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SUMMARY

Sperm chemotaxis is required for guiding sperm toward the egg. However, the molecular identity of physio-
logical chemoattractant and its involvement in infertility remain elusive. Here, we identify DEFB19/119
(mouse/human orthologs) as a physiological sperm chemoattractant. The epithelia of the female reproduc-
tive tract and the cumulus-oocyte complex secrete DEFB19/119 that elicits calcium mobilization via the
CatSper channel and induces sperm chemotaxis in capacitated sperm. Manipulating the level of DEFB19
in mice determines the number of sperm arriving at the fertilization site. Importantly, we identify exon muta-
tions in the DEFB119 gene in idiopathic infertile women with low level of DEFB119 in the follicular fluid. The
level of DEFB119 correlates with the chemotactic potency of follicular fluid and predicts the infertile outcome
with positive correlation. This study reveals the pivotal role of DEFB19/119 in sperm chemotaxis and demon-

strates its potential application in the diagnosis of idiopathic infertility.

INTRODUCTION

Infertility affects over 15% of couples worldwide. Despite the
advancement in the diagnosis and treatment of infertility, the un-
derlying cause of around 20% of these infertile cases remains
unexplained.” The migration of sperm in the female reproductive
tract (FRT) plays an essential role in fertilization and is influenced
by the fluid movement, thermal gradient, and chemical
gradient.”"® The chemical guidance of human sperm, also known
as sperm chemotaxis, has long been observed in mammals and
is considered an important mechanism in guiding sperm toward
the egg.? Under physiological condition, sperm chemotaxis oc-
curs in the FRT with the follicular fluid (FF), the cumulus-oocyte
complex (COC), and oviductal fluid as possible physiological
sources of chemoattractant.'® Hitherto, the contribution of FRT
chemoattractant to infertility remains elusive.

Gheck for
Updates

One of the most well-established sources of chemoattractant
is FF. Intriguingly, the release of FF is a single event at ovulation,
and therefore, it is unlikely to sustain the supply of chemoattrac-
tant(s) throughout the survival period of the egg. Since condi-
tioned media from the matured egg and surrounding cumulus
cells have been observed to be chemotactically active,'’ and
an oocyte-derived chemoattractant has been characterized,'?
the COC is considered another important source of chemoat-
tractant to sustain sperm chemotaxis after ovulation. It is postu-
lated that sperm can undergo multistep chemotaxis in response
to different chemoattractants to complete the long voyage in the
FRT.® These chemoattractants may elicit different behavioral re-
sponses in sperm that enable them to travel a much longer dis-
tance compared with a single chemoattractant gradient.® Pro-
gesterone is one of the most studied chemoattractants found
in FF and COC, which has been shown to elicit calcium
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mobilization involved in chemotaxis.'®~'® However, the chemo-
tactic potential of progesterone has only been demonstrated
by in vitro studies.®'® Under these conditions, substances of un-
known physiological sources can also be chemotactically
active.'® Nonetheless, the involvement of any of these potential
chemoattractants in sperm chemotaxis has not been demon-
strated in vivo.

Beta-defensin family is a group of small antimicrobial peptides
mainly expressed and secreted by the epithelial linings of various
organ systems, including the reproductive tract.’” In host de-
fense, B-defensins are also chemotactically active to immune
cells. Besides, B-defensins are also expressed in the reproduc-
tive tract and reported to be involved in sperm motility affecting
their fertilizing capacity.’®?" Given the chemotactic ability of
B-defensins and their capability of promoting sperm motility,
we investigated the possible involvement of B-defensins in
sperm chemotaxis and infertility. Here, we show that human
DEFB119 and its mouse ortholog DEFB19 are chemotactically
active in sperm chemotaxis assays in vitro. Manipulating the
level of DEFB19 in mouse oviduct alters the number of sperm
at the fertilization site and the fertility outcome in vivo. More
importantly, we revealed that DEFB119 level was associated
with the chemotactic potency of FF in idiopathic infertile women
who carried exon mutations of DEFB119. Further, we have
demonstrated the potential of DEFB119 in the diagnosis of idio-
pathic infertility.

RESULTS

DEFB19 is secreted by COC and expressed along the
FRT

First, we sought to investigate the expression profile of B-defen-
sins in FRT to identify potential chemoattractants. We selected
six candidate B-defensins (Defb8, 15, 19, 35, 42, and 45) shown
to be expressed by cumulus cells and oocytes in the mouse from
the Gene Expression Omnibus database and a ubiquitously ex-
pressed B-defensin Defb1, which the human homolog has been
shown to be involved in sperm motility.”" In the gene expression
experiment, we found that six of the seven candidate pB-defen-
sins were expressed in the ovaries of mature mice (Figure S1).
The expression of Defb1 was highest in the vagina and gradually
decreased in the uterus/oviduct and reached a low level in the
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ovary. We focused on Defb19 because of its ascending gradient
expression from the vagina toward the oviduct with robust
expression in the ovary (Figure 1A). The expression of Defb19
and the level of DEFB19 protein were estrus cycle dependent
and peaked at the estrus phase when ovulation occurs
(Figures 1B and S2A).%? In the oviduct, the expression
of DEFB19 was higher in the ampulla compared with the
isthmus (Figures S2B and S2C). Using a primary culture of
mouse cumulus cells, we observed the mRNA expression in
the cumulus cells and the secretion of DEFB19 protein to the
cumulus cell-conditioned media (Figures 1C and S2D).

DEFB19 elicits mouse sperm chemotaxis in vitro

We first assessed the chemotactic activity of DEFB19 by
ascending accumulation gradient assay (AAGA).° We synthe-
sized DEFB19 and analyzed its intramolecular disulfide bonds,
which are indispensable for the activity of the defensin fam-
ily.>>2* The recombinant DEFB19 (rDEFB19) possessed proper
disulfide bonds by LC-MS/MS as observed in the B-defensin
family members (Figure S3).%° Then, we established ascending
gradients of rDEFB19 (100-600 ng/mL) from the upper chamber
toward the lower chamber. We confirmed the establishment of
DEFB19 gradient using a fluorescent-conjugated rDEFB19 (Fig-
ure S4A). Capacitated mouse sperm were seeded in the lower
chambers, and the accumulation of sperm that migrated across
the chambers was measured. DEFB19 dose dependently
increased the percentage of sperm that migrated toward the up-
per chamber, with the highest migration rate observed at 400 ng/
mL (Figure 1D). The same dose of rDEFB19 also attracted a
markedly higher percentage of sperm in choice assay compared
with vehicle control (Figures S4B and S4C).

Further, we performed a directionality-based assay using the
Zigmond-like chamber (u-slide chemotaxis®®), which has been
used to quantify sperm chemotaxis.”®® In this system, the
movement of sperm toward the chemoattractant was visualized,
and the direction and distance of sperm movement were quan-
tified. Similarly, the DEFB19 gradient was confirmed by a fluo-
rescent-conjugated rDEFB19 (Figure S4D). Consistent with
AAGA and choice assay, rDEFB19 was chemotactically active
to mouse sperm as indicated by the increase in the forward
migration index of directionality assay (Figures 1E and 1F). In
corroboration with the previous observations on the lack of

Figure 1. DEFB19 is expressed in mouse female reproductive tract and induces chemotaxis in mouse sperm

(A) Representative immunofluorescence images showing the expression of DEFB19 (green) in mouse vagina, uterus, oviduct, and ovary (n = 3 mice). Nuclei were
counterstained by DAPI (blue). Scale bar represents 100 pum.

(B and C) ELISA results showing the protein level of DEFB19 in different parts of the female reproductive tract at indicated phases of the estrous cycle (B,n=5
mice) and in conditioned medium collected at indicated time points after culturing with primary mouse cumulus cells (C, n = 4 experiments, three mice were used
in each experiment). Data are presented as means + SD. *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001.

