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Abstract
Macrophages are innate immune cells that contribute to classical immune functions and tissue homeostasis. Ubiquitin-
specific protease 2 (USP2) controls cytokine production in macrophages, but its organ-specific roles are still unknown. In 
this study, we generated myeloid-selective Usp2 knockout (msUsp2KO) mice and specifically explored the roles of testicular 
macrophage-derived USP2 in reproduction. The msUsp2KO mice exhibited normal macrophage characteristics in various 
tissues. In the testis, macrophage Usp2 deficiency negligibly affected testicular macrophage subpopulations, spermatogenesis, 
and testicular organogenesis. However, frozen–thawed sperm derived from msUsp2KO mice exhibited reduced motility, 
capacitation, and hyperactivation. In addition, macrophage Usp2 ablation led to a decrease in the sperm population exhibiting 
high intracellular pH, calcium influx, and mitochondrial membrane potential. Interrupted pronuclei formation in eggs was 
observed when using frozen–thawed sperm from msUsp2KO mice for in vitro fertilization. Administration of granulocyte 
macrophage-colony stimulating factor (GM-CSF), whose expression was decreased in testicular macrophages derived from 
msUsp2KO mice, restored mitochondrial membrane potential and total sperm motility. Our observations demonstrate a 
distinct role of the deubiquitinating enzyme in organ-specific macrophages that directly affect sperm function.
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Abbreviations
ALDH1A2  Aldehyde dehydrogenase 1a2
ALH  Amplitude of lateral head displacement
Ar  Androgen receptor
BCF  Beat-cross frequency
BSA  Bovine serum albumin

CASA  Computer-assisted sperm motility analysis
CSF1R  Colony-stimulating factor 1 receptor
CSF2Rα  Colony-stimulating factor 2 receptor α chain
CTC   Chlortetracycline
DDX  DEAD-box helicase
FACS  Fluorescence-activated cell sorting
GM-CSF  Granulocyte macrophage-colony stimulating 

factor
HSD3B  3-β-Hydroxysteroid dehydrogenase
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Hvcn1  Voltage-gated hydrogen channel1
IL  Interleukin
iNOS  Inducible nitric oxide synthase
IVF  In vitro fertilization
KD  Knockdown
KO  Knockout
Lhcgr  Luteinizing hormone receptor
LyzM-Cre  B6.129P2-Lyzstm1(cre)Ifo

M-CSF  Macrophage-colony stimulating factor
MCT  Monocarboxylate transporter
MHCII  Major histocompatibility complex class II
MMP  Mitochondrial membrane potential
OXPHOS  Oxidative phosphorylation
PI  Propidium iodide
Q-FISH  Quantitative-fluorescent in situ hybridization
qRT-PCR  Quantitative reverse transcription-polymer-

ase chain reaction
R26GRR   C57BL/6 N -Gt (RO SA) 26S or 

tm1(CAG −EGFP,tdsRed)Utr/Rbrc
RDH10  Retinol dehydrogenase 10
Slc9c1  Solute carrier family 9 member C1
Sox  Sex-determining region Y-box transcription 

factor
Stra8  Stimulated by retinoic acid 8
TMB  3,3′,5,5′-Tetramethylbenzidine
TNF  Tumor necrosis factor
TREM  Tetramethylrhodamine methyl ester
USP  Ubiquitin-specific protease
VCL  Curvilinear velocity
VSL  Straight-line velocity

Introduction

Macrophages belong to the myeloid lineage of hematopoi-
etic cells and have a wide variety of roles in maintaining 
homeostasis in various tissues [1–3]. Macrophages can be 
classified based on functional properties and the expres-
sion pattern of surface markers. Classically activated M1 
macrophages exhibit a proinflammatory phenotype, while 
alternatively activated M2 macrophages have an anti-inflam-
matory phenotype, and they are characterized by the surface 
markers  CD206−/CD163−/CD11c+/Ly6chigh/inducible nitric 
oxide synthase (iNOS)+/arginase− and  CD206+/CD163+/
CD11c−/Ly6cint/iNOS−/arginase+, respectively [4–6]. In the 
testis, macrophages comprise one of the major cellular popu-
lations in the interstitial regions, almost one-fourth the num-
ber of Leydig cells [7]. Most testicular macrophages display 
the M2-type phenotype and contribute to the maintenance of 
the immune-privileged tissue environment and the elimina-
tion of apoptotic cells [7, 8]. De Falco et al. have demon-
strated that testicular macrophages can be categorized into 
two distinct populations according to location and surface 

markers [9]. Interstitial macrophages, located adjacent to 
Leydig cells in the interstitial regions between seminiferous 
tubules, intensely express colony-stimulating factor 1 recep-
tor (CSF1R) and MER receptor tyrosine kinase [9, 10]. In 
contrast, peritubular macrophages line seminiferous walls 
and abundantly express major histocompatibility complex 
class II (MHCII) [9]. Interstitial macrophages are derived 
from both the yolk sac and bone marrow, while peritubu-
lar macrophages are specifically derived from bone marrow 
[10]. Despite these pioneer studies, the detailed functions of 
interstitial and peritubular macrophages have not yet been 
fully elucidated.

In addition to the phagocytosis of cellular debris and for-
eign substances, macrophages also secrete various humoral 
factors that modulate immune responses, tissue development, 
tissue remodeling, and disease progression [11]. In the testis, 
macrophages participate in steroidogenesis and spermato-
genesis, possibly via the production of several mediators. 
Deprivation of macrophages caused by liposome-entrapped 
dichloromethylene diphosphonate administration or mac-
rophage-colony stimulating factor (M-CSF) deficiency can 
lead to developmental defects in Leydig cells and/or reduced 
spermatogenesis [12–14]. In addition, the diphtheria-induc-
ible transient deletion of testicular macrophages using the 
Cx3Cr1-Cre; Rosa-iDTR system resulted in a substantial 
decrease in the number of spermatogonial precursors [9]. To 
date, various studies have identified that cytokines mediate 
signals from testicular macrophages to other gonadal cells 
(e.g., spermatocytes, Leydig cells, and Sertoli cells), espe-
cially in the context of inflammation. For instance, inter-
leukin (IL)-1, IL-6, and tumor necrosis factor (TNF) from 
activated testicular macrophages modulate steroidogenesis 
in Leydig cells and spermatogenic cell differentiation [15, 
16]. Other reports have sought to identify the function of 
testicular macrophage-derived factors in the testis during 
steady-state. For instance, M-CSF, which stimulates self-
renewal of spermatogonial stem cells [17], is expressed in 
both interstitial and peritubular macrophages, as well as in 
other cell types, including myoid cells and vascular smooth 
muscle cells [9]. Moreover, the same report also indicated 
that testicular macrophages express two essential enzymes 
for retinoic acid synthesis, namely aldehyde dehydrogenase 
1a2 (ALDH1A2) and retinol dehydrogenase 10 (RDH10) 
[9]. Further, other groups have demonstrated that rat testicu-
lar macrophages highly express granulocyte macrophage-
colony stimulating factor (GM-CSF) [18], which has been 
found to maintain the motility of frozen–thawed sperm [19].

Mammalian fertilization is an intricate process, where 
male gametes undergo maturation and activation in anatomi-
cally distinct locations. Sperm gain the capacity for activa-
tion processes in the male genital tract, but the activation 
processes themselves, namely capacitation, hyperactive 
motility, and the acrosome reaction, occur in the female 
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genital tract. To perform the well-organized activation pro-
cess, sperm gain energy from ATP, which is produced by 
both glycolysis and oxidative phosphorylation (OXPHOS). 
Therefore, intracellular ATP content can be considered a 
determinant of sperm activation [20]. OXPHOS has been 
shown to be responsible for total sperm motility, while gly-
colysis predominantly contributes to hyperactive progres-
sive motility, capacitation, and the acrosome reaction [20]. 
Fueled by local glycolytic ATP production in the principal 
piece, hyperactive sperm are characterized by high ampli-
tude and asymmetrical flagellar bending, with curvilinear 
motility [20, 21]. Capacitation and hyperactivation are ini-
tiated by cholesterol efflux at the plasma membrane, and 
are followed by intracellular alkalization [22]. Intracellular 
alkalization opens the CatSper, a sperm-specific calcium 
channel, which evokes transient calcium ion influx [22]. 
Moreover, calcium from intracellular organelles has also 
been postulated to participate in sperm hyperactivation 
[20–23]. Calcium is necessary for fertilization, as evidenced 
by a study showing that missense mutations of the CatSper 
genes result in infertility caused by aberrant sperm activa-
tion [23].

Ubiquitination and deubiquitination are reversible pro-
cesses that affect the digestion and functional modulation 
of a target protein [24]. The degree of ubiquitination on tar-
get proteins is determined by the balance of ubiquitin ligase 
activity and ubiquitin protease activity. Ubiquitin-specific 
protease 2 (USP2), which is expressed in a wide variety of 
cells, has regulatory roles in various cellular functions, such 
as cell cycle progression [25] and cell death [26, 27]. USP2 
has also been postulated to be a key modulator of higher-
order functions in mammals, such as the maintenance of 
energy homeostasis [28–31] and special memory retrieval 
[32]. Our team and others have previously demonstrated 
that macrophage USP2 modulates the production of vari-
ous cytokines [29, 33–35]. In bacterial lipopolysaccharide-
activated macrophages, USP2 attenuates the production of 
proinflammatory cytokines, such as IL-6, IL-8, and TNF-α, 
by controlling the DNA binding ratio of the homeodomain 
proteins Oct-1 to Oct-2 to the respective cis-regulating ele-
ments of the cytokine gene [34]. In normal culture con-
ditions, USP2 also modulates the production of several 
chemokines, such as the CC chemokine ligands 2, 4, and 24 
in macrophage-like HL-60 cells [29]. These observations 
imply that USP2 is a regulatory molecule that maintains 
tissue homeostasis through cytokine production.

