig. 3A). Quantification of the
DEFB1 immunoreactivity in sperm after rDEFB1 treatment indicated
a significant uptake of rDEFB1 (3.9 kD) in both types of abnormal
sperm, as well as normal sperm (Fig. 3B, P < 0.05), although the total
restored DEFB1 content in infertile sperm was still considerably lower
than that of normal sperm.

We then examined whether rDEFB1 treatment could restore sperm
functions in the abnormal sperm. In Fig. 3C, treatment with rDEFB1
(800 ng/ml) significantly improved spermmotility in sperm from asth-
enozoospermia and leukocytospermia patients compared with their
counterparts before treatment (P < 0.01). Although theDEFB1-restored
sperm motility in infertile sperm was still lower than that of normal
sperm, it reached a level of >50% (52.4 ± 9.2% and 50 ± 10.4% in asth-
enozoospermia and leukocytospermia, respectively), with enhanced
forward motility in both types of abnormal sperm (Fig. 3D).

We also conducted a hyaluronan binding assay (HBA), amethod for
sperm selection in in vitro fertilization clinics, where bound sperm was
demonstrated to be correlated with high sperm motility (27) and im-
provement in clinical outcomes (28). The HBA results showed that
treatment with rDEFB1 significantly increased the percentage of bound
sperm in both groups of infertile sperm (Fig. 3E, P < 0.01). We also
examined the egg-penetrating ability of rDEFB1-treated sperm in a hu-
man sperm–hamster oocyte penetration assay (SPA), which has long
been shown to have prognostic value on fecundity rate (29). Indeed,
rDEFB1 significantly increased the number of oocyte-penetrating
sperm in both abnormal groups (Fig. 3F, P < 0.01), suggesting that
rDEFB1 treatment may increase the fertilization rate of sperm ob-
tained from asthenozoospermia and leukocytospermia patients in
vitro. To elucidate how rDEFB1 increases the oocyte-penetrating ca-
pacity of sperm from two abnormal groups, we examined both sperm
capacitation, a process that spermmust undergo to fertilize the oocyte,
and hyperactivation, a specific beating pattern in the flagellum of
sperm required for fertilization (30), after rDEFB1 treatment. A23187,
a calcium ionophore, and IBMX, a phosphodiesterase inhibitor that
elevates cAMP (adenosine 3′,5′-monophosphate) concentration,
were used to induce capacitation and hyperactivation, respectively.
The results showed that rDEFB1 treatment of sperm obtained from
normal individuals did not induce acrosome reaction (fig. S12). Im-
munodepleting DEFB1 by neutralizing antibody significantly
inhibited the hyperactivated sperm motility induced by A23187 or
IBMX, but not the acrosome reaction induced by A23187 (fig. S13,
P < 0.05). These results suggest that rDEFB1 may restore hyperacti-
vated motility in abnormal sperm groups, leading to enhanced egg-
penetrating ability.
www.Scienc
We also examined whether rDEFB1 treatment could restore bac-
tericidal activity in the two groups of infertile sperm. Treatment with
rDEFB1 (500 ng/ml) significantly increased bactericidal activity (and
reduced E. coli CFU counts) in sperm obtained from both astheno-
zoospermia and leukocytospermia patients, but not those from nor-
mal fertile individuals (Fig. 3G, P < 0.01). The effect of rDEFB1 on
spermmotility and bactericidal activity in both types of abnormal sperm
could be significantly reversed by antibody against DEFB1 (Fig. 3, H
to K, P < 0.01). Furthermore, the reversal effect of DEFB1 antibody on
sperm motility could also be counteracted by additional rDEFB1 in a
concentration-dependent manner, as exemplified in the leukocyto-
spermia patients (fig. S14), confirming the specificity of the effects of
rDEFB1 and DEFB1 antibody. Together, our results demonstrated that
restoring DEFB1 in sperm by rDEFB1 treatment could rescue sperm
qualities, includingmotility, egg-penetrating ability, and bactericidal ac-
tivity, in spermobtained from infertile patientswith asthenozoospermia
and leukocytospermia.