(D) Ascending accumulation gradient assay showing the percentage of sperm accumulated in the upper chamber in the presence of an indicated amount of
recombinant DEFB19 (rDEFB19) or vehicle control (Ctrl) (n = 8 experiments).

(E) Representative motion track of directionality-based assay showing the swimming direction of sperm in response to rDEFB19 (400 ng/mL) or vehicle control
(Ctrl). All the long trajectories in the gradient direction (purple tracks) and in the opposite direction (green tracks) were used for analysis. Red dots indicate the
average migration distance of the selected sperm.

(F) Quantification of the forward migration index is shown (F, n = 5 experiments), and the concentration of rDEFB19 was 400 ng/mL.

(G) Forward migration index showing the swimming direction of sperm in response to conditioned medium of primary mouse cumulus cells or control medium (n =
5 experiments) and cumulus cell-conditioned medium with anti-DEFB19 neutralizing antibody (n = 7 experiments, 20 ug/mL) or normal IgG (n = 5 experiments,
20 pg/mL). Data are presented as means + SD, compared by Student’s t test (F) or one-way ANOVA with Tukey’s post hoc test (D and G). ***p < 0.001;
****p < 0.0001.
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chemotactic responsiveness in non-capacitated sperm,
DEFB19-induced sperm chemotaxis was markedly higher in ca-
pacitated sperm, whereas that in non-capacitated sperm was
negligible (Figure S4E). Similar chemotactic effect was not
observed in sperm treated with mouse DEFB1 (Figures S4F
and S4G), supporting the specificity of DEFB19 chemotactic ac-
tivity toward mouse sperm.

We next sought to examine the contribution of DEFB19 to the
chemotactic activity of FF. To mimic mouse FF, we collected the
conditioned medium from a primary culture of mouse cumulus
cells and examined its chemotactic activity. We depleted func-
tional DEFB19 in the conditioned medium by a neutralizing anti-
body against DEFB19. The result from directionality-based
assay revealed that the chemotactic activities of conditioned
medium were significantly suppressed by immunodepletion of
DEFB19 (Figure 1G), suggesting the physiological relevance of
DEFB19 in mouse sperm chemotaxis.

DEFB19 triggers CatSper-dependent Ca%* mobilization
We further examined whether DEFB19 could trigger calcium
mobilization since it plays central roles in sperm functions such
as motility and chemotaxis during the voyage in the FRT.? In hu-
man sperm, the principal Ca?* channel CatSper triggers Ca?*
influx associated with motility and chemotaxis.*°=® Thus, we
also examined the possible involvement of CatSper channel in
DEFB19-induced Ca?* response. We found that DEFB19 was
co-localized and interacted with the CatSper1 channel in the
principal piece of sperm (Figure S5). By measuring the intracel-
lular Ca2* in the head region,*"*® we revealed that rDEFB19
markedly elevated intracellular Ca®* level in mouse sperm
(Figures 2A-2C). The DEFB19-induced Ca?* mobilization could
be abolished by corresponding neutralizing antibodies against
DEFB19. The Ca** responses were also significantly inhibited
by CatSper channel inhibitors mibefradil or NNC-55-0396
(NNC) (Figures 2A-2C), suggesting the involvement of CatSper
channel in the DEFB19-induced Ca?* elevation. Indeed, sperm
patch-clamp experiment revealed that rDEFB19 induces
CatSper channel activity (Figure 2D). Similar induction was not
observed in sperm obtained from CatSper?~'~ mouse lacking
the CatSper channel activity (Figures 2E and S6).

Sperm hyperactivation, which is also mediated by CatSper
channel,***” has been proposed to be involved in sperm chemo-
taxis.?”*® Therefore, we examined the hyperactivated motility and
kinetic parameters of capacitated sperm in response to rDEFB19
treatment by computer-assisted sperm analysis (CASA). We
observed a significant increase in curvilinear velocity (VCL),
average path velocity (VAP), and straight-line velocity (VSL)
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(Figures S7A-S7C). In line with the increase in motion parameters,
rDEFB19 treatment markedly increased the percentage of sperm
with hyperactivated motility to 26% =+ 4.4% compared with that in
the vehicle control (15.88% =+ 3.3%) (Figure S7D). The rDEFB19-
induced hyperactivation was blunted by the DEFB19 neutralizing
antibody or mibefradil (Figure S7D), suggesting that DEFB19 in-
duces hyperactivation through CatSper channel.

DEFB19 elicits mouse sperm chemotaxis in vivo

Next, we assessed the involvement of DEFB19 in mouse sperm
chemotaxis in vivo. DEFB19 was robustly expressed in devel-
oping follicles that later form the COC (Figure 1). To test the
contribution of DEFB19 from COC, we surgically ligated the
ovary-oviduct connection in mice 6-8 h after mating with males
as described previously.**" As a result, the COC was absent in
ligated oviduct. In this ligation model, the number of sperm that
arrived at the ligated oviducts was significantly lower than that in
contralateral sham-operated non-ligated oviducts (Figures S8A-
S8C), suggesting a reduction of chemotactic activity in FRT due
to the absence of COC. Next, we overexpressed Defb19 in the
ligated oviduct to restore the level of DEFB19 (Figures S8D
and S8E). Overexpression of DEFB19 significantly restored the
number of sperm that arrived at the ligated oviduct compared
with the contralateral ligated oviduct transfected with vector
control (Figures S8F and S8H).

To confirm the involvement of DEFB19 in vivo, we knocked
down DEFB19 by injecting two individual designs of siRNAs
against DEFB19 (siDEFB19#1 or siDEFB19#2) or control
siRNAs (siNC) into the oviducts (Figure 3A). As expected, the
number of sperm detected in the siDEFB19-injected oviducts
was significantly lower than that in contralateral control siRNA-
injected oviducts (Figures 3B and 3C). Furthermore, we exam-
ined the fertility outcome after knocking down DEFB19 by
housing the siRNAs-injected female mice with male mice.
Consistent with the decreased number of sperm, the number
of implanted embryos in DEFB19 knocked-down oviducts was
significantly lower than that in the contralateral control oviducts
(Figures 3D-3G). These results confirm the involvement of
DEFB19 in sperm chemotaxis and its essential role in fertility.

Knockout of Defb19 impairs chemotaxis and fertility
potency in mice

Previous studies indicated Defb19 is primarily expressed in the
mouse reproductive system.*? To better understand the involve-
ment of DEFB19 in mouse sperm chemotaxis in vivo, we estab-
lished Defb19-knockout (KO) mice using the CRISPR-Cas9 tech-
nology by deleting exon 1 and exon 2 of Defb19 gene (Figure 4A).

Figure 2. DEFB19 triggers CatSper-dependent Ca?* mobilization

(A and B) Representative fluorescence images (A) and time course tracing (B) of mouse sperm loaded with Fluo-4, a Ca®* sensitive dye, before (basal) and after the
addition of rDEFB19 (400 ng/mL) with or without pretreatment of normal IgG (20 pg/mL), anti-DEFB19 antibody (20 pg/mL), Catsper inhibitor mibefradil (40 M),
and NNC (NNC 55-0396, 2 uM).

(C) Quantification of percentage change in intracellular Ca®* level ((Fmax — Fo)/Fo(%)) (numbers in parenthesis represent the number of sperm recorded in four
independent experiments).