USP2 is believed to have a crucial role in spermatogen-
esis because it is exclusively expressed in late elongating 
spermatids [36]. In agreement with this idea, a previous 
report has demonstrated that Usp2 knockout (KO) mice 
exhibited male sterility, with the Usp2KO sperm displaying 
severe defects in motility [37]. However, the biological role 
of USP2 in other testicular cells has not been investigated. 

In light of the critical role of testicular macrophages in male 
fertility, we used a myeloid-specific gene knockout mouse 
model in the present study to evaluate the modulatory roles 
of macrophage USP2 in testicular function.

Materials and methods

Mice

C57BL/6 mice were purchased from Japan SLC (Hama-
matsu, Japan). B6.129P2-Lyzstm1(cre)Ifo (LyzM-Cre) mice 
and C57BL/6N-Gt(ROSA)26Sortm1(CAG−EGFP,tdsRed)Utr/Rbrc 
(R26GRR) mice were obtained from the RIKEN BioRe-
source Research Center (Tsukuba, Japan) [38, 39]. For 
the construction of Usp2fl/fl mice, the loxP-Neo-Usp2 exon 
3–4-loxP cassette was inserted into the C57BL/6-derived 
embryonic stem cell genome. R26GRR/LyzM-Cre mice 
were generated by crossing R26GRR mice with LyzM-Cre 
mice. For the generation of myeloid-selective Usp2 knock-
out (msUsp2KO) mice, we first mated Usp2fl/fl mice with 
LyzM-Cre mice. Subsequently, we crossed Usp2fl/+/LyzM-
Cre offspring with Usp2fl/fl mice to generate Usp2fl/fl/LyzM-
Cre mice (msUsp2KO). The mice were housed under con-
ventional conditions at 24 ± 2 °C on a 12-h light–dark cycle 
(lights on from 8:00–20:00) and were given free access to 
food and water. Male mice aged 8–14 weeks were used for 
analyses. For tissue sampling, mice were anesthetized with 
pentobarbital sodium (200 mg/kg ip) and then killed by cer-
vical dislocation.

Genotyping

The macrophage-abundant peritoneal cell fraction was 
prepared according to a previous manual [40]. Total RNA 
isolated with RNAiso plus (Takara Bio, Otsu, Japan) was 
subjected to reverse transcription using M-MLV reverse 
transcriptase (Nippon Gene, Tokyo, Japan) according to the 
manual. Genomic DNA was isolated using the KAPA Mouse 
Genotyping kit (KAPA Biosystems, Woburn, MA, USA). 
Subsequently, cDNA and genomic DNA were subjected to 
PCR analysis using GoTaq (Promega, Madison, WI, USA) 
and the primers as shown in Supplementary Table 1.

Histological analyses

To prepare cryosections, tissues were fixed with 4% para-
formaldehyde overnight and then immersed in 30% sucrose. 
The tissues were then embedded in O.C.T. compound 
(Sakura Finetek, Tokyo, Japan) in liquid nitrogen and sec-
tioned into 14 μm-thick slices. After removing the O.C.T. 
compound with phosphate-buffered saline (PBS), the tissue 
sections from R26GRR/ LyzM-Cre mice were subjected to 
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microscopic observation using a FV1000 confocal micro-
scope (Olympus, Tokyo, Japan).

For immunohistochemical staining of the cryosections 
(Figs. 2d–g, 3a, 7g, and Supplementary Fig. 6), the goat 
serum-blocked cryosections were reacted with the primary 
antibodies listed in Supplementary Table 2, followed by 
incubation with biotin-conjugated anti-rabbit IgG (Jackson 
Immunoresearch, West Grove, PA, USA). Subsequently, the 
sections were reacted with the avidin–peroxidase complex 
(Nichirei, Tokyo, Japan). To detect antigen–antibody reac-
tions, the sections were treated with 0.01% 3,3′-diaminoben-
zidine and 0.001% hydrogen peroxide in 10 mM Tris–HCl 
buffer (pH 7.6) and viewed using a BX-51 microscope con-
nected to the DP27 camera (Olympus).

For immunofluorescent imaging of the cryosections 
(Fig. 1d and Supplementary Figs.1b–e, 4 and 5), 10% non-
immunized goat serum-blocked cryosections were reacted 
overnight with the primary antibodies listed in Supplemen-
tary Table 2 overnight at 4 °C. Subsequently, the sections 
were reacted with either the Cy3-conjugated anti-rat IgG, 
Cy5-conjugated anti-rat IgG (Jackson Immunoresearch), or 
Alexa Fluor 488-conjugated anti-rabbit IgG (Thermo Fisher 
Scientific) at room temperature for 2 h. The nuclei were 
stained with SYTOX-Green (Thermo Fisher Scientific). 
The sections were afterward observed using an FV1000 
microscope.

For immunohistochemical or immunofluorescent imaging 
of GM-CSF and macrophage markers in paraffin sections 
(Fig. 7c, Supplementary Figs. 10a, b, 11a, b, c), tissues were 
fixed with 4% paraformaldehyde at 4 °C overnight, embed-
ded in paraffin wax according to the standard procedure, and 
sectioned at 3 µm. After deparaffinization, the sections were 
immersed in HistoVT One solution (Nacalai, Kyoto, Japan) 
at 90 °C for 20 min. To inactivate endogenous peroxidase, 
some sections were incubated in 0.3% hydrogen peroxide for 
20 min. The sections were then treated with Blocking One 
Histo (Nacalai) at room temperature for 10 min and reacted 
with biotin-conjugated rat anti-mouse F4/80 antibody (Bio-
legend, San Diego, CA, USA) or rabbit anti-mouse GM-CSF 
antibody (Abcam) in 0.2% bovine serum albumin (BSA) 
containing PBS or Can Get Signal immunostain solution 
(Toyobo, Osaka, Japan) at 4 °C overnight. For immunoflu-
orescent detection of GM-CSF and macrophage markers, 
the sections were treated with Alexa Fluor 488-conjugated 
anti-rabbit IgG (Thermo Fisher Scientific) and Alexa Fluor 
555-conjugated streptavidin (Thermo Fisher Scientific), and 
mounted with Prolong Diamond with DAPI (Thermo Fisher 
Scientific). The sections were viewed using a C2 laser con-
focal microscope (Nikon, Tokyo, Japan). For chromogenic 
detection of GM-CSF, the GM-CSF antigen–antibody immu-
nocomplex was visualized using the Histofine Simple Stain 
kit (Nichirei Bioscience), according to the manufacturer’s 
instructions. The chromogenic signal was monitored using 

a BX50 microscope (Olympus). To determine the specificity 
of the anti-GM-CSF antibody, we preincubated the antibody 
with an excess amount of recombinant GM-CSF (GeneTex, 

Fig. 1  Effect of myeloid-selective Usp2 knockout on the proportion 
of the macrophage subpopulation in the testis. a Schematic presen-
tation of the Usp2 locus of LyzM ( +) and (−) cells. Exon numbers 
and loxP sites are shown. Neo represents the neomycin-resistant gene. 
b-e: Myeloid-selective Usp2 knockout mice (mKO) and Usp2fl/fl mice 
(fl/fl) were subjected to FACS analysis (b, c, e) and histological anal-
ysis (d). b The proportion of F4/80+,  CD11b+ macrophages in the 
testicular adherent cell fraction. Representative flow cytometry scatter 
plots (left panels) and quantification of the macrophages (right panel) 
are shown. c Proportion of  Ly6chigh,  CD206− M1 macrophages (left) 
and  Ly6cint,  CD206+ M2 macrophages (right) in F4/80+,  CD11b+ 
cells. d Representative images of interstitial (arrows) and peritubular 
(arrowheads) macrophages in the testis that were stained with an anti-
F4/30 antibody. The top panels show an enlarged view of the bottom 
panels. Seminiferous tubules are shown by dashed lines and asterisks. 
Scale bars represent 20  µm. Data were reproducibly obtained from 
three individual mice. e The proportion of  CSF1R+,  MHCII− inter-
stitial (IS) and  CSF1R−,  MHCII+ peritubular (PT) macrophages in 
F4/80+,  CD11b+ cells. Representative flow cytometry scatter plots 
(left panels) and quantification of IS and PT macrophages (right 
panel) are shown. Data are shown as the means ± SD of five mice (b, 
c, e). P values are shown in each graph (b, c, e)
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Irvine, CA, USA) in Can Get Signal immunostain solution at 
4 °C overnight, and then applied the solution to the section 
as the first antibody.

Fluorescence‑activated cell sorting (FACS) analysis 
of macrophage subpopulations

The testicular adherent cell fraction was prepared as previ-
ously described [41]. Briefly, the testis was cut into small 
pieces in a buffer containing 0.4  mg/mL collagenase 
(Sigma-Aldrich, St Louis, MI, USA) and 6 U/mL DNase I 
(New England Biolabs, Ipswich, MA, USA) and then incu-
bated under vigorous agitation at 37 °C for 20 min. Cells 
attached to the dishes were subjected to FACS analysis. 
Splenocytes were prepared as previously described [42]. 
The cells were blocked with TruStain FcX (Biolegend) 
and labeled with the fluorescent dye-conjugated anti-
bodies listed in Supplementary Table 2 at 4 °C for 1 h. 
After washing with PBS, the cells were monitored using 

FACSVerse (BD Biosciences, San Jose, CA, USA). FACS 
data were further analyzed using FlowJo software (FlowJo, 
Ashland, OR, USA).

Quantitative reverse transcription‑polymerase 
chain reaction (qRT‑PCR) analysis

cDNA was synthesized using M-MLV reverse transcriptase 
(Nippon Gene). A quantitative PCR was performed with 
the KAPA SYBR Fast qPCR kit (KAPA Biosystems) using 
an ECO qPCR system (Illumina, San Diego, CA, USA). 
The sequences of primers and hydrolysis probes used are 
listed in Supplementary Table 1. In some experiments, 
we performed cluster analysis using qRT-PCR data and 
generated heatmaps using the ClustVis program (https ://
biit.cs.ut.ee/clust vis/) [43]. Unit variance scaling, but not 
row centering, was applied to the heatmap rows.