DEFB1 interacts with chemokine receptor type 6 and
induces Ca2+ mobilization in sperm
Like other defensins, DEFB1 is known to have the capacity to directly
kill bacteria by disrupting the cytoplasmic membrane of microorgan-
isms (24); however, its effect on sperm motility has not been reported.
SinceCa2+mobilization is known to play a central role in spermmotility
(31), we suspected that the effect of DEFB1 on spermmotility might be
mediated by an interacting protein in sperm that is linked to Ca2+ mo-
bilization. Previous studies have demonstrated that chemokine receptor
type 6 (CCR6) binds to DEFB1 and HBD-2 in immune cells (32) and
links toCa2+mobilization in colonic epithelial cells upon its ligand stim-
ulation (33). Moreover, CCR6 expression was recently found in sperm
(34), suggesting that CCR6 may be a potential interacting protein of
DEFB1 in sperm. We confirmed the expression of CCR6 in sperm by
Western blot and immunofluorescence staining. The results showed
that CCR6 protein was expressed in both human and mouse sperm
(fig. S15). To confirm functional expression of CCR6 in sperm, we used
its specific ligand CCL20 (33) to induce Ca2+ mobilization in sperm. In
Fig. 4A, CCL20 (50 ng/ml) triggered a rise in intracellular Ca2+, as in-
dicated by the increase in fluorescence intensity ratio, in the lower
sperm head and the midpiece (P = 7.53 × 10−13), which are major sites
for Ca2+ mobilization during sperm activation (31). The CCL20-induced
Ca2+mobilization could be blocked by CCR6 antibody (20 mg/ml). Simi-
larly, rDEFB1 (800 ng/ml) mimicked the effect of CCL20 in inducing
Ca2+ mobilization in sperm (Fig. 4B), which could be blocked by CCR6
antibody (20 mg/ml), indicating thatDEFB1may bind toCCR6, just like
its ligand CCL20, and trigger Ca2+ mobilization necessary for sperm
motility. Furthermore, the rDEFB1- and CCL20-induced Ca2+ mobili-
zation in sperm appeared to involve both extracellular Ca2+ influx and
release of intracellular stored Ca2+, because recombinant protein treat-
ment in Ca2+-free condition or in the presence of thapsigargin, which
depletes the intracellular calcium store, could partially prevent the Ca2+

mobilization (Fig. 4C and fig. S16). The ability of rDEFB1 to mimic the
effect of the CCR6 ligand CCL20 in inducing Ca2+ mobilization in
sperm suggests its possible interaction with CCR6 in promoting sperm
motility. In addition toCa2+mobilization, bicarbonate-mediated cAMP
production is a common pathway known to regulate sperm motility
(35). We found that DEFB1 also increases cAMP production in both
normal and abnormal groups in the presence of bicarbonate (fig.
S17), consistent with the role of DEFB1 in promoting sperm motility.
eTranslationalMedicine.org 13 August 2014 Vol 6 Issue 249 249ra108 4
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Fig. 3. rDEFB1 treatment restores DEFB1 expression and function in in-
fertile sperm. (A) RepresentativeWestern blot showing the expression pattern

and F: 1 mg/ml; G: 500 ng/ml) in sperm obtained from asthenozoospermia and
leukocytospermia patients compared to normal individuals (n = 10 in each
of DEFB1 in sperm before and after rDEFB1 treatment (500 ng/ml) in normal,
asthenozoospermia, and leukocytospermia samples (n = 10 in each group).
Note the uptake of rDEFB1 (Recomb; 3.9 kD) after treatment, whereas the orig-
inal DEFB1 expression remains unchanged. b-Actinwas used as loading control.
(B) Summary of Western blot results showing total DEFB1 immunoreactivity
(both original and rDEFB1) before and after rDEFB1 treatment. (C to G) rDEFB1
treatment–induced restorationof spermmotility (C), forwardmotility (D), bound
sperm in HBA (E), penetrated sperm number in human sperm–hamster oocyte
penetration assay (SPA) (F), andbacteria-killingactivity (G) (C andD: 800ng/ml; E
www.Scienc
group). (H toK) Effect of anti-DEFB1 antibodyon rDEFB1-rescued spermmotility
(H and J) and bactericidal activity (I and K) in samples from asthenozoospermia
(H and I) and leukocytospermia patients (J and K) (n = 10 in each group). Anti-
DEFB1 antibody (20 mg/ml), added after 1 hour of treatment with rDEFB1,
abolishes the rescuing effect of rDEFB1 on sperm motility (800 ng/ml) and
bacteria-killing activity (500 ng/ml). IgG was used as a control for antibody
treatment. Data are presented asmeans ± SEM, compared by Student’s t test
(B and E toG),Mann-Whitney test (C andD), Kruskal-Wallis test (C, D, H and J),
or one-way ANOVA with Tukey post hoc test (E, I, and K).
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To demonstrate possible interaction
between DEFB1 and CCR6 in human
sperm, we first performed immunolocali-
zation of CCR6 in sperm and found that it
was colocalized with DEFB1 primarily to
the midpiece of sperm (Fig. 4D), suggest-
ing that DEFB1 and CCR6may physically
interact in sperm. We then confirmed their
interaction by coimmunoprecipitation. In
this experiment, human sperm were lysed
and endogenous CCR6 was pulled down
by its antibody.As expected,DEFB1wasde-
tected in the protein complex pulled down
byCCR6antibodies, butnot the IgGcontrol
(Fig. 4E). Similarly, CCR6 was detected in
DEFB1 pull-down complex (Fig. 4E), indi-
cating protein-protein interaction between
DEFB1andCCR6 in sperm.Together, these
results suggest thatDEFB1may induceCa2+