(D and E) Representative patch-clamp recording of whole-cell currents in wild-type mouse sperm (D) or CatSper1 mouse sperm (E) elicited by 1-s voltage
ramp from —100 to +100 mV with pipette pH (pHi) at 7.2. From the same patch, the monovalent CatSper currents in wild-type sperm were recorded after
application with DVF or DVF added with test factors (rDEFB19, 400 ng/mL) (D, left panel) (n = 6 sperm). With CatSper1 deleted, the subtle and similar currents
detected in both high saline solution (HS) and DVF solutions confirmed the deficiency of CatSper currents (E, left panel). Corresponding statistical analysis are
shown on the right panel (n = 5 sperm). Data are presented as means + SD. *p < 0.05; ****p < 0.0001.
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Figure 3. Knockdown of Defb19 in oviduct perturbs sperm chemotaxis in vivo

(A and B) Western blot results (A) and representative immunofluorescence staining (B) showing the expression of DEFB19 in the oviduct of matured female mice
upon in vivo transfection of two individual designs of siRNA targeting DEFB19 (siDefb19#1 and siDefb19#2, 50 pmol) or control siRNA (siNC, 50 pmol) (n = 4
experiments).

(C) Representative H&E staining showing the sperm that arrived at the oviduct of matured female mice with or without knockdown of DEFB19 (n = 4 experiments).
Scale bar represents 200 um.

(legend continued on next page)
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We performed PCR and immunofluorescence staining to confirm
the absence of DEFB19 in the KO mice (Figures 4B and S9A).
Defb19-KO female mice show complete follicle development
with normal histology of the FRT and normal body weight
(Figures S9B and S9C). However, female mice were subfertile
and sired a lower number of litters compared with the wild type
(Figure 4C). To investigate if the subfertility stemmed from the de-
fects in sperm chemotaxis in the KO mice, we inseminated the
sperm obtained from wild-type (WT) male mice to the uterus of
WT or KO female mice. The result showed that the number of
sperm detected in the oviducts of KO mice was significantly lower
than that in the oviducts of WT mice (Figures 4D—4F). Consistent
with the decreased number of sperm, the average number of im-
planted embryos in Defb19-KO oviducts was significantly lowered
than that in the WT oviducts (Figures S9D and S9E). Next, we
collected the conditioned medium from a primary culture of WT
and KO mouse cumulus cells and examined its chemotactic activ-
ity. The result revealed that the chemotactic activity of conditioned
medium from KO mice was significantly weaker than that of WT
mice (Figures 4G-4l). These results indicate the vital role of
Defb19 in sperm chemotaxis and fertility in vivo.

DEFB119 elicits human sperm chemotaxis
We next examined if the DEFB19-mediated sperm chemotaxis is
conserved in humans. Defb19 is the mouse ortholog of human
DEFB119. Similar to mouse Defb19, we found that human
DEFB119 was expressed in human cumulus cells (Figure S10).
To examine the chemotactic activity of DEFB119 toward human
sperm, we tested various doses of GST-tagged DEFB119 (GST-
DEFB119, 100-1200 ng/mL), which also possessed disulfide
bonds commonly observed in B-defensin members (Figure S11),
using AAGA. Consistent with the result in mouse sperm, GST-
DEFB119 formed a gradient (Figure S12A), and it attracted hu-
man sperm in a dose-dependent manner (Figure 5A). The
same dose of GST-DEFB119 also attracted a higher percentage
of capacitated sperm in the choice assay and directionality
assay (Figures 5B and S12B-S12E), and it markedly increased
the percentage of sperm with hyperactivated motility compared
with those treated with the GST tag alone (Figure S13). Notably,
an effective dose of recombinant DEFB1, a ubiquitously ex-
pressed B-defensin known to maintain sperm motility,”' induced
a modest increase in forward migration index in directionality
assay but no significant chemotactic activity toward human
sperm in directionality assay, AAGA, and choice assay
(Figures 5A, 5B, and S12B), suggesting that the chemotactic ac-
tivity was specific to DEFB119.

Lastly, we tested the effect of DEFB119 on Ca* mobilization.
Consistent with the results in mouse sperm, GST-DEFB119
markedly elevated the intracellular Ca2* level in human sperm,
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which could be blunted by neutralizing antibodies against
DEFB119 (Figures 5C-5G). The Ca?* responses induced by
DEFB119 were considerably higher than that caused by
DEFB1. The GST-DEFB119-induced Ca®* responses were also
significantly inhibited by mibefradil or NNC 55-0396 (Figure 5G).
Consistent with the Ca®* response, DEFB119 induced CatSper
channel activity that can be blunted by another CatSper inhibitor
RU1968F143(Figures 5H and 5I) and anti-DEFB119 antibodies
(Figure S14). GST-DEFB119 taken up by the sperm was in close
proximity to CatSper1 (Figure S15). These results suggest a
conserved mechanism underlying the effect of DEFB19/119 on
sperm chemotaxis.

Deficiency of DEFB119 is associated with unexplained
infertility

Hitherto, few reports have linked sperm chemotaxis with infer-
tility. Two preliminary studies suggested that a decreased sensi-
tivity of sperm to artificial chemoattractant bourgeonal may be
associated with idiopathic infertility.***> However, the physio-
logical source of odorant or other related molecules remains
controversial. Moreover, the involvement of FRT-induced sperm
chemotaxis in idiopathic infertility has not been investigated. To
examine the potential involvement of DEFB119-mediated sperm
chemotaxis in infertile cases, we compared the FF from 120 idio-
pathic infertile women and 120 control subjects (partner of male
factor infertility) for the expression level of DEFB119 and the abil-
ity of FF samples to induce sperm chemotaxis. The clinical infor-
mation of these patients is shown in Table S1. The results indi-
cated that the level of DEFB119 protein as well as the
chemotactic activity were significantly lowered in FF obtained
from idiopathic infertile women (Figures 6A and 6B).

Moreover, DEFB119 protein level was positively correlated
with chemotaxis potency (Figure 6C). We screened for poly-
morphisms and mutations in the DEFB119 gene from the blood
samples collected from 104 control and 105 idiopathic infertile
women of the same cohort. Six single mutations in the coding
region were identified in six patients but not in the control sub-
jects (Figure 6D and Table S2). Among these, the homozygous
nonsense C55X mutation (patient number 11) and the heterozy-
gous missense C56S mutation (patient number 27) were pre-
dicted to be deleterious by three complementary nsSNV
scoring algorithms (Table S2), including SIFT,*® PolyPhen2,*’
and M-CAP.**%° The K40E mutation (patient number 69) and
the E69G mutation (patient number N108) were predicted to
be deleterious by two complementary nsSNV scoring algo-
rithms (Table S2). Indeed, the FF obtained from homozygous
C55X mutation (N11) has an undetectable level of DEFB119
protein and the weakest FF chemotaxis potency (Figures 6A
and 6B). We also found 19 mutations in the intron region of

(D) Quantification of sperm count in the oviduct sections of DEFB19 knockdown or control siRNA transfected oviduct of matured female mice. At least five random

fields were counted for each mouse (n = 4 mice).

(E) Quantification of sperm count obtained by flushing of the DEFB19 knockdown or control siRNA transfected oviduct of matured female mice (siNC, n = 7 mice;

siDefb19#1, n = 4 mice; siDefb19#2, n = 3 mice).

(F) Representative images showing the number of the implanted embryos in the uterine horn connected to the DEFB19 knockdown or control siRNA transfected

oviduct.

(G) Quantification of embryo numbers in uterine horn (siNC, n = 7 mice; siDefb19#1, n = 4 mice; siDefb19#2, n = 3 mice). Data are presented as means + SD,

compared by one-way ANOVA with Tukey’s post hoc test.
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Figure 4. Knockout of Defb19 in mice perturbs sperm chemotaxis and leads to subfertility

(A) The schematic illustration of the targeting strategy for generating Defb19-knockout mice. A deleting mutation was generated by deleting exon 1 and exon 2 of
Defb19. The gRNA pairs used in this mouse are shown below.