Fig. 2  Effect of myeloid-selective Usp2 knockout on testicular 
organogenesis. a, b Morphology (a) and weight (b) of the testis in 
myeloid-selective Usp2 knockout mice (mKO) and Usp2fl/fl mice (fl/
fl). c The outer diameter and thickness of seminiferous tubules. Rep-
resentative microscopic images (left panels) and quantification of 
their diameter and thickness (right panels). Yellow bars indicate the 
wall of the seminiferous tubules. The average thickness of the semi-
niferous tubule wall at four respective ends of the major and minor 
axes was calculated. d–g Immunohistochemical staining with anti-
bodies against Ki67 (d), DDX4 (e), MCT1 (f), and Sox9 (g). Rep-

resentative microscopic images and the density of immune-posi-
tive cells are shown in the left and right panels (d–g), respectively. 
Arrowheads indicate immunopositive cells, and asterisks show semi-
niferous tubules. Scale bars represent 20  µm. Immunopositive cells 
were counted in the seminiferous tubules (ST; d, e, g) or in the inter-
stitial regions (IS; f) in five randomly selected microscopic fields for 
each individual. Data are shown as means ± SD of six (b, c) or five 
(d–g) mice, with counts of immunopositive cells in each area shown 
as dots. P values are shown in the graphs (b–g)

https://biit.cs.ut.ee/clustvis/
https://biit.cs.ut.ee/clustvis/
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Testosterone concentration

The concentration of testosterone in serum and the tes-
tis was measured using a competitive double-antibody 
enzyme immunoassay that was described in a previous 
paper, with some modifications for testosterone [44]. 
Five µL of serum or frozen testis homogenate was diluted 
with 20 times volume of assay buffer (145 mM NaCl, 
40 mM  Na2HPO4, 0.1% BSA, pH 7.2). The diluent was 
then extracted using 20 times volume of diethyl-ether, 
and reconstituted with 100 µL of the assay buffer. Then, 
20 µL samples were incubated with a 50 µL mixture of 
anti-testosterone-3E-CMO-BSA (FKA102; Cosmo Bio, 
Tokyo, Japan) and horseradish peroxidase-labeled tes-
tosterone (Sigma-Aldrich), in an anti-rabbit IgG (Jackson 
ImmunoResearch)-coated 96-well plate, for 16–18 h at 
4 °C. After washing with 0.05% Tween 80, the plate was 
incubated with 150 µL of tetramethylbenzidine solution 
(1 mM 3,3′,5,5′-tetramethylbenzidine, 5 mM citric acid, 
50 mM  Na2HPO4, 500 mM urea hydrogen peroxide, 2% 
dimethyl sulfoxide) for 40 min at 37 °C. The chromogenic 
reaction was stopped with 50 µL of 4 N  H2SO4. Absorb-
ance at 450 nm was measured using a Model550 plate 
reader (Bio-Rad, Hercules, CA, USA). The detection limit 
was 19.5 pg/mL, and the intra- and inter-assay coefficients 
of variation were 4.8% and 13.0%, respectively.

Preparation of epididymal sperm

Sperm samples were isolated from the epididymis of msUs-
p2KO mice and Usp2fl/fl mice. In some experiments, recom-
binant mouse GM-CSF (5 nM; GeneTex) or vehicle (0.4% 
BSA-containing PBS) was supplemented to the sperm in 
FERTIUP preincubation medium (Kyudo, Saga, Japan) for 
30 min before freezing in liquid nitrogen until use. Before 
analysis, sperm (~ 5 × 106 per mouse) were incubated in 
0.4% BSA-containing HTF medium for 60 min.

Sperm morphology and viability

Sperm were stained with 0.3% eosin Y solution (Muto, 
Tokyo, Japan) and 0.3% nigrosine solution (Wako) at room 
temperature for 1 min and smeared on a slide. The stained 
(dead) sperm were counted using the IX-71 microscope 
(Olympus); live sperm remained unstained. More than 
200 total sperm were counted per individual. Mean sperm 

Fig. 3  Effect of myeloid-selective Usp2 deficiency on the characteris-
tics of freshly isolated sperm. a Representative histochemical images 
of mature sperm in the testis of myeloid-selective Usp2 knockout 
mice (mKO) and Usp2fl/fl mice (fl/fl). The sperm were stained with 
an anti-MCT2 antibody. b The morphology of eosin-stained sperm 
from the epididymis. c, d The density (c) and viability (d) of the 
epididymal sperm. e, f Total (e) and progressive (f) sperm motility 
were evaluated by computer-assisted sperm motility analysis (CASA). 
g Representative images of chlortetracycline (CTC)-stained sperm 
(left) and capacitation rate in total sperm (right). Capacitated ( +) and 
non-capacitated (-) sperm are shown. Scale bars represent 50 µm (a, 
b) or 5  µm (g). Reproducible histological data were obtained from 
three (a) or five (b, g) mice for each genotype. Data are shown as 
the means ± SD of 9–13 (c), 4–5 (d), 6 (e, f) or 5 (g) mice. Approxi-
mately, 300 (e, f) or 200 (c, d, g) sperm per mouse was used for the 
analysis. The P values are shown in graphs (c–g)

▸
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viability was calculated as the proportion of live sperm in 
total sperm from 4–5 mice.

Computer‑assisted sperm motility analysis (CASA)

Computer-assisted sperm motility analysis (CASA) was per-
formed as previously described [45]. The freshly isolated or 
frozen–thawed collected sperm was subjected to an assess-
ment of sperm motility using the SMAS system (DITECT, 
Tokyo, Japan). The SMAS system automatically calculated 
several kinetic parameters of the sperm. Sperm moving at 
more than 25 μm/s were regarded as “progressive motile” 
sperm. The number of sperm analyzed per sample was at 
least 300, including immotile sperm. To evaluate hyperac-
tive sperm, we further analyzed the CASA data by K-means 
clustering, as described in a previous report [45]. Briefly, 
sperm was classified into four clusters using the K-means 
method, based on straight-line velocity (VSL) and curvi-
linear velocity (VCL). Clustering analysis was performed 
using the JMP14 software package (SAS institute, Cary, 
North Carolina, USA). The cluster containing sperm with 
high VCL and low linearity (LIN; determined by VSL/VCL) 
was defined as the hyperactive sperm cluster.

Chlortetracycline (CTC) assay

Capacitation was evaluated using an established CTC stain-
ing method, with minor modifications [46]. Briefly, sperm 
(5 × 105) from each mouse were prepared in 100 µL of modi-
fied Brackett–Oliphant medium and treated with bisbenzi-
mide 33,258 (final concentration, 5 µg/mL) for 3 min. The 
sperm sample was then layered onto ten times volume of 3% 
polyvinylpyrrolidone (Sigma-Aldrich) in PBS and then cen-
trifuged at 500×g for 5 min. The sperm were resuspended 
with 20 µL of CTC solution (375 µM CTC, 2.5 mM cysteine, 
65 mM NaCl, 10 mM Tris–HCl, pH 7.8) and fixed with 
Tris–HCl-buffered (pH 7. 4) 1% paraformaldehyde. The 
sperm were smeared on a glass slide and viewed using an 
IX-71 microscope connected to the DP73 camera (Olym-
pus). The heads of non-capacitated sperm were uniformly 
stained, while capacitated sperm exhibited restricted staining 
over the post-acrosome region. All reactions were performed 
at room temperature. A total of 200 sperm per mouse were 
used for CTC analysis.

Intracellular ATP content

After the sperm (~ 10,000 per mouse) were incubated in 50 
µL of HTF medium at 37 °C for 90 min, an equal volume of 
the ATP measurement solution (Toyo B-Net, Tokyo, Japan) 
was applied to the sperm culture. After vigorous mixing 
and further incubation at room temperature for 10 min, the 

chemiluminescent signal was measured using a Lumines-
cencer JNRII plate reader (Atto, Tokyo, Japan).

Intracellular glucose and lactate assays

Frozen–thawed sperm (~ 5 × 106 sperm per mouse) were 
incubated in 50 µL of HTF medium for 30 min. The sperm 
(25,000 per each sample) were then resuspended in 0.1% 
Triton X-100 containing 0.3 mL of water and centrifuged 
at 15,000×g for 10 min at 4 °C. Intracellular glucose and 
lactate content were determined from the resulting superna-
tant, using glucose and lactate assay kits (Dojindo, Kuma-
moto, Japan). Absorbance at 450 nm was measured using a 
VICTOR Nivo multimode microplate reader (Perkin Elmer, 
Waltham, MA, USA).

FACS analysis of sperm

To detect mitochondrial membrane potential, the sperm 
(1 × 105 sperm per mouse) were stained with tetramethyl-
rhodamine methyl ester (TMRM; 20 nM; Setaresh Biotech, 
Eugene, OR, USA). The intracellular pH and calcium ion 
levels of the sperm were evaluated using the respective 
chemical probes, BCECM-AM (3 μM; Dojindo) and Cal-
bryte-520AM (10 μg/mL; AAT Bioquest, Sunnyvale, CA, 
USA). After pre-culture in HTF medium at 37 °C for 30 min, 
the sperm were stained with one of the aforementioned dyes 
at 37 °C for 15 min. After excluding the dead sperm with 
7-amino-actinomycin D staining (Biolegend), the fluores-
cence signals of ~ 25,000 live sperm were monitored using 
FACSVerse (BD Biosciences).

In vitro fertilization (IVF)

Ova were isolated from adult female C57BL/6 mice (SLC) 
that were pre-treated with 7.5U pregnant mare serum gon-
adotropin (Asuka Animal Health, Tokyo, Japan) and 7.5U 
human chorionic gonadotropin (Asuka Animal Health). 
The sperm were introduced into the ~ 60 ovum suspension 
at 4 × 105 total live sperm/mL. After 4 h of incubation in 
HTF medium or PBS at 37 °C, the ova were transferred to a 
potassium simplex-optimized medium supplemented with 
4 mg/mL BSA and further incubated for up to 1 day. The 
ova were observed using an IX71 microscope.