mobilization important for sperm motility
through its interaction with CCR6 in sperm.

Effects of DEFB1 on sperm motility
and bactericidal activity depend
on CCR6
DEFB1 has been shown to be expressed in
the epithelia of the male genital tract and
on ejaculated spermatozoa (23). Con-
sistent with this previous finding, we have
observed increasing expression of DEFB1
in sperm and epithelial cells along the
length of the human epididymis, with a
maximum level found in the cauda (tail)
of the epididymis (fig. S18), suggesting
that the epididymis-secreted DEFB1 is
captured by the sperm during their transit
through the epididymis. The demonstrated
protein-protein interaction betweenDEFB1
and CCR6 raises the possibility that the
epididymis-secreted DEFB1 may bind to
sperm by first interacting with CCR6 in
sperm. If this is the case, the amount of
DEFB1bound to spermmaybedetermined
by the expressionofCCR6 in sperm.To test
this, we compared the expression ofDEFB1
and CCR6 in normal and in the two types
of abnormal sperm. In Fig. 5A, similar to
the DEFB1 in different groups of sperm
(Fig. 1), CCR6was present in high amounts
in normal sperm, but was reduced in asth-
enozoospermia and leukocytospermia
(Fig. 5A). We conducted a correlation
analysis and found a positive correlation
between DEFB1 and CCR6 (r = 0.69, P <
0.001) (fig. S19), suggesting that the reduced
amounts of DEFB1 in abnormal sperm
may be due to the reduced amounts of its
carrier/receptor CCR6.
Fig. 4. DEFB1 interacts with CCR6 receptor and
triggers Ca2+mobilization in sperm. (A) Top panel:
Representative Fluo-4 fluorescenceof a normal sperm
before (Fo) and after (Fmax) treatment with CCR6-specific
agonist, CCL20 (50ng/ml), showingCa2+ influx in the lower
head andmidpiece of sperm (color images). Middle panel:
Corresponding changes in fluorescence intensity (F/Fo,