(B) Representative immunofluorescence staining showing the expression of DEFB19 in the oviduct of WT and Defb19-KO female mice (n = 4 experiments).
(C) Quantity of WT and Defb19-KO mice litter size (n = 5 mice). **p < 0.01.

(legend continued on next page)
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DEFB119. Seven of them were common to control and infertile
patients, while 12 were only observed in the infertile patients.
Mutations in DEFB119 were associated with idiopathic infertility
(Table 1). This result suggests that DEFB119 is highly polymor-
phic and its mutations may be an etiological factor of idiopathic
infertility.

To explore the diagnostic value of DEFB119 level for idio-
pathic infertile patients, receiver operating characteristic
(ROC) curve (Figure 6E) was applied to the level of DEFB119
in the FF. The area under the ROC curve was 0.9043, which
was significant (p = 2.6 x 10727). Further, sensitivity and spec-
ificity of the test was calculated at various values, and a cut
off value of 29.27 ng/mL was calculated at which 53.33%
sensitivity and 95% specificity was observed. With this
threshold, patients with DEFB119 level below the threshold
(DEFB119"°%) were associated with idiopathic infertility (Ta-
ble 1). Notably, exon mutations in DEFB119 were also associ-
ated with low DEFB119 (Table 1). Together, our results
showed that deficient/defective DEFB119 ensued by the
lowering of chemotactic activity in FF may be a risk factor in
idiopathic infertility.

DISCUSSION

The present study has identified DEFB119 and its mouse ortho-
log Defb19 as a conserved chemoattractant for sperm chemo-
taxis in mammals. The chemotactic effect of DEFB19/119 is
mediated by calcium mobilization via the CatSper channel.
Although previous studies have revealed a plethora of sub-
stances promiscuously activate the CatSper channel,”®" the
present study utilized the oviduct ligation model as well as ge-
netic manipulation in vivo and showed that DEFB19 is involved
in mouse sperm chemotaxis required for normal fertility under
physiological condition (Figures 3, 4, and 5), strongly suggesting
that DEFB19 is a physiological chemoattractant guiding sperm
through the FRT. This notion is further supported by the
observed reduction in chemotactic activities and levels of
DEFB119 in the FF of POR, PCOS, and idiopathic infertile pa-
tients, which could be partially restored by treatment with
rDEFB119. Notably, another physiological chemoattractant pro-
gesterone, which is produced by the COC, has also been postu-
lated to be involved in human sperm chemotaxis via activation of
the CatSper channel. Interestingly, the effect of progesterone on
CatSper channel is not observed in mouse sperm. These find-
ings together with the result from our current study suggest a
multistep chemotaxis in the FRT where DEFB19/119 from
oviductal epithelium attracts sperm toward the fertilization site
and together with other chemoattractants, e.g., progesterone
from COC to attract sperm toward the egg.

¢ CellP’ress

In this study, we showed that DEFB19/119 co-localized or
located in close proximity to CatSper 1, an essential subunit
of the CatSper channel. The close proximity permits direct
protein-protein interaction where DEFB19/119 serves as the
ligand. However, the molecular mechanism underlying the
activation of the CatSper channel by DEFB19/119 remains un-
resolved. It is plausible that DEFB19/119 binds directly to the
CatSper channels complex or interacts with the channel via an
associated protein or signaling pathway that activates the
channel directly or releases the channel from endogenous in-
hibition. The investigation of these possibilities requires further
experimentation on the ligand binding kinetics, dose-response
relationship, and molecular interaction between CatSper and
DEFB19/119. A similar approach has been used to identify
the unconventional endocannabinoid signaling that mediates
the activation of the CatSper channel by progesterone in hu-
man sperm.’® Nonetheless, in view of the conserved effect
of DEFB19/119 on the CatSper channel in both human and
mouse sperm, we postulate that the effect of DEFB19/119
is mediated by a molecular mechanism independent of
the progesterone-induced unconventional endocannabinoid
signaling cascade.

Previous studies have shown the crucial roles of B-defensin
family members on human sperm functions. Tollner et al. have
demonstrated that epididymis-specific DEFB126 modulates
the leptin binding ability of sperm. Mutation in this gene is asso-
ciated with male subfertility.'® Our recent study has shown that
ubiquitously expressed DEFB1 is required for maintaining sperm
motility. Deficient of this gene underlies the lowered sperm
motility in asthenozoospermia infertile patients.”’ The present
study compared the effect of DEFB119 and DEFB1 on hyperac-
tivated motility and sperm chemotaxis. While DEFB1 treatment
could induce a modest, yet significant increase in hyperactivated
motility, DEFB119 elicited a robust increase in hyperactivated
motility. Moreover, DEFB119 was chemotactically active, while
DEFB1 does not affect sperm chemotaxis. The present results
suggest that family members of B-defensins play differential
roles in sperm functions. To this end, it is noteworthy that
DEFB19 is highly expressed in the testis, which suggests the
presence of DEFB19 in sperm of the male reproductive tract.
The physiological role(s) of DEFB19 in the testis and its potential
involvement in sperm functions in the male reproductive tract
warrant further investigations.

Another important finding of the present study is the associ-
ation of DEFB119-mediated sperm chemotaxis with idiopathic
infertility. Although following the guidance of standard infertility
evaluation published by the American Society for Reproductive
Medicine, the couples with unexplained infertility with all test
results indicating normal are still approximately 15%-30%.°"

(D) Representative H&E staining showing the sperm that arrived at the oviduct of WT and Defb19-KO female mice (n = 4 experiments). Scale bar represents

200 pm.

(E) Quantification of sperm count in the oviduct sections of WT and Defb19-KO female mice. At least five random fields were counted for each mouse (n = 4 mice).

***p < 0.001.

(F) Quantification of sperm count obtained by flushing oviduct of WT and Defb19-KO female mice (WT, n = 5 mice; KO, n = 5 mice). ***p < 0.001.

(G and H) Representative motion track of directionality-based assay showing the swimming direction of sperm in response to conditioned medium of primary
mouse cumulus cells obtained from WT (G) and Defb19-KO (H) female mice (n = 4 experiments).

(I) Quantification of the forward migration index is shown on the right panel. Data are presented as means + SD, compared by Student’s t test. ***p < 0.001.
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Figure 6. Mutations and protein level of DEFB119 are associated with unexplained infertility

(A and B) ELISA results (A) and directionality-based assay results (B) showing the expression of DEFB119 and chemotactic activity of the follicular fluid (FF)
collected from women with idiopathic infertility (n = 120 patients). Women whose partner was diagnosed with male factor infertility were recruited as controls (n =
120 patients). The red arrows mark patient number of the CDS mutation screening. Data are presented as means + SD, compared by Student’s t test.
****p < 0.0001.

(C) Correlation analysis between DEFB119 expression and chemotaxis potency in FF obtained from idiopathic infertility patients and male factors.

(D) Sanger sequencing showing the K40E, Y48H, C55X, C56S, E69G, and D73G mutations of DEFB119 in six idiopathic infertility patients. (E) ROC curve analysis
for DEFB119 concentration levels and infertility suggesting it is a risk of idiopathic infertility.

Currently, the diagnosis of infertility is limited to sperm analysis, some reaction and sperm chemotaxis, have not been included.
hormonal profiling, and structural analysis. However, a number  Therefore, defects in these processes may have been over-
of physiological processes that occur in the FRT, e.g., acro- looked in idiopathic infertility. Our results indicated a significant

Figure 5. Recombinant DEFB119 induces chemotaxis in human sperm

(A) Ascending accumulation gradient assay showing the percentage of sperm accumulated in the upper chamber in the presence of an indicated amount of
recombinant GST-tagged DEFB119 (GST-DEFB119). GST tag or recombinant DEFB1 (800 ng/mL) was used as a control (n = 8 experiments).