Immunocytochemistry and quantitative‑fluorescent 
in situ hybridization (Q‑FISH) analyses

The testis or epididymis was cut into small pieces and treated 
with collagenase (2 mg/mL, Sigma-Aldrich) and DNase I (4 
U/mL, New England Biolab) in Tyrode solution at 37 °C for 
20 min with vigorous mixing. The cell suspension was fil-
tered with a cell strainer (BD Biosciences), applied to three 
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times the volume of NycoPrep 1.077 (Axis-Shield, Oslo, 
Denmark), and then centrifuged at 2500×g for 25 min. 
The interphase was collected and washed extensively with 
PBS. The cells (~ 50,000 per mouse) were resuspended in 
RPMI1640 medium supplemented with 10% FCS and then 
added to a well of a Biocoat fibronectin-coated high content 
imaging plate (Corning, Bedford, MA, USA). After incu-
bation at 37 °C for 24 h, floating cells were removed by 
extensive washing with RPMI1640 medium. The remain-
ing cells were subjected to immunocytochemistry and/or 
Q-FISH analyses.

For immunocytochemistry, the cells were fixed with 4% 
paraformaldehyde in PBS at room temperature for 10 min, 
and then treated with 0.3% Triton X in PBS for 15 min. The 
cells were then labeled with rabbit anti-mouse/human GM-
CSF antibody (Abcam, 1/200-fold dilution) and biotinylated 
rat anti-mouse/human CD11b antibody (Biolegend, 1/200-
fold dilution) at room temperature overnight. After wash-
ing with PBS, the immunocomplexes were visualized with 
Alexa Fluor 488-conjugated anti-rabbit antibody (Abcam, 
1/1,000-fold dilution) and Alexa Fluor 555-conjugated 
streptavidin (Thermo Fisher Scientific, 1/1,000-fold dilu-
tion) at room temperature for 1 h. Fluorescent images were 
captured using a Nikon C2 laser confocal microscope and 
analyzed using ImageJ software [47].

Q-FISH analysis was performed using the ViewRNA Cell 
assay kit (Thermo Fisher Scientific), using synthetic probes 
for Csf2 (Thermo Fisher Scientific). After the Q-FISH reac-
tion, the sections were further subjected to immunofluores-
cent staining as described above, with anti-CD11b antibod-
ies. To quantify Csf2 expression, the number of  CD11b+ 
cells was counted in > 10 microscope fields of 60 × magni-
fication per sample. Then, the number of dots representing 
Csf2 mRNA was counted, and the ratios of Csf2 mRNA 
signals per  CD11b+ cells were calculated. More than 100 
 CD11b+ cells per mouse were analyzed.

Statistical analysis

Data were analyzed using either Student’s t test or one-way 
analysis of variance, followed by Tukey’s test, in the Kalei-
daGraph software package (Hulinks, Tokyo, Japan).

Results

Myeloid‑selective Usp2 knockout does not vitally 
affect macrophage subpopulations in the testis

To evaluate whether the myeloid-selective LyzM promoter 
selectively drives macrophages of the testis, we crossed 
LyzM-Cre mice with R26GRR reporter mice. Cells from 
the myeloid lineage in the R26GRR/LyzM-Cre mice 

exhibited red fluorescence, while all other cells had green 
fluorescence (Supplementary Fig. 1a). Red fluorescent sig-
nals were observed in macrophage-like cells in the spleen, 
lung, jejunum, mesenteric lymph node, and liver (Supple-
mentary Fig. 1b, c). In the testis, red fluorescent cells were 
observed in the interstitial and peritubular regions, where 
macrophages are known to be localized (Supplementary 
Fig. 1d). Most red fluorescent cells expressed the mouse 
macrophage marker F4/80, and red fluorescent signals were 
absent in other cell types, including Leydig cells, Sertoli 
cells, and the male germinative cell lineage. Similar findings 
were obtained in the epididymis; red fluorescence co-local-
ized in F4/80+ myeloid cells, which extruded processes from 
the peritubular region to the apical region (Supplementary 
Fig. 1e). After establishing that the LyzM promoter is exclu-
sively activated in testicular macrophages, we next obtained 
myeloid-selective Usp2KO (msUsp2KO) mice by crossing 
LyzM-Cre mice with Usp2fl/fl mice, and then crossing the 
Usp2fl/+/LyzM-Cre offspring with Usp2fl/fl mice (Fig. 1a). 
Cre was selectively expressed in the testis and the perito-
neal macrophages in msUsp2KO mice, but not Usp2fl/fl mice 
(Supplementary Fig. 2a). Genomic PCR confirmed that the 
deletion of exons 3 and 4 of the Usp2 gene occurred in the 
testis and in peritoneal macrophages of msUsp2KO mice, 
but not in Usp2fl/fl mice (Supplementary Fig. 2b).

Since macrophages can be classified by surface marker 
patterns, we characterized the testicular macrophages 
derived from msUsp2KO mice. As shown in Fig. 1b, the 
proportion of F4/80+,  CD11b+ macrophages in msUsp2KO 
mice was almost identical to that in Usp2fl/fl mice (Fig. 1b). 
Similarly, the proportion of F4/80+,  CD11b+ macrophages 
was not modified in the spleen of msUsp2KO mice (Sup-
plementary Fig. 3a). On the other hand, F4/80+,  CD11b+ 
macrophages were slightly increased in the peritoneal cavity 
of msUsp2KO mice (Supplementary Fig. 3b). Usp2 defi-
ciency did not substantially affect localization of F4/80+ 
macrophages in the spleen, liver, mesenteric lymph nodes, 
and intestine (Supplementary Fig. 4a–d).

Since the immunosuppressive M2 macrophage popu-
lation is dominant in the testis [7], we examined the M1/
M2 subclassification of the macrophages using FACS. In 
the testis of Usp2fl/fl mice, a large population of F4/80+, 
 CD11b+ cells were  Ly6cint,  CD206+ M2-like macrophages 
(Fig. 1c). A similar proportion of  Ly6cint,  CD206+ cells 
were also observed in msUsp2KO mice. On the other hand, 
the proportion of  Ly6chigh,  CD206− M1-like macrophages 
in the population of F4/80+,  CD11b+ cells was remarkably 
low (~ 0.6%) in both Usp2fl/fl mice and msUsp2KO mice, 
although this proportion was slightly smaller in msUsp2KO 
mice than in Usp2fl/fl mice. Therefore, Usp2 deficiency does 
not practically affect the dominance of M2 macrophages in 
the testis. Additionally, the ratio of M1 to M2 macrophages 
was not influenced by macrophage-selective Usp2 deficiency 
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in the spleen and peritoneal cavity (Supplementary Fig. 3c, 
d). Thus, USP2 does not determine the direction of M1 and 
M2 predominance in the tissues, including the testis.

Because testicular macrophages can be classified into 
two subpopulations based on localization [9], we measured 
the proportion of interstitial and peritubular macrophages. 
Histological analysis demonstrated that interstitial and peri-
tubular macrophages could be observed in both msUsp2KO 
mice and Usp2fl/fl mice (Fig. 1d). The presence of interstitial 
and peritubular macrophages in the testis of both strains was 
further confirmed with the detection of  CSF1R+ cells and 
 MHCII+ cells in the respective areas (Supplementary Fig. 5). 
A similar proportion of interstitial  CSF1R+  MHCII− and 
peritubular  CSF1R−  MHCII+ macrophages were observed 
in the msUsp2KO mice and Usp2fl/fl mice (Fig. 1e). Thus, 
Usp2 deficiency does not affect the testicular macrophage 
subpopulations.

Testicular macrophage USP2 does not affect 
the structure of the testis

Because testicular macrophages are crucial for the organo-
genesis of testis [12], we assessed the effect of macrophage 
Usp2KO on testicular morphology. As shown in Fig. 2a, b, 
the size and weight of the testis were hardly distinguish-
able between msUsp2KO mice and Usp2fl/fl mice. Addition-
ally, msUsp2KO mice did not show alterations in the outer 
diameter and wall thickness of seminiferous tubes, both of 
which are indices for spermatogenesis (Fig. 2c). We further 
assessed the number and localization of several testicular 
cells using immunohistochemical techniques. An intense 
Ki67 immunological signal was evident in the spermatogo-
nia and primary spermatocytes of Usp2fl/fl mice (Fig. 2d and 
Supplementary Fig. 6). A similar staining pattern of Ki67 
was also observed in msUsp2KO mice. Moreover, msUs-
p2KO mice did not show any morphological changes in 
DEAD-box helicase (DDX) 4-positive spermatocytes com-
pared to Usp2fl/fl mice (Fig. 2e and Supplementary Fig. 6). 
Similarly, monocarboxylate transporter (MCT) 1-positive 
Leydig cells and sex-determining region Y-box transcrip-
tion factor (Sox) 9-positive Sertoli cells showed a principally 
similar staining pattern in msUsp2KO mice and Usp2fl/fl 
mice (Figs. 2f, g and Supplementary Fig. 6). Taken together, 
macrophage USP2 has been shown to be dispensable for 
spermatogenesis and testicular organogenesis.

Testicular macrophage USP2 does not modulate 
testosterone and retinoic acid synthesis

Although msUsp2KO mice did not manifest changes in the 
number of Leydig cells (Fig. 2f), Usp2 ablation in testicu-
lar macrophages might affect testosterone signal. In mice, 
3-β-hydroxysteroid dehydrogenase (HSD3B) 1 and 6 are 

key enzymes of testosterone production. As shown in Sup-
plementary Fig. 7a-(i), the gene expression of Hsd3b1and 
Hsd3b6 was not influenced in msUsp2KO mice. Accord-
ingly, blood and testicular testosterone levels were negligi-
bly affected in msUsp2KO mice (Supplementary Fig. 7b). 
Moreover, msUsp2KO mice did not manifest changes in the 
expression of the luteinizing hormone receptor (Lhcgr) and 
androgen receptor (Ar), which were a releasing stimulant 
and a testosterone receptor in the testis, respectively [Sup-
plementary Fig. 7a-(ii)].