where Fo is the baseline fluorescence intensity before CCL20 stimulation) over time, showing a gradually
rising response about 100 s after CCL20 challenge (indicated by arrow). Lower panel: Scatter plot summa-
rizing the percentage increase of [Ca2+]i, whichwas determined from themaximum fluorescence intensity
after (Fmax) and before (Fo) addition of CCL20 (50 ng/ml) alone or with CCR6 antibody (Ab) or IgG (20 mg/ml).
(B) Top panel: Representative Fluo-4 fluorescence of a normal spermbefore (Fo) and after (Fmax) treatment of
the normal sperm with rDEFB1 (800 ng/ml). Middle panel: A time course recording of the rDEFB1-induced
response, showing a gradually rising response about 100 s after DEFB1 challenge (indicated by arrow). Lower
panel: Scatter plot is the summary of responses (percentage increase of [Ca2+]i) in the absence or presence of
rDEFB1 alone or with CCR6 antibody or IgG (20 mg/ml). (C) Quantification of intracellular Ca2+ after rDEFB1
treatment in Ca2+-containing or Ca2+-free condition, and in the presence of thapsigargin (2 mM). (D) Rep-
resentative confocal images showing colocalization of DEFB1 (green) and CCR6 (red) in the midpiece of
normal sperm. Single-channel images are shown in themiddle panel. Merged fluorescent image is shown
in bottom left. Merged phase-contrast and fluorescent image is shown in bottom right. Primary antibodies
were omitted in the control (top panel). Nuclei were counterstainedwith DAPI (blue). Enlarged images are
shown in inset. Scale bar, 5 mm. (E) Coimmunoprecipitation of CCR6 and DEFB1 in normal sperm. Sperm
lysates were pulled down with either anti-CCR6 (left panel) or DEFB1 (right panel) antibody and immuno-
blotted for CCR6 or DEFB1 as indicated. IgG was used as control. Data are presented as means ± SEM,
compared by one-way ANOVA with Tukey post hoc test (A to C).
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We further examinedwhether the interactionwithCCR6 is required
for the function of DEFB1 in sperm. In Fig. 5B, immunodepletion of
CCR6decreased spermmotility in bothnormal and asthenozoospermia
but not leukocytospermia sperm samples (P < 0.01). We excluded the
possibility that the effect of CCR6 antibody on sperm motility was due
to the agglutination of sperm (fig. S20). To further examine the specific
involvement of CCR6 on DEFB1-mediated sperm motility, we treated
sperm from all groups with rDEFB1 and rescued sperm motility in the
two abnormal groups but not in the normal (Fig. 5, C to E), as previ-
ously observed (Fig. 3C). The effect of rDEFB1 could be reversed by
CCR6 antibody but not IgG (Fig. 5, C to E, P < 0.05), indicating that
CCR6 is required formediating the effect of rDEFB1 on spermmotility.
www.Scienc
Although defensins are known to have direct bacteria-killing capacity,
treatment of spermwith CCR6 antibodymimicked the effect of DEFB1
antibody (Fig. 2B) in significantly reducing the bactericidal activity in
normal and in the two types of abnormal sperm, causing significantly
increased CFU counts (Fig. 5F, P < 0.01). However, the direct bacte-
ricidal activity of DEFB1 is not sensitive to CCR6 antibody treatment
in the absence of sperm (fig. S21). These results suggest that the bac-
tericidal effect of sperm depends on both DEFB1 and CCR6 on sperm.
Indeed, although rDEFB1didnot affect the bactericidal activity of normal
sperm (Fig. 5G), it rescued the antibacterial activity in sperm obtained
from both asthenozoospermia (Fig. 5H) and leukocytospermia (Fig. 5I)
patients, and the rescuing effects could be significantly blocked by CCR6
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Fig. 5. CCR6 receptor mediates the effect of DEFB1 in sperm. (A) Repre-
sentativeWestern blot frompooled normal and patient samples (n= 10 in each

zoospermia (D), and leukocytospermia (E) patients (n ≥ 10 in each group).
(F) Effect of anti-CCR6 antibody (20 mg/ml) on bacteria-killing activity of sperm
group) showing down-regulation of CCR6 in asthenozoospermia (Astheno) and
leukocytospermia (Leuko) patients. The summary of individual Western blot
results for each group is shown below. b-Actin was used as loading control.
(B) Effect of anti-CCR6 antibody (20 mg/ml) on sperm motility in sperm from
all three groups. (C to E) Effect of rDEFB1 alone (800 ng/ml) or rDEFB1 together
with anti-CCR6 antibody on spermmotility in sperm from normal (C), astheno-
from all three groups. (G to I) Effect of rDEFB1 alone (500 ng/ml) or rDEFB1
togetherwithanti-CCR6antibodyonbacteria-killingactivityof spermfromnormal
(G), asthenozoospermia (H), and leukocytospermia (I) patients (n ≥ 10 in each
group). IgGwas used as control for antibody treatment. Data are presented as
means ± SEM, compared byMann-Whitney test (B), Student’s t test (F), Kruskal-
Wallis test (C to E), or one-way ANOVA with Tukey post hoc test (A, G to I).
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antibody (Fig. 5, G to I, P < 0.001), indicating that the rDEFB1-rescued
bactericidal effect also requires CCR6. Together with the data demon-
strating colocalization and protein-protein interaction between DEFB1
and CCR6 in sperm, these results indicate the importance of a DEFB1/
CCR6 protein complex inmediating the dual action of DEFB1 in sperm
host defense and motility.
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DISCUSSION

