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Testosterone production by testicular Leydig cells (LCs) in male mammals
isenergetically demanding and prone to mitochondrial damage. Despite
these challenges, LCs exhibit remarkable longevity and minimal turnover,
suggesting the existence of specialized mechanisms that maintain LC
mitochondrial homeostasis under such constrains. Here we identify a
mitochondrial transfer network between LCs and different testicular
macrophage (tMac) subpopulations. Leydig cells release extracellular
vesicles containing defective mitochondria, which are eliminated by
CD206" tMacs ina TREM2-dependent process. Deletion of Trem2in

tMacs disrupts this transfer, leading to impaired testosterone synthesis.
Conversely, LCs acquire extracellular vesicles containing functional
mitochondria from MHCII" tMacs through ITGB1-VCAMI interactions. Loss
of Vcam1 in LCs hinders this mitochondrial transfer, thereby compromising
testosterone production. Together, our findings reveal an unrecognized
mitochondrial transfer network between LCs and tMacs that safeguards LC
homeostasis and testosterone production, offering valuable insights into
intercellular communication mechanisms that maintain tissue homeostasis.

Testosterone is a critical sex hormone that plays a pivotal role in the
development and maintenance of the male reproductive system’.
It orchestrates the morphogenesis and maturation of reproductive
organs such as the testis, epididymis, prostate and penis”. Testosterone
facilitates the development of male secondary sexual characteristics
and supports male sexual function*. Moreover, testosterone is needed
toinitiate and maintain the spermatogenic process, which is essential
for sustaining male fertility>. Beyond the reproductive effects, testos-
terone exerts important regulatory effects on systemic physiology,
including muscle formation, bone mineralization, fat metabolism

and cognitive processes"* . These functions establish testosterone
as a central determinant of male phenotype, reproductive capacity
and systemic health.

Testosterone synthesisin mammalian males is performed almost
exclusively by testicular Leydig cells (LCs), a specialized cell population
constituting only 1-2% of total testicular cells”®. Residing in the intersti-
tial compartment between seminiferous tubules, LCs are structurally
distinct, characterized by their large size and dense mitochondrial
distribution’. Testosterone biosynthesis occurs in mitochondria, where
the rate-limiting step is the translocation of cholesterol across the
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outer mitochondrial membranes into the mitochondrial matrix’. In
addition, the functionality of LCsis intrinsically linked to mitochondrial
bio-energetics®’. Testosterone production necessitates a stable mito-
chondrial membrane potential (MMP) and efficient ATP generation
as LCs predominantly rely on mitochondrial oxidative phosphoryla-
tion for their ATP supply®". However, ATP generation via the electron
transport chain produces reactive oxygen species (ROS) as abyprod-
uct and testosterone biosynthesis itself generates additional ROS
through mitochondrial P450 enzyme activity®. This cumulative ROS
burden places LCs at high risk of oxidative stress, which can threaten
mitochondrialintegrity and testosterone production, potentially lead-
ing to male hypogonadism" ™, These challenges are amplified by the
remarkable longevity and low turnover rate of LCs in the adult testis™®.
This paradox suggests the existence of specialized mechanisms that
preserve mitochondrial fitness over time.

Intercellular mitochondrial transfer has emerged as a conserved
mode of cell-cell communication that supports mitochondrial homeo-
stasis and cellular function ', Examples include osteoblasts donating
mitochondria to progenitors to reinforce differentiation and bone
formation”, mesenchymal stem cells transferring mitochondria to
endothelial cells to enhance engraftment'® and stress-induced extru-
sion of damaged mitochondria for Miiller glial clearance in the retina®.
Whether mitochondrial transfer operates in the testis to maintain LCs
mitochondrial competence and cellular function remains unclear.

Inthis study we demonstrate that LCs release extracellular vesicles
(EVs) containing defective mitochondria to CD206" testicular mac-
rophages (tMacs) througha TREM2-dependent process. In contrast, LCs
obtain EVs with functional mitochondria from MHCII" tMacs through
ITGB1-VCAMlinteractions. Disruption of the mitochondrial transfer
network between LCs and tMacs impairs testosterone production.

Results

Testosterone production induces intercellular transfer of
materials from Leydig cells to testicular macrophages

Tostudy testosterone productioninvitro, we purified primary LCs via
fluorescence-activated cell sorting (FACS) from the testes of Cyp17a-
1°¢; R26%™ma° mijce, in which LCs express the red florescent protein
tdTomato (Extended DataFig.1a-d). When the cells were treated with
human chorionic gonadotropin (hCG), a stimulator of testosterone
production, we observed the tdTomato’ particles originating from
LCs appeared outside the cells (Fig. 1a-d and Extended Data Fig. 1e,f).
To validate these observations in vivo, we treated Cyp17a1®; R26'*
Tomate mice with hCG to induce an increase in serum testosterone
levels (Fig. 1e,f). High-resolution imaging revealed a correspond-
ing increase in extracellular tdTomato® particles (Fig. 1g,h and
Extended DataFig.1g,h). Moreover, luteinizinghormone (LH) robustly

induced testosterone production and triggered particle release from
LCs (Extended Data Fig. 1i-1), fully recapitulating the effects of hCG.
Collectively, these findings suggest a dynamic release of tdTomato”
particles from LCs in response to testosterone production.