(B) Quantification of the forward migration index of the directionality-based assay with sperm treated with GST-DEFB119 (800 ng/mL) in the presence or absence
of anti-DEFB119 antibody (20 ng/mL) or mibefradil (40 uM) (n = 5 experiments).

(C-F) Representative fluorescence images (C) and time course tracing (D-F) of human sperm loaded with Fluo-4 before (basal) and after the addition of GFT-
DEFB119 (800 ng/mL). GST tag or recombinant DEFB1 (800 ng/mL) was used as a control. (G) Quantification of percentage change in intracellular Ca®* level
((Fmax — Fo)/Fo (%)) with or without pretreatment of anti-DEFB119 antibody (20 ng/mL), mibefradil (40 uM), and NNC (NNC 55-0396, 2 pM) (numbers in parenthesis
represent the number of sperm recorded in four independent experiments).

(H) Representative patch-clamp recording of whole-cell currents in normal human sperm elicited by 1-s voltage ramp from —100 to +100 mV with pipette pH (pH;)
at 7.2. From the same patch, the monovalent CatSper currents were recorded after application with DVF or DVF added with test factors (GST-DEFB119, 800 ng/
mL or GST-DEFB119 + CatSper inhibitor RU1968F1, 10 puM).

(I) Corresponding statistical analysis of the patch-clamp recording (n = 4). Data are presented as means + SD, compared by one-way ANOVA with Tukey’s post
hoc test (A, B), one-way ANOVA with Scheffe’s test (G), or two-way ANOVA with multiple comparisons (I). ***p < 0.001. ****p < 0.0001.
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Table 1. Association of DEFB119 gene mutations with DEFB119 protein level in follicular fluid and idiopathic infertility in women

Variable n Male factor freq (%) Idiopathic infertility freq (%) XZ statistics (df) p value
Total mutation status

Wild type 90 56 (62.2) 34 (37.8) 9.819 (1) 0.002
Total mutations 119 48 (40.3) 71 (69.7)

Exon mutation status

Wild type 203 104 (51.2) 99 (48.8) N/A 0.029%
Exon mutations 6 0 (0) 6 (100)

29.27 ng/mL threshold

<29.27 ng/mL 70 6 (8.6) 64 (91.4) 67.845 (1) 0
>29.27 ng/mL 170 114 (67.1) 56 (32.9)

29.27 ng/mL threshold difference in male factor and idiopathic infertility group.

3Compared by Fisher’s exact test, N/A: not available.

decrease in chemotactic activity and protein level of DEFB119
in FF of idiopathic infertile women, suggesting that the deficient
level or mutation of DEFB119 is an etiological factor of idio-
pathic infertility. Intriguingly, while the expression of DEFB19
was estrus cycle-dependent and likely under a hormone regu-
lation in mice, the lowered level of DEFB119 was independent
of abnormal hormonal profile as the idiopathic infertile cohort
had a normal hormone profile and ovulation pattern. Instead,
mutations in DEFB119 gene underlie the deficient/defective
function of DEFB119-mediated sperm chemotaxis in idiopathic
infertility.

The potential applications of DEFB119-mediated chemotaxis
are two-folded. The available assisted reproductive technologies
(ARTSs) for idiopathic patients are often intrauterine insemination
(IUl) and in vitro fertilization (IVF). The lowered sperm chemotaxis
activity in FF of idiopathic infertile women suggests a lower suc-
cess rate of Ul as the inseminated sperm are less likely to arrive
at the fertilization site. In this regard, the mutations of DEFB119
may be an indicator to predict the outcome of IUI and therefore
guide the ART regimen on IUl vs. IVF. On the other hand,
DEFB119 can be used for sperm selection in ART. The journey
of sperm in the FRT that involved sperm functions such as
capacitation and the subsequent guidance mechanisms toward
the oocyte, e.g., chemotaxis and thermotaxis, is considered a
natural selection process that chooses the best sperm to fertilize
an oocyte. In fact, only a fraction of sperm are able to undergo
capacitation,”” and the responsiveness toward the guidance
mechanisms is only observed in capacitated sperm.®® Capaci-
tated sperm selected by thermotaxis have been shown to
improve the ART outcome in mice.”® In this study, we showed
that capacitated sperm demonstrated a stronger responsive
toward DEFB119 compared with non-capacitated sperm,
suggesting the potential use of DEFB119-mediated sperm
chemotaxis, either used alone or in combination with another
guidance mechanism, in mimicking the physiological sperm se-
lection process in the FRT to pick the sperm in ART procedures
that may improve the pregnancy outcome.

Together, our study has revealed that DEFB19/119 is a pre-
viously unsuspected physiological chemoattractant, contrib-
uting significantly to sperm chemotaxis essential for successful
fertilization. Defects of DEFB19/119 may underlie idiopathic
infertility.

12 Cell Reports Medicine 3, 100825, December 20, 2022

Limitations of the study

Our results showed that knockout of Defb79 in mice results
in female subfertility, while mutations of the DEFB119 gene
are associated with idiopathic infertility. While DEFB19/119
both activate the CatSper channel, the potential difference
in the physiological contributions of DEFB19/119-mediated
sperm chemotaxis in the fecundity of human and mice re-
mains to be investigated. Besides, while a number of poly-
morphisms/mutations were identified in idiopathic infertile
women, how these heterozygous polymorphisms and muta-
tions contribute to the lowered expression level or function
of DEFB119 in the FF has not been investigated in the pre-
sent study.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Normal Rabbit IgG Santa Cruz Cat# sc-2027; RRID:AB_7371977
Normal Goat IgG Santa Cruz Cat# sc-2028;RRID:AB_737167
Normal Mouse IgG Santa Cruz Cat# sc-2025;RRID:AB_737182
anti-Catsper1 (H300) Santa Cruz Cat# sc-33153;RRID:AB_2259786
anti-Catsper1 (D-17) Santa Cruz Cat# sc-21180;RRID:AB_2071879

anti-Catsper1 (N-term)

Anti-Catsper1 (extracellular)

Goat polyclonal antibodies to DEFB19
Rabbit polyclonal antibodies to DEFB119

Abgent Biotechnology
Thermo Fisher Scientific
Abcam

Abcam

Cat# AP12995a;RRID:AB_10820829
Cat# PA5-77359;RRID:AB_2735579
Cat# ab126867;RRID:AB_11130326
Cat# ab122826;RRID:AB_11128981

Biological samples

Human semen
Human follicular fluid
Human peripheral blood

Peking University Shenzhen Hospital
Jiangsu Province Hospital.
Jiangsu Province Hospital.