The present study has demonstrated a dual role of DEFB1 in defending
male fertility. These results also suggest that a deficiency of DEFB1may
contribute to the pathogenesis of male infertility associated with asthe-
nozoospermia and leukocytospermia. It appears that DEFB1 creates an
antimicrobial shield around the human sperm and, in addition, pro-
motes spermmotility. This finding provides an explanation for the clin-
ical observation that asthenozoospermia is often associated with
leukocytospermia (8, 9), indicating a common cause for the compo-
nents of both reduced spermmotility andbactericidal activity.Although
an early study has suggested that leukocyte concentration in semen is
not associated with reduced sperm quality and conception rate in in-
fertile patients (36), findings from recent studies show that oxidation
stress caused by infection or inflammation may decrease sperm quality
and lead to infertility (37). In light of the present finding, the infertility in
leukocytospermia patients could be attributed to decreased sperm mo-
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tility and/or increased infection-induced
oxidative stress, both of which could stem
from a deficiency of DEFB1 in sperm. A re-
cent study has demonstrated the ability of
human b-defensin 114, another b-defensin
expressed in the epididymis, in preventing
lipopolysaccharide (LPS)–induced sperm
motility loss through its LPS-neutralizing
ability, suggesting that the rescue effect of
human b-defensin 114 on sperm motility
can be secondary to its primary bacteria-
suppressingaction(38).However, this should
not be the case forDEFB1 because the con-
taminating bacteria and leukocytes have
been removed before immunodepleting
DEFB1, and rDEFB1 can directly trigger
calciummobilization in normal sperm, in-
dicating a primary effect ofDEFB1 in pro-
moting sperm motility. It should also be
noted that the ability to swim is not an in-
trinsic property of sperm, but acquired
during their transit through the epididymis
(10). Recent studies have demonstrated the
involvement of two epididymis-specific
b-defensins, rat Bin-1b and human/mouse
b-defensin 15, in initiating and maintain-
ing sperm motility (13, 18). Our observa-
tion that anti-DEFB1 antibody could not
entirely abolish sperm motility in normal
sperm indicates that spermmotility is not
entirelydeterminedbyDEFB1.However, the
increase in spermmotility inducedby treat-
ment with rDEFB1 in asthenozoospermia
www.Scienc
and leukocytospermia suggests an important role of DEFB1 in sperm
motility and indicates a potential use for rDEFB1 to improve sperm
quality in the treatment of these abnormalities.

Although the present results suggest a dual role of DEFB1 in defend-
ingmale fertility in humans, the role of DEFB1 inmouse fertility is con-
troversial. DEFB1 knockout mice appear to be fertile and breed well
(39), but male mice with deletion in the b-defensin gene cluster encod-
ing DEFB1 and eight other b-defensins (DefbD9) are sterile (40). These
observations suggest that eitherDEFB1 functionally overlaps with other
b-defensins in the same gene cluster or DEFB1 is dispensable for male
fertility inmice. The latter would not be surprising because a number of
proteins that are required for fertilization in humans have also been shown
to be dispensable in gene knockout mice (41). Moreover, whereas human
rDEFB1 increases intracellular Ca2+, the deletion of b-defensin gene
cluster inDefbD9mice elevates intracellular Ca2+ content (40), suggest-
ing that the role of DEFB1 in human spermmight be distinct from that
in mouse sperm. Note that although the genomic organization of the
b-defensin cluster is retained, the high degree of peptide sequence
variation in different orthologs implies extensive specialization and
species-specific adaption during evolution (42). DEFB1 has been re-
ported to have evolved in primate lineages (43), where it is quite distinct
from its orthologs in rodents [TreeFam (http://www.treefam.org/); ac-
cession: TF336381]. Therefore, it is plausible that rodentsmay use other
b-defensins for sperm motility, as reported previously (14, 18). On the
other hand, the reported evolution of DEFB1 in primate lineages,
Fig. 6. DEFB1 plays a dual role in defending male fertility. This working model shows that in fertile
individuals, testicular spermatozoa express CCR6 receptor. As the sperm passes through the epididymis,

the epithelium releases DEFB1, which is captured by sperm through binding to the CCR6 receptor. Acqui-
sition of DEFB1 confers motility and bacteria-killing activity of sperm in ejaculates or female reproductive
tract (upper panel). In asthenozoospermia and leukocytospermia patients, sperm capture DEFB1 in-
efficiently because of reduced expression of CCR6 receptor in testicular spermatozoa and/or reduced ex-
pression of DEFB1 in epididymal epithelium. These sperm are infertile, with lowmotility and bacteria-killing
activity (lower panel). rDEFB1 treatment of the infertile sperm restores sperm motility and bacteria-killing
activity (lower panel).
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together with the currently demonstrated role of DEFB1 in defending
human fertility, as well as its well-known role in host defense in humans
(44), suggests thatDEFB1mayhave acquired specialization and species-
specific adaptation during evolution, which may be vital to the survival
of human species. Further investigation along this line may provide in-
sights into the molecular mechanism defending human fertility.