Numerous studies have shown that retinoic acid, which 
has been postulated to be produced in testicular macrophages 
[9], plays a crucial role in spermatogenesis [48]. Thus, we 
measured the level of Aldh1a2 and Rdh10 expression, both 
of which encode enzymes involved in retinoic acid synthe-
sis. As shown in Supplementary Fig. 7a-(iii), no changes in 
Aldh1a1 or Rdh10 expression were observed in the testis 
of msUsp2KO mice. There were also no differences in the 
level of retinoic acid 8 (Stra8) expression, a typical retinoic 
acid-responsive gene [49], in the testis between msUsp2KO 
mice and Usp2fl/fl mice [Supplementary Fig. 7a-(iv)]. Taken 
together, macrophage USP2 does not have a significant 
impact on testosterone or retinoic acid synthesis in the testis.

Testicular macrophage USP2 did not affect 
the morphology, viability, motility, and capacitation 
of freshly isolated sperm

We next studied the characteristics of mature sperm in 
msUsp2KO mice. As shown in Fig. 3a, b, the morphology of 
sperm in the testis and epididymis was not different between 
msUsp2KO mice and Usp2fl/fl mice. Moreover, the density 
of the epididymal sperm in msUsp2KO mice was almost 
identical to that of Usp2fl/fl mice (Fig. 3c). Similarly, sperm 
viability was barely modified in msUsp2KO mice (Fig. 3d). 
Thus, macrophage USP2 was not a prerequisite for the gen-
eration, viability, and morphogenesis of sperm.

A previous study demonstrated that Usp2KO mice exhib-
ited decreased sperm motility [37]. We therefore assessed 
sperm motility in msUsp2KO mice and Usp2fl/fl mice, and 
found no differences in the proportion of total motile sperm 
in msUsp2KO mice compared to Usp2fl/fl mice (Fig. 3e). 
Moreover, progressive motility, which is characterized by 
markedly fast rectilinear motility and hyperactive curvilin-
ear motility, was observed in the msUsp2KO mice (Fig. 3f). 
After sperm preincubation in PBS instead of HTF medium, 
macrophage-selective Usp2 deficiency did not influence total 
and progressive motility of sperm (data not shown). We fur-
ther performed CTC staining to examine the rate of sperm 
capacitation. Capacitated sperm showed scarce staining in 
the postacrosomal area (Fig. 3g). We found that capacita-
tion in msUsp2KO mouse sperm was comparable to that 
of Usp2fl/fl mouse sperm. Collectively, macrophage USP2 
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does not influence the morphology, viability, motility, and 
hyperactivation of freshly isolated sperm.

Testicular macrophage USP2 promotes motility, 
hyperactivation, and capacitation of frozen–thawed 
sperm

Frozen–thawed sperm is widely applied in the treatment of 
infertility, generation of livestock animals, and conserva-
tion management of endangered species [50–52]. To inves-
tigate whether macrophage USP2 modifies sperm cryo-
preservation, we compared several characteristics of the 
frozen–thawed sperm from msUsp2KO mice and Usp2fl/fl 
mice. As with freshly isolated sperm, the morphology of 
the frozen–thawed sperm was indistinguishable between 
the strains (Fig. 4a). The freezing and thawing evenly pro-
moted cell death from 91 to 49% and from 96 to 42% in 
msUsp2KO mice and Usp2fl/fl mice, respectively (Figs. 3d, 
4b). Thus, macrophage USP2 is dispensable in maintaining 
morphology and viability during manipulation with freez-
ing and thawing. In marked contrast, the proportion of total 
motile sperms was decreased by approximately one-fourth 
in msUsp2KO mice compared to Usp2fl/fl mice (Fig. 4c). 
Furthermore, progressive motile sperm were more severely 
decreased in msUsp2KO mice (Fig. 4c). Similarly, msUs-
p2KO mouse-derived sperm showed significant defects in 
VSL, VCL, and amplitude of lateral head displacement 
(ALH), whereas beat-cross frequency (BCF) tended to be 
attenuated (P = 0.053, n = 6). Thus, macrophage USP2 could 
maintain motility of frozen–thawed sperm.

We also analyzed CASA data, using the K-means clus-
tering method, to evaluate the proportion of hyperactive 
motile sperm [45]. As shown in Supplementary Fig. 8, the 
frozen–thawed sperm could be classified into four clusters 
based on VSL and VCL. Sperm belonging to Cluster #2 
exhibited progressive curvilinear motion, which indicated 
hyperactivation. The proportion of hyperactive sperm 
was ~ 79% lower in msUsp2KO mice than in Usp2fl/fl mice 
(Fig.  4d), suggesting that macrophage USP2 preserves 
the capacity for hyperactivation after exposure to the 
freeze–thaw process.

We next examined the effects of macrophage Usp2 defi-
ciency on capacitation rate in the frozen–thawed sperm. 
Approximately, 8.5% of frozen–thawed sperm from Usp2fl/fl 
mice were capacitated in HTF medium after incubation for 
30 min (Fig. 4e). On the other hand, capacitation occurred 
in only ~ 4.8% of msUsp2KO mouse sperm. Taken together, 
our results show that macrophage USP2 potentiates motility, 
hyperactivation, and capacitation of frozen–thawed sperm.

We further investigated several biochemical and physi-
ological indices that are associated with hyperactive motil-
ity and capacitation in sperm. Because sperm activation is 
highly dependent on ATP supply [20], we measured the 

intracellular ATP level of the frozen–thawed sperm. The 
ATP level of msUsp2KO mouse-derived sperm was ~ 74% 
of the Usp2fl/fl mouse-derived sperm (Fig. 5a), indicating that 
macrophage Usp2 deletion inhibits the ATP supply in sperm.

Because glycolysis is necessary for hyperactive sperm 
motility and capacitation, we measured glycolytic activity 
by quantifying intracellular lactate and glucose content in 

Fig. 4  Effect of myeloid-selective Usp2 knockout on the motility, 
hyperactivation, and capacitation of frozen–thawed sperm. Sperm of 
myeloid-selective Usp2 knockout mice (mKO) and Usp2fl/fl mice (fl/
fl) were subjected to the freeze–thaw process. a The morphology of 
the epididymal sperm. Scale bars represent 50  µm. Representative 
microscopic images were obtained from five mice. b The viability 
of the epididymal sperm. c Sperm motility assessed by CASA. Total 
motility, progressive motility, straight-line velocity (VSL), curvilinear 
velocity (VCL), amplitude of lateral head displacement (ALH), and 
beat-cross frequency (BCF) of sperm were evaluated. d The propor-
tion of hyperactivated sperm. K-means clustering was used to analyze 
the CASA data. Hyperactive sperm belonged to the cluster with high 
VCL and low linearity, as shown in Supplementary Fig. 8. e The pro-
portion of capacitated sperm. Capacitation was determined by CTC 
staining. Approximately 200 (b, e), 300 (c), 340 (d, mKO), or 420 (d, 
fl/fl) sperm from each mouse was used for analysis. Data are shown 
as means ± SD of five (b, e) or six (c, d) mice. *P < 0.05 vs. Usp2fl/fl 
mice (c–e). The P values are also shown in the graphs (b, c)
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sperm. However, we found no differences in either intracel-
lular lactate or glucose levels between sperm from Usp2fl/fl 
mice and sperm from msUsp2KO mice (Fig. 5b, c), which 
indicate that macrophage USP2 is not vital for the mainte-
nance of glycolysis in frozen–thawed sperm.

In contrast to hyperactive motility and capacitation, total 
sperm motility is highly associated with OXPHOS [20], 

whose activity can be evaluated by measuring mitochondrial 
membrane potential (MMP). Although both high- and low-
MMP subpopulations were detected in the Usp2fl/fl mice, the 
high-MMP sperm population was smaller or negligible in the 
msUsp2KO mice (Fig. 5d). Therefore, our results suggest that 
macrophage USP2 potentiates mitochondrial integrity, but not 
glycolysis, in a fraction of sperm, which contributed to greater 
ATP accumulation in the cells.

Sperm undergo alkalization upon the induction of capacita-
tion, especially in the head and principal piece [53]. Alkali-
zation in the principal piece has also been shown to initiate 
hyperactive motility [53]; therefore, we investigated whether 
macrophage USP2 influenced sperm alkalization by moni-
toring the intracellular pH using a pH-sensitive probe. After 
incubation in HTF medium for 30 min, Usp2fl/fl mouse-derived 
sperm comprised a dominant population with relatively low 
pH and a smaller alkalized population (17.2 ± 6.4%, n = 5, 
Fig. 5e). This proportion of alkalized sperm was significantly 
decreased in the msUsp2KO mouse-derived sperm compared 
to Usp2fl/fl mouse-derived sperm. Therefore, macrophage 
USP2 sustains hyperactivation-associated alkalization in fro-
zen–thawed sperm.

CatSper is a sperm-specific calcium channel that mediates 
high pH-evoked calcium influx, which triggers sperm hyper-
activation [22, 23]. We therefore investigated the intracellu-
lar calcium levels in sperm using a calcium probe (Fig. 5f). 
FACS analysis revealed relatively low fluorescence in 89.2% 
of live sperm from Usp2fl/fl mice, while a > tenfold signal 
was observed in the remaining 10.8% of sperm, indicating 
that ~ 11% of total sperm from Usp2fl/fl mice displayed an 
extreme calcium influx. In contrast, only 2.2% of sperm from 
msUsp2KO mice showed a similar degree of calcium influx. 
Therefore, the results suggest that macrophage USP2 potenti-
ates calcium influx in frozen–thawed sperm, which may elicit 
sperm hyperactivation.