N/A
N/A
N/A

Chemicals, peptides, and recombinant proteins

Lipofectamine 3000
Recombinant mouse active DEFB19
GST-DEFB119

Invitrogen
This paper
Cloud-Clone Corp

Cat# L3000-015
N/A
Cat# RPQ653Hu01

GST tag Abcam Cat# ab70456
Percoll SAGE Media Cat# 2080; Cat# 2040
HEPES Gibco Cat# 15630080
Sodium Lactate Sigma-Aldrich Cat# 71718
Hoechst 33258 Thermo Fisher Cat# H1398
Penicillin-Streptomycin Gibco Cat# 15140122
DMEM/F12 Gibco Cat# 11330-032
Critical commercial assays

mMMESSAGE mMACHINE™ T7 ULTRA Ambion Cat# AM1345
MEGAshortscript Kit Thermo Fisher Scientific Cat# AM1354
TRIzol Reagent Thermo Fisher Scientific Cat# 15596026
High Capacity cDNA Reverse Transcription Applied Biosystems Cat# 4368814

Kits

SYBGreen master mix

Pierce ECL Western Blotting Substrate
Pierce BCA Protein Assay Kit Cat#23225
ProLong Gold Antifade Mountant with DAPI
Transwell

p-Slide Chemotaxis®®

DEFB19 ELISA Kit

DEFB119 ELISA Kit

Takara

Thermo Fisher Scientific
Thermo Fisher Scientific
Invitrogen

Merk

ibidi

Cloud-Clone Corp
LifeSpan BioSciences

Cat# RR42LR
Cat# 32209
Cat# 23225
Cat# P36935
Cat# 38024
Cat# 80326
Cat# SEQ653Mu
Cat# LS-F13148

Experimental models: Organisms/strains

Defb19-KO mouse model This paper N/A
CatSper1-KO mouse model This paper N/A
Oligonucleotides

Primers for g-PCR or Clone Table S3 N/A
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
siDefb19 Thermo Fisher Scientific Cat# 1320001

Software and algorithms

ImageJ
Manual Tracking

Chemotaxis and Migration Tool

National Institutes of Health

Fabrice Cordelires, Institut Curie, Orsay
(France).

R Zantl, E Horn

https://imagej.nih.gov/ij/index.html
https://imagej.nih.gov/ij/plugins/track/
track.html
https://ibidi.com/chemotaxis-analysis/

171-chemotaxis-and-migration-tool.html

RESOURCE AVAILABILITY

Lead contact
Further information and request for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Kin Lam
Fok (ellisfok@cuhk.edu.hk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. This paper does not report the original code. Any
additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

ICR mice were purchased from the Laboratory Animal Service Center of the Chinese University of Hong Kong. All experiments were
conducted in accordance with the University Laboratory Animals Service Center’s guidelines on animal experimentation with
approval from the Animal Ethics Committee of the University (Reference number: 14-043-GRF) and Laboratory Animal Center of Nan-
tong University (Reference number: S20200312-018).

Clinical samples
Procedures for human sperm collection were approved by the Regional Committee for Medical Research Ethics and the Human
Ethics Committee of Peking University Shenzhen Hospital. Written consents were obtained from each subject. Normal human semen
was obtained from 20- to 42-year-old healthy donors categorized according to World Health Organization Criteria,>* with the details
provided below: a sperm concentration of >20 x 10° spermatozoa/mL, sperm motility with forward progression >32%, and normal
morphology >4%.

Procedures for the follicular fluid collection were approved by The Joint Chinese University of Hong Kong-New Territories East
Cluster Clinical Research Ethics Committee and Ethics Committee of Jiangsu Province Hospital. Written consents were obtained
from each subject. Unexplained infertility follicular fluid collection was approved by the Peking University Shenzhen Hospital Ethics
Committee (PKUSZH [2019]008).

METHOD DETAILS

Preparations of sperm

Mouse sperm was obtained from cauda epididymis of 10-weeks old ICR mice. Briefly, excised cauda epididymis was rinsed and cut
in 1 mL of sperm washing medium (SWM) comprising: 97.8 mM NaCl, 4.69 mM KCl, 2.04 mM CaCl,.2H,0, 0.2 mM MgSQO,.7H.0,
4 mM NaHCOg3, 21 mM HEPES (pH 7.4), 21.4 mM sodium lactate, 2.78 mM Glucose, 5 mg/L Phenol Red, 5 mg/mL BSA. Immediately
following dispersion of sperm into the medium, the sperm-containing suspension was transferred to a 15 mL plastic tube. For in vitro
capacitation, the sperm was incubated at 37°C with 5% CO, in SWM for 2 h.

Human semen was collected by masturbation after 3- to 5-day sexual abstinence. After complete liquefaction at 37°C for 30 min,
sperm was purified from liquefied semen by Percoll centrifugation before assays. Parameters including semen volume, sperm
motility, sperm viability, and sperm concentration were analyzed by a computer-assisted semen analysis (CASA) system under
100x magnifications. Human sperm was capacitated in capacitation medium (Ham’s F-10) supplemented with 3 mg/mL BSA for
3hat37°Cin 5% CO,.*°
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Animal models
Adult females were monitored for estrous cycle through an established protocol.®-”

In the oviduct ligation model, at the estrous phase, female mice at 10 weeks of age were anaesthetized with Ketamine (75 mg/kg, ip)
and Xylazine (10 mg/kg, ip). Two incisions were made at the back of the mice to expose both sides of the ovary and the oviduct.
Oviduct was surgically tied at the fimbriae level in the experimental group, leaving the contralateral oviduct untied as a sham control.
After recovery for 48 h, female mice were housed with male mice for mating. Mating was confirmed by the presence of a vaginal plug
which was observed every 30 min as described previously®®°° and female mice were sacrificed at 6-8 h post-coitus for sperm and
tissues collection.®%°

For overexpression of DEFB19 in oviduct ligation model, the oviducts were injected with 20 uL DNA/liposome complexes (Lipofect-
amine 3000) containing 2 pg of DNA (pcDNA3.1-Defb19) using a thin injection capillary via fimbriae as described previously.®° After
injection, both sides of oviduct were ligated as described above. Western-blot or immunofluorescence were used to confirm the ef-
ficiency of oviduct transfection. After recovery for 48 h, female mice were housed with male mice for mating. Mating was confirmed by
the presence of a vaginal plug which was observed every 30 min and female mice were sacrificed at 6-8 h post-coitus for sperm and
tissues collection.

For knockdown of DEFB19, at the estrous phase, female mice oviducts were exposed as described above. 20 pL siRNA/liposome
complexes containing 50 pmol siRNA (siDefb19) were injected into the oviducts. Western-blot or immunofluorescence were per-
formed to examine the efficiency of oviduct transfection. After recovery for 48 h, female mice were mated with male mice. Mating
was confirmed by the presence of a vaginal plug which was observed every 30 min and female mice were sacrificed at 6-8 h
post-coitus for sperm and tissues collection. Mated female mice were housed for another 7 days for evaluating the number of im-
planted embryos.

For analysis of oviductal sperm, sperm were obtained by the three-step flushing protocol as described previously.®'=5° Briefly,
oviducts were carefully separated from the uterine horns and straightened out by cutting the mesosalpinx. Oviducts were gently
washed with sperm washing medium (SWM) to remove sperm attached to the outside wall. The first loop of the ampulla was
ligated (for no ligated model) and pierced with a micropipette attached to a glass syringe mounted in a microinjector. Each
oviduct was flushed first with 20 uL SWM and then left for 3—-4 min before being flushed with another 20 uL. SWM. Each oviduct
was then flushed a third time with 40 L SWM containing Triton X-100 (0.2%, v/v) to remove spermatozoa that had firmly
attached to the mucosal surface. The flushes were centrifuged at 5000 g for 10 min; the pellet was resuspended in a solution
of 5% formaldehyde and 0.1 mg/mL Hoechst 33258 in PBS, for 15 min at room temperature. The samples were washed twice
with distilled water at 5000 g for 10 min. The pellet was resuspended in distilled water, spreading it on a slide. The total number
of spermatozoa recovered from the oviduct lumen was counted under simultaneous phase contrast and fluorescent illumination
at 400x as described previously.®”

Defb19-KO mouse model was generated by Cyagen Biosciences Inc. The guide RNAs were designed targeting exon 1 and exon 2
of Defb19. Cas9 mRNA and gRNA generated by in vitro transcription were then injected into fertilized eggs for KO mouse produc-
tions. The injected embryos were transferred into the oviducts of pseudopregnant mice. All the mice were maintained in a C57BL/6
background. Defb19 heterozygote male mice were mated with Defb19 heterozygote female mice to produce Defb19-KO offspring.
DNA isolated from tail biopsies was used for genotyping. The founders were genotyped by PCR followed by DNA sequencing anal-
ysis. The primers for PCR and real-time PCR are listed in Table S3.