An unexpected finding from the present study is the involvement of
CCR6 receptor inmediating the effect ofDEFB1 onboth spermmotility
and bactericidal activity. CCR6 has recently been shown to be expressed
in sperm and involved in sperm chemotaxis upon binding with its che-
mokine ligand CCL20; however, the underlying mechanism was not
clear (34). The present finding that CCR6 is linked to Ca2+mobilization
in sperm and interacts with DEFB1, together with the observed inhibi-
tion of DEFB1-induced Ca2+mobilization and spermmotility by CCR6
antibody, indicates amechanism involving aDEFB1/CCR6 protein com-
plex in regulating sperm motility. Together, these findings suggest that
depending on the types of ligands, such as chemokines or b-defensins,
CCR6 receptor may elicit different types of physiological responses re-
quired for sperm function and male reproduction.

Another surprise from the present study is that sperm have antimi-
crobial activity and that this activity requires both DEFB1 and its inter-
acting partner CCR6. Although antimicrobial activity of human semen
has been observed since 1949 (45), the contents of seminal fluid, includ-
ing b-defensinmembers, but not sperm, were thought to be responsible
(46). Here, we showed that the bactericidal activity of sperm requires
CCR6, because treatment of spermwithCCR6 antibody greatly reduced
their basal and rDEFB1-enhanced bactericidal capacity. Notably,
whereas CCR6 is endogenously expressed in sperm, as indicated by
its testicular expression in germ cells, DEFB1 is highly expressed in
the epitheliumof the epididymis, consistentwith its well-known expres-
sion in various epithelial tissues (21). This, together with the demon-
strated protein-protein interaction between CCR6 and DEFB1, prompts
us to propose that CCR6 in sperm acts as a DEFB1 carrier/receptor that
captures DEFB1 secreted during sperm transit through the epididymis
(Fig. 6). That is, the binding of DEFB1 to sperm requires its interaction
with CCR6. This notion is supported by the observed positive correlation
between DEFB1 and CCR6 expression in sperm, both of which are re-
duced in asthenozoospermia and leukocytospermia compared to normal.
The requirement of CCR6 for DEFB1 binding to sperm is further sup-
portedby theobservation that the restored levels ofDEFB1 in sperm from
patients with asthenozoospermia and leukocytospermia are still lower
than that of normal sperm after incubation with rDEFB1. This suggests
that the binding of DEFB1 to sperm is CCR6-dpendent and that the re-
duced levels of DEFB1 in the two types of abnormal sperm may partly
be due to reduced CCR6 expression in sperm. Therefore, the abnormal-
ities in DEFB1-deficient sperm could result either from defective DEFB1
production/secretion from the male genital tract or from a possible defect
in CCR6 expression in sperm (Fig. 6).

DEFB1 is expressed on almost every epithelial surface of the body at
low concentration and has minor bacteria-killing activity compared to
other defensins (47). It is debatable whether DEFB1 plays an important
role in host defense. Here, we have shown that sperm in physiological
HTF medium have bacteria-killing activity, which can be blocked by
DEFB1-neutralizing antibody and rescued by rDEFB1, suggesting that
DEFB1 may contribute, at least in part, to the intrinsic bacteria-killing
activity of the sperm. That is, although DEFB1 may be present at a low
amount in seminal plasma, it can be concentrated by binding to sperm
to exert its bactericidal effect. However, this raises a question as to how
www.Scienc
sperm-bound DEFB1 can exert its bactericidal action because it is well
established that the binding of defensins to the cell membrane of
bacteria is a prerequisite for their bactericidal action, either by forming
pores or by permeabilizing the cell through an electrostatic interaction
without forming a pore (44). The likely scenario is that when bacteria
come in contact with sperm, DEFB1, originally bound to sperm, can be
transferred to the bacteria. In the present study, we detected the transfer
of sperm-bound DEFB1 to bacteria after incubation with sperm, which
explains its bacteria-killing effect.