Because inhibition of alkalization and intracellular calcium 
ion accumulation were observed in the sperm from msUs-
p2KO mice, we used qRT-PCR to measure the mRNA expres-
sion levels of canonical ion channels and pumps in the testis. 
Macrophage Usp2 deficiency did not modify the expression of 
the spermatic channels and pumps that participate in alkaliza-
tion, such as voltage-gated hydrogen channel 1 (Hvnc1) and 
solute carrier family 9 member C1 (Slc9c1) (Supplementary 
Fig. 9). Similarly, the expression of CatSper subunits was neg-
ligibly affected in the sperm of msUsp2KO mice. Therefore, 
macrophage USP2 controls sperm hyperactivation indepen-
dently of changes in the expression of the spermatic channels 
and pumps that we examined.

Fig. 5  Effect of myeloid-selective Usp2 knockout on the biochemi-
cal and physiological responses of frozen–thawed sperm. a, b, c 
Intracellular ATP (a), glucose (b), and lactate (c) contents. Approxi-
mately 10,000 (a) or 25,000 (b, c) sperm per mouse was used for the 
analyses. d, f FACS analysis of mitochondrial membrane potential 
(MMP, d), intracellular pH (e), and calcium ion content (f) assessed 
with TMRM, BCECF-AM, and Calbryte-520AM, respectively. FACS 
images indicate sperm with high (H, d) and low (L, d) MMP, high 
alkalization (A, e), and high calcium influx (H, f) (left). The propor-
tion of sperm with high MMP (d), high alkalization (e), and high cal-
cium influx (f) in approximately 25,000 live sperm are also indicated 
(right panel). Data are shown as the means ± SD of six mice (a–f). 
*P < 0.05 vs. Usp2fl/fl mice. P values are also shown in graphs (b, c)
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Testicular macrophage USP2 increases the in vitro 
fertilizing capacity of frozen–thawed sperm

Decreased motility, capacitation, and hyperactivation of 
the frozen–thawed sperm from msUsp2KO mice might 
affect fertility. To examine this, we performed IVF using 
frozen–thawed sperm from msUsp2KO mice and Usp2fl/fl 
mice. The sperm of both strains evenly induced disper-
sion of the cumulus (Fig.  6a). Subsequently, ~ 40,000 
sperm from Usp2fl/fl mice caused at least one polar body 
in 55.4 ± 16.8% of ova from C57BL/6 mice after 4 h of 
incubation (Fig. 6b, c). Almost the same number of sperm 
from msUsp2KO mice formed polar bodies, at a compara-
ble proportion (51.5 ± 17.1%, P = 0.674 vs Usp2fl/fl mice, 
n = 7). On the other hand, the formation of pronuclei was 
dramatically repressed in the ova that were incubated 
with sperm from msUsp2KO mice, compared to those 
of Usp2fl/fl mice (msUsp2KO mice, 5.93 ± 6.8%; Usp2fl/fl 
mice, 20.8 ± 13.8%: P = 0.025, n = 7: Fig. 6b, d). There-
fore, frozen–thawed sperms from msUsp2KO mice had 
lower IVF efficiency.

USP2 sustains GM‑CSF expression in testicular 
interstitial macrophages

Cumulative evidence indicates that USP2 regulates inflam-
matory cytokine production in macrophages [29, 33–35]. 
Since several cytokines modify sperm motility [54], we 
compared the expression of 43 cytokine genes as well as 
that of Serpine1 and Serpine2 in the testis of msUsp2KO 
mice and Usp2fl/fl mice. qRT-PCR analysis demonstrated 
that the expression levels of inflammatory cytokines such 
as Il1b, Il6 and Tnf were not distinguishable between the 
strains (Fig. 7a). Similarly, most cytokines which we exam-
ined did not show significant changes in the testis after Usp2 
ablation (Fig. 7a). Conversely, transcripts for Csf2 (encoding 
GM-CSF) were significantly (0.46-fold, P = 0.0028, n = 6) 
decreased in the testis of msUsp2KO mice compared with 
Usp2fl/fl mice (Fig. 7a, b). Moreover, Serpine 1 was slightly, 
but significantly (0.79-fold, P = 0.0090, n = 6) downregu-
lated in the testis of msUsp2KO mice (Fig. 7a). Therefore, 
macrophage USP2 may have some influence overexpression 
of Csf2 and Serpine 1 in testis. Because Csf2 is known to 
potentiate total motility and hyperactive motility of fro-
zen–thawed ovine sperm [19], we further investigated the 
roles of GM-CSF in macrophage USP2-mediated sperm 
regulation.

To verify the sources of GM-CSF in the testis, we per-
formed an immunofluorescent analysis using C57BL/6 
mouse testis. An immunoreactive signal for GM-CSF was 
especially apparent in some parts of F4/80+ cells in the inter-
stitial region (Fig. 7c), and this signal disappeared when the 
anti-GM-CSF antibody was pre-incubated with an excess 
amount of recombinant GM-CSF (Supplementary Fig. 10a). 
Therefore, interstitial macrophages appear to produce GM-
CSF in the testis. In further agreement with our data, immu-
noreactivity against GM-CSF was also observed in isolated 
 CD11b+ testicular macrophages (Fig. 7d). Incubation with 
pre-adsorbed anti-GM-CSF antibody, or the secondary anti-
body without the anti-CD11b antibody, did not generate any 
signal (Supplementary Fig. 10b, c), leading us to conclude 
that the immunoreactive signals for GM-CSF and CD11b 
were specific. Furthermore, Q-FISH analysis detected sig-
nals corresponding to Csf2 mRNA in certain populations 
of C57BL/6 mouse-derived testicular macrophages, which 
were not observed without the Csf2 probe (Supplementary 
Fig. 10d). qRT-PCR analysis (Fig. 7a) further detailed that 
the mean number of Csf2 fluorescent dots was decreased 
by ~ 37% in msUsp2KO mouse-derived testicular mac-
rophages, compared to those of Usp2fl/fl mice (Fig. 7e, f). 
Collectively, our data suggest that testicular macrophages 
have the potential to produce GM-CSF, and that Usp2 poten-
tiates Csf2 expression in testicular macrophages.

Sperm undergo posttesticular maturation in the 
epididymis, in preparation for capacitation in the female 

Fig. 6  Effect of myeloid-selective Usp2 knockout on the efficiency 
of in  vitro fertilization. Frozen–thawed 4 × 104 live sperm, which 
were isolated from myeloid-selective Usp2 knockout mice (mKO) 
and Usp2fl/fl mice (fl/fl), were subjected to in vitro fertilization (IVF) 
using the ova of C57BL/6 mice. Approximately, 60 ova were used 
for an IVF series. a Dispersion of cumulus cells. Ova surrounded 
with cumulus cells were incubated with sperm from the mice for 0, 
20, and 40 min. b Ova after 8 h incubation with sperm. Arrows and 
arrowheads represent polar bodies and pronuclei, respectively. c, d 
Incidence of polar bodies (c) or pronuclei (d) in ova after incubation 
with sperm. Representative images of seven IVF series are shown 
(a, b). Scale bars represent 50 (a), or 20 (b) μm. Data are shown as 
means ± SD of seven male mice (c, d). *P < 0.05 vs Usp2fl/fl mice (d). 
P value is also shown (c)
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reproductive tract [55]. In the epididymis, myeloid cells 
extrude projections to the adluminal site of the epididymal 
duct [56–58]. Thus, macrophages in the epididymis may 
contribute to priming sperm for hyperactivation and capaci-
tation. To clarify whether USP2 modulates GM-CSF pro-
duction in epididymal macrophages, we first evaluated the 
expression of GM-CSF in the epididymis. Immunoreactive 
signals for GM-CSF was apparent in the supranuclear region 
of principal epithelial cells [Supplementary Fig. 11a, b-(i)] 
and in intraluminal clear epithelial cells [Supplementary 
Fig. 11a, b-(ii)] in the corpus of the epididymis of C57BL/6 
mice, corroborating a recent report on boar epididymis 
[59]. In addition, intense GM-CSF signals were detected 
in vesicles in the lumen [Supplementary Fig. 11a, b-(iii)]. 

GM-CSF was also present in peritubular cells with slender 
dendrites extending toward the luminal region [Supplemen-
tary Fig. 11a, b-(iv)]. GM-CSF+ peritubular cells were also 
F4/80-positive, suggesting that epididymal macrophages 
produce GM-CSF (Supplementary Fig. 11c). To confirm 
GM-CSF expression in epididymal macrophages, we exam-
ined GM-CSF immunoreactivity in isolated epididymal 
 CD11b+ macrophages. As observed in the testis, GM-CSF 
immunoreactive signals were observed in  CD11b+ cells, 
which were dampened when incubated with anti-GM-CSF 
antibody that was pre-adsorbed with recombinant GM-CSF 
(data not shown). Together, these results indicate that mac-
rophages are a source of GM-CSF in the epididymis, but the 
degree of their contribution is still unclear.

Fig. 7  Effect of myeloid-selective Usp2 knockout on Csf2 expres-
sion in the testis. a Comprehensive qRT-PCR for cytokine expres-
sion in the testis of myeloid-selective Usp2 knockout mice (mKO) 
and Usp2fl/fl mice (fl/fl). The clustering tree is drawn on the left of 
the heatmap. The Csf2 and Serpine 1 rows are highlighted. b qRT-
PCR analysis of Csf2 expression in the testis. Data were normalized 
to the level of Hprt1 expression. c, d Immunofluorescent detection of 
GM-CSF (red) and F4/80 (green, c) or CD11b (green, d) in the testis 
(c) or isolated testicular adherent cells (d) of C57BL/6 mice. Dashed 
lines show seminiferous tubules (c). Arrows and arrowheads indicate 
GM-CSF−, F4/80+ and GM-CSF+, F4/80+ cells, respectively (c). e, f 
Q-FISH analysis of Csf2 expression in the testicular adherent fraction 
of myeloid-selective Usp2 knockout mice (mKO) and Usp2fl/fl mice 

(fl/fl). Representative images for Q-FISH for Csf2 mRNA (e) and the 
mean abundance of Csf2 mRNA dots in  CD11b+ cells (f) are shown. 
An arrow indicates sperm (e). The number of Csf2 mRNA dots were 
counted in 100 randomly selected  CD11b+ cells in 10 microscopic 
fields for each mouse (f). g Representative images of CSF2 receptor α 
chain (CSF2R α)-immunostaining in the testis of C57BL/6 mice. An 
arrow and arrowheads indicate a CSF2R α+ spermatid and testicu-
lar interstitial cells, respectively. Nuclei were stained with DAPI (c), 
Hoechst33342 (d, e), and hematoxylin (g). Scale bars represent 20 µm 
(c, g) and 15 µm (d, e). Data are shown as means ± SD of six (b) or 
five (f) mice. Microscope analyses were reproducibly obtained from 
three (c, g), four (d), or seven (e) mice. *P < 0.05 vs Usp2fl/fl mice (b, 
f)
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We next investigated the role of macrophage USP2 in Csf2 
expression in the epididymis. Compared to Usp2fl/fl mice, the 
level of epididymal Csf2 mRNA was 32% lower in msUs-
p2KO mice (Supplementary Fig. 11d). Furthermore, Q-FISH 
analysis demonstrated that the mean number of Csf2 mRNA 
dots in  CD11b+ cells were significantly decreased in msUs-
p2KO mouse-derived epididymal macrophages than that of 
Usp2fl/fl-derived macrophages (Supplementary Fig. 11e, 11f). 
Therefore, USP2 potentiates Csf2 expression in epididymal 
macrophages.