CatSper1-KO mouse model was generated by Shanghai Model Organisms Center, Inc (Shanghai, China). The guide RNAs were de-
signed targeting intron 1 and intron 4 of Catsper 1 gene to generate the deleted exon 2-4 mutant mouse. Briefly, Cas9 mRNA was tran-
scribed with mMESSAGE mMACHINE T7 Ultra Kit (Ambion, TX, USA) according to the manufacturer’s instructions. Two sgRNAs tar-
geted to delete exons 2—4 were in vitro transcribed using the MEGAshortscript Kit (ThermoFisher, USA). One sgRNA targeted to
intron 1of gene Catsper? was 5’- GCTTGTCCTGTTCTGGCCTT -3'; the other sgRNA targeted to intron 4 of gene Catsper? was 5’-
GGGGTTCCGTGGGACATGTT -3'. In vitro-transcribed Cas9 mRNA and sgRNAs were injected into zygotes of C57BL/6J mouse, and
transferred to pseudopregnant recipients. Obtained FO mice were validated by PCR and sequencing using primer pairs: F-
5'-CAAACTGGGCCCCTGATGTGGA-3’; R-5-GTGGGCAGTGATGGAGAGGGAGTC-3’. The positive FO mice were chosen and
crossed with C57BL/6J mice to obtain F1 heterozygous Catsper? knockout mice. The genotype of F1 mice was identified by PCR
and confirmed by sequencing. Male and female F1 heterozygous mice were intercrossed to produce the homozygous Catsper?
knockout mice.

For artificial insemination, female mice (10 weeks old) were hormonally stimulated with 5 IU of pregnant mare serum gonadotrophin
(PMSG), and 2 IU hCG was injected intraperitoneally 48 h later. Artificial insemination was conducted by depositing 50 pL containing
3-5% 108 capacitated spermatozoa of WT male mice into the Defb19-KO female uterus via the cervix. Subsequently, the female mice
were mated with sterile, vasoligated male immediately to develop a vaginal plug. Artificial inseminated female mice were sacrificed at
12-16 h post-coitus for sperm and tissues collection. Female mice were housed for another 7 days for evaluating the number of im-
planted embryos.

Mouse cumulus-cell primary culture

Female mice with bodyweight 18-20 g obtained from CUHK animal house. After intraperitoneal injection of PMSG 10U for 36-48 h,
mice were euthanized and ovaries were excised and washed in sterilized PBS. The ovaries were incubated at 37°C and 5% CO, for
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15 min in DMEM/F12 medium. The cumulus cells were released to the medium by puncture with 1 mL syringe. The cumulus cells were
dispersed by 1 g/L hyaluronidase for 2 min and seeded in the culture medium (DMEM/F12+100 IU penicillin+100 IU strepto-
mycin+10% FBS). Erythrocytes were removed by changing the medium the next day.

Reverse transcription and real-time PCR

Total RNA was extracted using TRIzol Reagent according to the manufacturer’s instruction. RNA concentration level was measured
by NanoVue UV/Vis Spectrophotometer (GE healthcare). 1-4 ng total RNA was used for reverse transcription using High-Capacity
cDNA Reverse Transcription Kits (Applied Biosystems). Real-time PCR was carried out in Applied Biosystems QS7 384-well Real-
Time PCR System using SYBGreen master mix (Takara). The sequence of primers used in this study was listed in Table S3. Gene
expression was analyzed by using 2° €T method.

Western blot

Atotal of 2 x 10® spermatozoa were collected from the caudal epididymis of adult male mice and washed in PBS by centrifuging at
3000 rpm for 5 min. Sperm was lyzed by RIPA buffer on ice for 30 min and then in the ultrasound using the following cycle: 40 power,
ultrasonic 4 s and stop 10 s and repeat 20 times. The lysates were centrifuged at 14000 rpm for 30 min. 60 pg total protein was mixed
with 4x sample loading buffer and loaded into 15% sodium dodecyl sulfate-polyacrylamide gel for electrophoresis. Separated pro-
tein was transferred to 0.22 um pore-size PVDF membrane. The PVDF membrane was blocked with 5% nonfat milk in Tris-buffered
saline and immunoblotted with indicated primary antibodies diluted in 1% milk at 4°C overnight. On the next day, the membrane was
washed three times with TBST for 10 min each, and then incubated with 1:10000 diluted horseradish peroxidase-linked secondary
antibody in the 1% milk for 2 h at RT. The membrane was washed three times with TBST for 10 min each. Signals were detected with
ECL reagent (Amersham) on Super X-film (Fuji Medical).

Immunofluorescence staining

Tissues were fixed in 4% paraformaldehyde and embedded in OCT. Five-micrometer sections were prepared from embedded tissue.
The sections were rinsed with PBS for 15 min, and the antigens were retrieved with EDTA alkaline buffer (10 mM Tris buffer, 1 mM
EDTA, adjust pH to 9.0 using 1M NaOH). After 30 min cooling at the room temperature, the slides were washed in PBS three times for
5 min each. The sections were then blocked with 1% BSA in PBS for 15 min, and then incubated with primary antibodies in 1% BSAin
PBS overnight at 4°C.

For immunofluorescence staining of sperm, sperm were pretreated with rDEFB19 (400 ng/mL)/GST-DEFB119 (800 ng/mL) for
30 min and collected sperm was fixed in 4% paraformaldehyde and spread onto glass slides. The samples were permeabilized in
0.5% Triton X-100 for 15 min followed by blocking with 10% normal donkey serum for 60 min. Afterward, the samples were incubated
with primary antibodies overnight at 4°C.

On the next day, the slides were washed three times in PBS or PBST for 3 min each and then incubated with appropriate fluo-
rescent-conjugated secondary antibodies at 1:500 (Molecular Probes) in PBS for 60 min at room temperature. The slides were
washed three times in PBS for 3 min each and mounted with Prolong®Gold Antifade Reagent (with DAPI) (Invitrogen). Fluorescent
images were captured by a fluorescent microscope (NIKON ECLIPSE 80i) or confocal microscope (OLYMPUS FV1000).

Intracellular Ca®* measurement

Collected sperm was loaded with 5 uM fluo-4AM, 1.5 uM Pluronic F-127 in modified sperm washing medium in the dark at 35°C for
30 min. After loading, sperm was washed once with fresh sperm washing medium. To start the experiment, sperm suspensions were
added on a coverslip precoated with 10% Poly-L-lysine (0.01% w/v) for 2 min. Unattached sperm was removed by gently washing,
and the chamber was filled with sperm washing medium. Treatments were added to the medium at the indicated time point as shown
in the time-trace curve. Measurements were made on an Eclipse fluorescence microscope (Nikon Eclipse Ti) with a 60 oil objective
lens (1.40 NA) (Nikon) and a CCD camera (Spot Xplorer) controlled by the software MetaFluor (Universal Imaging). Excitation at
488 nm was used and emission was collected at 510 nm.