The fact that both reduced sperm motility and bactericidal activity
can be restored by treatment with rDEFB1 has considerable clinical im-
plications (Fig. 6). Current treatment for male infertility includes em-
piric regimens with vitamins and minerals (48, 49) or intracytoplasmic
sperm injection, which are associated with increased risk of congenital
abnormalities in the offspring (50). The present study has demonstrated
a restoration of >50% spermmotility with enhanced forward motility, hy-
peractivatedmotility, and improvedoocytepenetrationability inboth types
of abnormal sperm by rDEFB1 treatment. This may provide an effective
treatment method to increase sperm motility and fertilization rate in as-
sisted reproduction. In addition, rDEFB1 treatment also increases thenum-
ber of spermbound in theHBAassay, suggesting apotential role ofDEFB1
in modulating sperm quality, maturity, and structural integrity apart from
spermmotility, whichmay also contribute to improving clinical outcomes.
The present finding warrants further investigation into the possible role of
DEFB1 in modulating other sperm parameters.

Although the present study has provided promising results, whichmay
form the basis for the potential development of rDEFB1 as a treatment
method for infertile patients with asthenozoospermia and leukocytosper-
mia, there are limitations in the present study that warrant further investi-
gation. First, the observed rDEFB1-increased sperm-fertilizing capacity in
the abnormal sperm was obtained from a “human sperm–hamster oocyte
hybrid” system. Therefore, the fertilization-promoting effect of rDEFB1 on
the two types of abnormal sperm for penetrating human oocytes remains
to be tested. Second, the safety of using rDEFB1, particularly any potential
adverse effects of rDEFB1 treatment on embryodevelopment, has not been
addressed in the present study. Further investigation is required to address
these concerns.

In closing, the demonstrated dual role of DEFB1 in defending male
fertility and the involvement ofDEFB1 and its interacting proteinCCR6
in the pathogenesis of asthenozoospermia and leukocytospermia have
suggested potential diagnostic targets and a feasible treatment method
for male infertility associated with poor spermmotility and genital tract
infection.
SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/6/249/249ra108/DC1
Materials and Methods
Fig. S1. Decreased expression of DEFB1 in sperm from asthenozoospermia and leukocytosper-
mia patients.
Fig. S2. Specificity of anti-DEFB1 antibody.
Fig. S3. Correlation between DEFB1 expression and sperm motility in normal and asthenozoos-
permia sperm.
Fig. S4. Inverse correlation between DEFB1 expression and number of leukocytes in normal
and leukocytospermia sperm.
Fig. S5. Inverse correlation between sperm motility and number of leukocytes in normal and
leukocytospermia sperm.
Fig. S6. Transfer of sperm-bound DEFB1 to bacteria after incubation with sperm.
Fig. S7. Negative effect of DEFB-neutralizing antibodies on sperm agglutination.
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Fig. S8. Reversal of anti-DEFB1 antibody effect by rDEFB1.
Fig. S9. Negative effect of normal IgG on bactericidal activity of sperm.
Fig. S10. Effect of immunodepletion of DEFB1 by a separate source of DEFB1 antibody on
sperm motility and bactericidal activity.
Fig. S11. Comparison of expression of sperm-bound and recombinant DEFB1.
Fig. S12. Negative effect of rDEFB1 on acrosome reaction.
Fig. S13. Effect of immunodepletion of DEFB1 on hyperactivated motility.
Fig. S14. Counteracting the reversal effect of DEFB1 antibody on rDEFB1 treatment by addition
of preabsorbed rDEFB1.
Fig. S15. Expression of CCR6 receptor in human and mouse sperm.
Fig. S16. Effect of CCR6 ligand CCL20 on intracellular Ca2+ concentrations in normal sperm.
Fig. S17. Effect of rDEFB1 on cAMP production in normal and abnormal sperm.
Fig. S18. Expression of DEFB1 in human epididymis.
Fig. S19. Correlation between expression of DEFB1 and CCR6 in normal and infertile sperm.
Fig. S20. Negative effect of neutralizing antibodies against CCR6 on sperm agglutination.
Fig. S21. Effect of rDEFB1 and anti-CCR6 antibody on bactericidal activity in the absence of
sperm.
Table S1. Clinical parameters of normal, asthenozoospermia, and leukocytospermia patients’
sperm used in DEFB1 expression profiling.
Table S2. Infection and fertility status of leukocytospermia patients used in DEFB1 expression
profiling.
Table S3. Original data (provided as an Excel file).
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