We also investigated the expression of the GM-CSF recep-
tor in testicular cells, and found that C57BL/6 mice expressed 
the CSF2 receptor α chain (CSF2R α) in both sperm and tes-
ticular interstitial cells (Fig. 7g). Taken together with previ-
ous papers [19], our results indicate that sperm are responsive 
to GM-CSF from testicular macrophages and/or epididymal 
cells.

GM‑CSF restored macrophage Usp2 
knockout‑elicited aberrant mitochondrial 
membrane potential and total sperm motility

GM-CSF promotes the cryoprotection of sperm resulting in 
the restoration of total sperm motility [19]. We thus assessed 
whether GM-CSF could overcome the aberrant total motility 
of the frozen–thawed sperm from msUsp2KO mice. During 
the freezing and thawing process, the sperm from msUsp2KO 
mice and Usp2fl/fl mice were treated with GM-CSF. After 
thawing, the GM-CSF pre-treatment elevated the total sperm 
motility of msUsp2KO mice, while it marginally potentiated 
that of Usp2fl/f mice (Fig. 8a). As a result, the difference in 
total sperm motility between the strains was diminished by 
GM-CSF treatment.

Since total sperm motility is dominantly regulated by 
OXPHOS [20], we next examined whether GM-CSF recov-
ered the mitochondrial membrane functionality of the fro-
zen–thawed sperm. As shown in Fig. 8b, GM-CSF negligibly 
modulated the fraction of the sperm population in Usp2fl/fl 
mice with high MPP. In contrast, GM-CSF increased the num-
ber of sperm with high MPP in msUsp2KO mice (Fig. 8b). 
Similarly, GM-CSF treatment restored the aberrant accumula-
tion of ATP in the msUsp2KO mouse sperm (Fig. 8c). Col-
lectively, these experiments showed that the lack of GM-CSF 
might be attributed to defects in total motility and malfunction 
of mitochondrial activity in msUsp2KO mouse sperm.

GM‑CSF failed to restore progressive 
motility, capacitation, hyperactivation, 
and in vitro fertilization efficacy of the sperm 
from macrophage‑selective Usp2 knockout mice

We next assessed the effect of GM-CSF on progressive 
sperm motility in msUsp2KO mice and Usp2fl/fl mice. As 

shown in Fig. 8d, GM-CSF increased the number of progres-
sively motile sperm in Usp2fl/fl mice, whereas the increase in 
progressively motile msUsp2KO sperm was marginal. Thus, 
GM-CSF did not significantly influence macrophage USP2-
sustained progressive sperm motility.

The proportion of hyperactive sperm in progressive 
motile sperm is higher than that of total motile sperm. 
Because GM-CSF failed to restore progressive motility, but 
not total motility (Fig. 8a, d), GM-CSF might not contribute 
to sperm hyperactivation. To this end, we investigated the 
effect of GM-CSF on the size of the cluster that encom-
passes hyperactive sperm (Supplementary Fig. 12). GM-
CSF did not mitigate a decrement of hyperactive sperm in 
msUsp2KO mice (Fig. 8e) and failed to rescue the defective 
capacitation in msUsp2KO sperm. In contrast, GM-CSF 
tended to promote capacitation in Usp2fl/fl sperm (Fig. 8f). 
Therefore, GM-CSF is not responsible for macrophage 
USP2-dependent hyperactivation or capacitation of fro-
zen–thawed sperm.

Since alkalization is vital for hyperactivation and capaci-
tation of sperm [20], we examined whether GM-CSF could 
modify the intracellular pH level of msUsp2KO mouse 
sperm. FACS analysis of BCECM-AM-loaded sperm 
showed that GM-CSF did not affect the pH level of sperm 
from both msUsp2KO mice and Usp2fl/fl mice (Fig. 8g). 
Furthermore, the proportion of alkalized sperm was sig-
nificantly smaller in msUsp2KO mice than in Usp2fl/fl mice, 
regardless of GM-CSF treatment (Fig. 8g). Similarly, GM-
CSF did not alter the calcium influx in both msUsp2KO 
mice and Usp2fl/fl mice (Fig. 8h). Therefore, the difference 
in intracellular calcium content was still evident between the 
strains after GM-CSF treatment.

Finally, we investigated the effect of GM-CSF on the 
IVF efficacy of msUsp2KO sperm. As shown in Fig. 8i and 
Supplementary Fig. 13, GM-CSF did not rectify ova gen-
eration when incubated with msUsp2KO sperm, but tended 
to increase the number of pronuclei in ova when incubated 
with Usp2fl/fl sperm. These results indicate that GM-CSF was 
unable to restore macrophage USP2-potentiated hyperactiva-
tion, capacitation, and IVF efficacy of sperm.

Discussion

Testicular macrophages are indisputably important in 
maintaining testicular function. For instance, elimination 
of testicular macrophages by liposome-entrapped dichlo-
romethylene diphosphonate affected the proliferation and 
differentiation of Leydig cells during prepubertal devel-
opment [14] and decreased testosterone synthesis by Ley-
dig cells [13]. Additionally, both types of testicular mac-
rophages significantly express enzymes for the biosynthesis 
of retinoic acid, which is crucial for spermatogenesis [9]. 
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The necessity of testicular macrophage presence in sper-
matogenesis was also proven by the observation that the 
depletion of macrophages led to a disruption in spermato-
gonia development [9] and to significant sperm reduction in 
seminal fluid [12]. In the present study, the morphological 
changes in spermatogonia as well as Leydig cells were not 
apparent in msUsp2KO mice. Moreover, changes in testos-
terone levels were negligible in both the serum and testis. 
Therefore, macrophage USP2 seemed to be dispensable for 
spermatogenesis.

Usp2KO mice manifested male subfertility and abnor-
mal aggregates consisting of sperm and multinucleated 

cells in seminiferous tubules [37]. Although the morphol-
ogy of sperm in the epididymis was normal in Usp2KO 
mice, the sperm exhibited remarkable motility defects 
[37]. Because late-stage spermatids exclusively express 
USP2 [36], USP2 deficiency likely contributes to male 
subfertility in Usp2KO mice. The present study sheds new 
light on the roles of macrophage USP2 in sperm motility. 
Notably, the beneficial effects of macrophage USP2 are 
more prominent in frozen–thawed sperm than in freshly 
isolated sperm. Since frozen–thawed sperm are widely 
used in infertility treatments, genetic manipulation of 
livestock, and conservation management of endangered 

Fig. 8  Effect of GM-CSF on frozen–thawed sperm isolated from 
myeloid-selective Usp2 knockout mice. Sperm from myeloid-selec-
tive Usp2 knockout mice (mKO) and Usp2fl/fl mice (fl/fl) were treated 
with.either GM-CSF (5 nM) or vehicle, before and during the freeze–
thaw process. a The proportion of total motile sperm. b The propor-
tion of sperm with a high mitochondrial membrane potential (MMP). 
c The intracellular ATP content in total sperm. d–f The proportion of 
progressive motile sperm (d), hyperactive motile sperm (e), or capac-
itated sperm (f). g, h The proportion of sperm with high alkalization 

(g) and high intracellular calcium (h). i The incidence of pronuclei 
in eggs after in vitro fertilization. For each experiment, the presence 
of pronuclei in ~ 60 ova was evaluated after an 8  h incubation with 
sperm (4 × 105 sperm/mL). Approximately, 300 (a, d), 10,000 (c) 
630 (e, mKO) or 460 (e, fl/fl) total sperm, or 25,000 (b, g, h) or 200 
(f) live sperm from each mouse were used in these assays. Data are 
shown as the means ± SD of four (d, f), five (a, b, g, h, i), or six (c, e) 
mice. *P < 0.05 vs Usp2fl/fl mice. †P < 0.05 vs. vehicle-treated groups 
(a–d)
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animals, our study may provide important knowledge that 
is relevant to the medical and industrial fields [50–52].

Sperm motility can be classified into total and hyper-
active motility [21]. Total motility is highly dependent 
on OXPHOS at the midpiece of sperm, while hyperactive 
motility dominantly utilizes ATP produced by glycolysis 
at the head and principal piece [20]. We demonstrated that 
macrophage USP2 maintained both total and hyperactive 
sperm motility. This observation implies that testicular 
macrophages modified both sperm motilities, regardless of 
the effects on morphological changes. Given that the total 
and hyperactive motilities are driven by distinct mecha-
nisms, USP2 in testicular macrophages might function as 
a common regulator for both types.

Our current results demonstrated that macrophage-
selective Usp2 knockout did not cause significant changes 
in the expression of 19 canonical channels and pumps, all 
of which are postulated to have crucial roles in intracellu-
lar alkalization and calcium ion influx [21–23]. However, 
we were unable to exclude the possibility that macrophage 
USP2 modulates the expression of channels that were not 
examined in this study. Alternatively, macrophage USP2 
may exert control over the expression of these membrane 
proteins at the post-transcriptional and/or translational 
level.