Sperm ascending accumulation gradient assay (AAGA)

Chemotaxis chambers (24-well format) with 8.0-um pore size, tissue culture-treated polycarbonate membrane filter, 10 um thick,
having a total area of 6.5 mm? (Transwell; Costar, Cambridge, MA, USA), were used as previously reported.®>%° In brief, 600 puL
of capacitated sperm suspension at a density of 1-2x10° cell/mL was added to the lower compartment. The upper wells were sepa-
rated from the lower ones by a polycarbonate Nucleopore filter (8-um pore diameter) and a gasket. To induce chemotaxis, indicated
amount of recombinant DEFB19/119 or vehicle control was added to the upper wells. The chamber was incubated at 37°C with 5%
CO, for 30 min. Then, 10 uL of the medium was collected from the upper compartment and the number of sperm was immediately
counted by a hemacytometer.

Sperm choice assay

We customized a double-chamber model as shown in Figure S2 using plexiglass, which is similar to the device described previ-
ously.®” Before the experiment, the chamber was anchored on a 10 cm Petri dish, pre-incubated at 37°C for 30 min and equilibrated
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with 500 L sperm washing medium. To start the experiment, 5 pL of capacitated mouse sperm (20x10” cells/mL) or capacitated
human sperm (30x 107 cells/mL) were applied through the central hole. Medium to be tested and vehicle control was simultaneously
added to either side of the two chambers respectively. The chamber was incubated at 37°C for 30 min and the experiments were
stopped by placing two modified pipette tips in the entrance of the chambers. The solution in each chamber was transferred sepa-
rately and centrifuged at 1500 g for 10 min at room temperature. Cell pellets were resuspended in sperm washing mediumand a 10 L
aliquot was counted on a hemacytometer.

Directionality-based assay

The experiments were carried out at 37°C with a Zigmond-like chemotaxis chamber (1-Slide Chemotaxis®P; ibidi Cat. No. 80326) as
described previously®®2® with some modifications. The chamber was pre-incubated at 37°C for 30 min. Both reservoirs and the slit
were filled with capacitated sperm at a density of 4 x 10° cells/mL, the chemoattractant was applied within a sperm suspension to one
of the reservoirs as indicated. The slides were incubated at 37°C for 20 min to allow the establishment of a chemoattractant concen-
tration gradient as described previously.?” The movement of sperm was recorded at a speed of 1 image every 0.016 s (nonstop
running) for 3 s. Movement tracks of randomly selected sperm were drawn by ImagedJ software with manual tracking plug-in using
the frame-to-frame playback. The data was input into the chemotaxis and migration tool, which statistically analyze the direction of
motion cells, to generate the tracked path and to quantify the distance as previously reported.®® FMI (forward migration index) repre-
sent the efficiency of the forward migration of cells, and how they relate to the direction of x axes.

Sperm kinetic parameters and hyperactivity assay
Sperm kinetic parameters or hyperactivity were determined by computer-assisted semen analysis (CASA) (HTM-IVOS system,
Hamilton-Thorn Research). 6 frames were acquired at a frame rate of 60 Hz. At least total 200 tracks were measured for each
specimen at 37°C. We recorded at least 30 points for each tract. The playback function of the system was used to check its
accuracy. Average values for sperm kinetic parameters including curvilinear velocity (VCL), straight-line velocity (VSL), average
path velocity (VAP), the amplitude of lateral head displacement (ALH), linearity (LIN = VSL/VCL), and straightness (STR = VSL/
VAP) were recorded. The proportion of hyperactivated spermatozoa in each sample was determined using the SORT function of
the CASA instrument. In mouse sperm, hyperactivated was defined by curvilinear velocity (VCL) > 279 um/s and an amplitude of
lateral head (ALH) > 7 pm.®®~"? In human sperm, hyperactivation was defined by curvilinear velocity (VCL), >150 pm/s; linearity
(LIN), <50%; half lateral head displacement (ALH,,), >3.5 pm.”®

For recombinant DEFB19/119 treatment, capacitated sperm was washed with PBS and incubated with vehicle control, 400 ng/mL
rDEFB19 or 800 ng/mL rDEFB119 at 37°C for 1 h followed by sperm kinetic parameters or hyperactivity analysis. In combined treat-
ment, capacitated sperm was pre-treated with 20 pg/mL of anti-DEFB19 or anti-DEFB119 Ab or control IgG at 37°C for 1 h. Pre-
treated sperm was then treated with 400 ng/mL rDEFB19 or 800 ng/mL rDEFB119 at 37°C for 1 h followed by sperm kinetic param-
eters or hyperactivity analysis.

Sperm patch-clamp recordings

Mouse sperm derived from Catsper1-KO mice were collected from male mice aged 3 months. The corpus epididymis was isolated
and rinsed in high saline solution (HS: 135 mM NaCl, 5 mM KCI, 2 mM CaCl,, 1 mM MgSQ,, 20 mM HEPES, 5 mM glucose, 10 mM
lactic acid and 1 mM sodium pyruvate, pH7.4). Mouse sperm were shaken from the snipped epididymis and utilized for patch clamp.
The human sperms were gently centrifuged and resuspended into HS solution to remove the seminal fluid. The patch-clamping re-
cordings of monovalent CatSper currents in human and mouse sperm were conducted as previously described.®” The pipettes (15—
30 MQ) for the recordings of CatSper currents containing: 135 mM cesium methanesulphonate, 5 mM CsCl, 10 mM HEPES, 10 mM
EGTA (pH 7.2 with CsOH). Gigaohm seals were formed at the cytoplasmic droplet of sperm. A zap protocol (0.5 ms 450 mV-650 mV
or 5 ms 350 mV-500 mV voltage application for human sperm or mouse sperm, respectively) and simultaneous light suction were
performed to achieve the transition into the whole-cell configuration. The sodium-based divalent-free (Na* DVF) solution (150 mM
sodium gluconate, 20 mM HEPES and 5 mM NazHEDTA; pH 7.4) was used to record the basal CatSper monovalent currents.
The currents were stimulated by 1 s voltage ramp from —100 to +100 mV from a holding potential of 0 mV. Solution were applied
via a local perfusion system allowing switching different test solution. All of the currents were recorded after >30 s perfusion of the
solution. Data were analyzed with Clampfit 10.4 and GraphPad Prism 8.0. All error bars correspond to +SD.

ELISA

The level of DEFB19/119 in follicular fluid and cumulus cell-conditioned medium were assessed by ELISA Kit for DEFB19 (Cloud-Clone
Corp Cat. No. SEQ653Mu) and DEFB119 (LifeSpan BioSciences, Inc. Cat. No. LS-F13148) according to manufacturer protocol.
QUANTIFICATION AND STATISTICAL ANALYSIS

Data were expressed as mean = SD. Differences in measured variables between two groups were calculated by Student’s t-tests,

and differences between more than two groups were analyzed by One-Way or Two-Way ANOVA analysis. Results were considered
statistically significant at p < 0.05.

e5 Cell Reports Medicine 3, 100825, December 20, 2022



	β-Defensin 19/119 mediates sperm chemotaxis and is associated with idiopathic infertility
	Introduction
	Results
	DEFB19 is secreted by COC and expressed along the FRT
	DEFB19 elicits mouse sperm chemotaxis in vitro
	DEFB19 triggers CatSper-dependent Ca2+ mobilization
	DEFB19 elicits mouse sperm chemotaxis in vivo
	Knockout of Defb19 impairs chemotaxis and fertility potency in mice
	DEFB119 elicits human sperm chemotaxis
	Deficiency of DEFB119 is associated with unexplained infertility

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Animals
	Clinical samples

	Method details
	Preparations of sperm
	Animal models
	Mouse cumulus-cell primary culture
	Reverse transcription and real-time PCR
	Western blot
	Immunofluorescence staining
	Intracellular Ca2+ measurement
	Sperm ascending accumulation gradient assay (AAGA)
	Sperm choice assay
	Directionality-based assay
	Sperm kinetic parameters and hyperactivity assay
	Sperm patch-clamp recordings
	ELISA

	Quantification and statistical analysis