In IVF experiments, frozen–thawed sperm of msUsp2KO 
mice caused normal polar body formation in the ova and 
dispersion of the ovarian cumulus. In sharp contrast, the 
sperm of msUsp2KO mice had defects in the generation 
of ova pronuclei, indicating that msUsp2KO mouse sperm 
lowered fertilization efficiency. Since hyperactive motility 
is believed to determine fertilization efficiency [21, 60], the 
inefficient IVF of msUsp2KO mouse sperm is attributable 
to the decrease in hyperactive motile sperm. In the present 
study, macrophage-selective Usp2 deficiency caused a 
reduction of the sperm population with high alkalization and 
high calcium influx. Given that alkalization-induced calcium 
influx confers hypermobility to sperm during capacitation 
[21, 23], macrophage USP2 might promote capacitation and 
hyperactivation of the frozen–thawed sperm, thereby leading 
to high IVF efficacy.

Previous evidence has indicated that testicular mac-
rophage-derived cytokines modulate spermatogenesis [61]. 
Moreover, several cytokines also modify sperm functions, 
such as motility, chemotaxis, and the acrosome reaction 
[62–65]. In the present study, we found decreased Csf2 
expression in the testicular macrophages of msUsp2KO 
mice. This observation is congruent with the results from a 
previous study that showed high levels of GM-CSF expres-
sion in testicular macrophages [18]. The finding that GM-
CSF can access spermatogonial cells through the blood–tes-
tis barrier, which is formed by Sertoli cells and physically 
protects spermatogonial cells from systemic circulation [66], 

suggests that macrophage-derived GM-CSF can directly 
modulate the function of male gamete cells.

It has already been demonstrated that GM-CSF potenti-
ates glucose uptake of sperm, possibly through the induction 
of glucose transporters [67], resulting in the promotion of 
motility of bovine sperm [68]. In our preliminary experi-
ment, GM-CSF did not cause changes in the expression of 
glucose transporters in the sperm of msUsp2KO mice and 
Usp2fl/fl mice. Nevertheless, application of GM-CSF dur-
ing the freezing and thawing process reverted total sperm 
motility, mitochondrial membrane potential, as well as the 
intracellular ATP level. In this study, we did not uncover 
molecular mechanisms underlying GM-CSF promotion of 
mitochondrial integrity in sperm. Some heat shock proteins 
maintain mitochondrial membrane integrity [69, 70]. They 
are regulated by STAT3 [71], which GM-CSF activates [72]. 
Thus, macrophage USP2 might control mitochondrial integ-
rity through the induction of chaperone proteins such as heat 
shock proteins by GM-CSF production.

In contrast to MMP and total sperm motility, GM-CSF 
failed to rescue defects in capacitation, hyperactivation, and 
subsequent IVF efficiency, all of which are predominantly 
fueled by glycolysis [20]. Our preliminary study showed that 
GM-CSF did not affect the intracellular content of glucose 
and lactate in either msUsp2KO sperm or Usp2fl/fl sperm, 
indicating that glycolytic activity is not a prerequisite for 
USP2-modulated sperm activation. Capacitation and hyper-
activation are initiated by changes in plasma membrane 
characteristics, including cholesterol efflux [22], which are 
reflected in the pattern of CTC staining [73]. Therefore, the 
impairment of changes in CTC staining that was observed 
msUsp2KO sperm in this study suggests that macrophage 
USP2 maintains the initial stages of the capacitation process.

In addition to Csf2, we found that macrophage-specific 
Usp2 deficiency led to a slight downregulation in Serpine 
1 expression in the testis. The Serpine 1 gene encodes plas-
minogen activator inhibitor (PAI-1), which inhibits plasmi-
nogen activators and encumbers plasmin production [74]. 
Because PAI-1 and plasminogen activator receptor bind to 
the sperm plasma membrane, the quantitative ratio of these 
counteracting proteins affects the proteolytic activity of the 
sperm membrane, as well as the modulation of capacitation 
efficiency [74]. Accordingly, the concentration of tissue-type 
plasminogen activator in spermatozoa has been shown to be 
higher in cases of human subfertility, which suggests that 
excessive activation of plasminogen activators contribute to 
sterility [75]. Therefore, although it is still unclear whether 
macrophage PAI-1 can reach sperm and/or spermatocytes 
through the blood–testis barrier, blunted PAI-1expression in 
testicular macrophages may participate in defective sperm 
hyperactivation in msUsp2KO mice.

Compared to Usp2fl/fl sperm, total sperm motility in 
msUsp2KO mice was decreased to 28.6% (Fig. 4c), whereas 
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ATP accumulation was only reduced by 25.4% (Fig. 5a). 
The presence of immotile sperm, which still contain ATP 
at a significant level [76], may account for the discrepancy 
between these indices. Thus, the reduction in ATP may in 
fact be relatively mild compared to the decrease in total 
sperm motility. Conversely, the mechanisms driving the dif-
ferences between the changes observed in intracellular pH 
(~ 46.4% decrease, Fig. 5e) and that of progressive motility 
(~ 97.0% decrease, Fig. 4c) appear to be convoluted. After 
intracellular alkalization, several coordinated biochemical 
and physiological cellular events, such as calcium influx, 
protein kinase A activation, and tyrosine phosphorylation, 
occur during hyperactivation [21–23]. Therefore, mac-
rophage USP2-mediated regulation of sperm function may 
involve multiple molecular targets.

In a previous study, we performed comprehensive qRT-
PCR for cytokines and growth factors using USP2 knock-
down (KD) human macrophage-like HL-60 cells [29]. 
USP2KD HL-60 cells showed an increased expression 
of nine chemokines compared with parental HL-60 cells. 
Moreover, bacterial lipopolysaccharide provoked the expres-
sion of 25 of 104 cytokines in USP2KD HL-60 cells [34]. 
These results indicate that USP2 attenuated the induction of 
a relatively wide variety of proinflammatory cytokine genes. 
On the other hand, the testis of msUsp2KO mice showed a 
decreased expression of only Csf2 among 43 cytokines. This 
limited change in cytokine expression might be accounted 
for by technical issues. In the testis, the proportion of mac-
rophages is limited, although they are the second most abun-
dant cellular population after Leydig cells in the interstitial 
space [77]. Since a significant amount of cytokines is pro-
duced in other testicular cells [61, 78, 79], this might offset 
aberrant cytokine expression in macrophages. Alternatively, 
the differences in characteristics between HL-60 cells/peri-
toneal macrophages and testicular macrophages might yield 
differences in their USP2-modulated cytokine expression 
profiles. Differentiated HL-60 and peritoneal macrophages 
have the property of M1 macrophages, since their dominant 
population express CD11c, an M1 macrophage marker [29, 
80, 81]. Since testicular macrophages contain an M2-dom-
inant population [10], USP2 might have different effects on 
cytokine production between M1 and M2 macrophages.

In this study, we still did not evaluate molecular mech-
anisms underlying USP2-modulated Csf2 expression. 
Although little is known about the mechanisms for Csf2 
induction in testicular macrophages, several signal cascades 
are believed to participate in Csf2 induction in various type 
of cells [82, 83]. NF-κB is known to activate the Csf2 pro-
moter in various types of cells such as T-lymphocytes, mac-
rophages and bladder carcinoma cells [83–85]. Previously, 
it has been shown that TNF-α-elicited NF-κB signaling is 
enhanced by USP2 [35]. On the other hand, we also showed 
that USP2 regulates the expression of various cytokines 

by modulating poly-ubiquitination of Oct 1 [34]. Further 
studies are required to identify USP2-targeting molecules 
that are responsible for Csf2 expression in testicular mac-
rophages. Such information might be helpful in understand-
ing the molecular basis of communications between testicu-
lar macrophages and sperm.

Various types of myeloid cells, including macrophages 
and dendritic cells, exist in the interstitial and peritubular 
regions of the epididymis [58, 86]. The myeloid cells are 
postulated to maintain immune privilege in the epididymis; 
they play a role in pathogen defense and also maintain 
immune tolerance toward sperm antigens [58, 87]. In addi-
tion, epididymal myeloid cells eliminate apoptotic epithelial 
cells after unilateral efferent duct ligation [56], suggesting 
that they may also sustain epithelial integrity at a steady 
state, and can directly communicate with sperm via cell 
processes that project into the lumen of the epididymal duct 
[58, 87]. In this study, we observed GM-CSF expression in 
macrophages in epididymal sections and in isolated epididy-
mal macrophages, which suggests that macrophages may 
regulate sperm function via GM-CSF secretion. In contrast 
to the testis, GM-CSF appears to be produced in various 
epididymal cell types, including principal and clear epithe-
lial cells, both of which directly affect sperm on the luminal 
side. A previous report also demonstrated intense GM-CSF 
immunoreactivity in vesicles, which were suggested to have 
been released from principal epithelial cells [59]. Future 
study might clarify whether macrophage USP2 is involved 
in GM-CSF production in the epididymal epithelial cells via 
macrophage-to-epithelial communication.

To perform myeloid-selective Usp2 knockout, we 
employed the LyzM-Cre cassette. The LyzM-Cre-dependent 
conditional knockout mouse strains have been widely used 
to evaluate in vivo roles of various molecules expressed in 
cells of myeloid lineage, including macrophages [88–90]. 
Another study demonstrated that the LyzM promoter is also 
active in neural brain cells [91]. Thus, we could not exclude 
the possibility that neural USP2 maintained the testicular 
function of msUsp2KO mice through the hypothalamus–tes-
tis axis. However, our preliminary study indicated that neu-
ron-selective Usp2KO mice yielded changes in neither Csf2 
expression nor sperm motility in testicular macrophages. We 
therefore conclude that macrophage USP2 is a positive regu-
lator of Csf2 expression and activation of frozen–thawed 
sperm.
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