We next examined whether these LC-derived particles are taken up
by other testicular cells. Testes were collected from adult Cyp17a1®;
R26'™m mice and subjected to immunofluorescence analysis. The
results revealed that tMacs (IBA1") internalized abundant tdTomato*
particles, whereas minimal uptake was observed in myoid (a-SMA"),
stromal (PDGFRa") and Sertoli (a-tubulin®) cells (Fig. 1i,j). Furthermore,
we measured the distances between LCs and several major testicular
celltypes, which confirmed that LCs were significantly closer to tMacs
than to myoid, stromal or Sertoli cells (Extended Data Fig. 2a). These
findings indicate that LCs preferentially transfer materials to tMacs.

To confirm these results, we generated Cypl7al®™; R26%™
mato. Cx3crI® mice whose LCs express tdTomato and tMacs express
GFP (Extended Data Fig. 2b). Testes from two-month-old male mice
were cleared for whole-organ imaging using light-sheet fluorescence
microscopy (Extended DataFig. 2c). Imaging revealed that tdTomato*
LCs and GFP* tMacs were ubiquitously distributed within the interstitial
compartment of the testes (Extended Data Fig. 2d). High-resolution
imaging further demonstrated that LCs were interdigitated withtMacs
(Extended DataFig.2e), suggesting directinteractions between them.

Immunofluorescence imaging and three-dimensional (3D) recon-
struction analysis confirmed the presence of tdTomato* particles
in the GFP* tMacs (Fig. 1k). Moreover, mice injected with hCG had a
noticeable increase in the proportion of GFP* tMacs with tdTomato*
particles (Fig. 11). Flow cytometry analysis showed that hCG injection
resultedinanoticeableincrease in the proportion of tMacs with tdTo-
mato’ particles (Fig. Im-o and Extended Data Fig. 2f). Next, we used
degarelix to suppress the hypothalamic-pituitary-gonadal axis®. This
treatment markedly reduced the levels of serum LH and testosterone
in adult CypI17aI®; R26"“™™* mice (Supplementary Fig. 1a—c). Inter-
cellular material transfer from LCs to tMacs was strongly diminished
(Supplementary Fig.1d,e) in the degarelix-treated mice. These findings
suggest that testosterone production amplifies the transfer of intercel-
lular materials from LCs to tMacs.

Leydig cells release extracellular vesicles with defective
mitochondria

Previous studies have reported the transfer of materials from donor to
recipient cells via EVs'*?, To explore this possibility, we purified tdTo-
mato’ particles devoid of nuclei from the testes of Cyp17aI®™; R26omat
mice (Extended Data Fig. 3a-c). The isolated particles were subse-
quently stained with wheat germ agglutinin (WGA), alectin that binds to
membranelipids?. Flow cytometry analysis revealed that >90% of these

Fig.1| Testosterone production induces intercellular transfer of materials
from Leydig cells to testicular macrophages. a, Experimental design overview.
Primary LCs were isolated from Cyp17a1®; R26'™™ mice and then treated with
PBS (control) or hCG (10 international units (IU) I'!). b, Testosterone levels in the
supernatant of cultured primary LCs treated with PBS or hCG (n = 4 biological
replicates) asina. c, Representative 3D reconstructions from confocal images of
primary LCs showing LC-derived particles (n = 4 biological replicates).d, Number
of particlesin the two groups (n = 4 biological replicates, ten fields of view were
captured and atleast 100 cells were analysed for each replicate). e, Experimental
design overview. Cyp17a1®™; R26'™°™*° mice were administered intraperitoneal
injections of saline (control) or hCG (11U per mouse). f, Serum testosterone
concentrations in the mice treated with saline or hCG (n =7 mice per group) as
ine. g, Representative 3D reconstructions from confocal images of mouse testes
showing LC-derived particles (n =4 mice per group). h, Number of particlesin
the two groups (n = 4 mice per group, ten fields of view were captured and at
least 100 cells were analysed for each mouse). i, Representative confocal images
of the testes of Cyp17a1®™; R26'™°™* mice (intraperitoneally injected with hCG)
stained for the cell markers IBA1 (tMacs), a-SMA (myoid cells), PDGFRa (stromal

cells) and a-tubulin (Sertoli cells; n = 4 mice per group). Insets: magnified views
of the boxed regions in the mainimages. DAPI, 4’,6-diamidino-2-phenylindole.

Jj, Percentage of the indicated cell types that co-localized with particles (n = 4
mice per group, ten fields of view were captured and 100 cells were analysed for
eachmouse). k, Representative confocal images and 3D reconstruction of tMacs
taking up tdTomato" particles from LCs (n = 6 mice per group).l, Percentage of
tMacs containing LC-derived particles (n = 6 mice per group). m, Experimental
design overview. Cyp17aI®™; R26'™°™ mice were intraperitoneally injected
withsaline or hCG (11U per mouse). n, Flow cytometry was used to analyse tMacs
from the Cyp17aI®; R26'“™™ mice in m. 0, Percentage of tMacs containing
LC-derived particles (n = 5 mice per group). b,d,f h, Box plots: the box bounds
depict the first to the third quartile, with the middle line indicating the median
and the whiskers extending to the minimum and maximum values. j,1,0, Data
arethe mean +s.e.m.b,d,f h,j,l,0, Statistical significance was determined using
atwo-tailed Student’s t-test (b,d,h,1,0), two-tailed Mann-Whitney U-test (f) or
one-way analysis of variance (ANOVA; j). Scale bars, 2 um (c,g,i(insets) k) and

5 um(i(mainimages)). Con, control. Schematic ina,e,m created in BioRender. Xia.
K. (2026) https://biorender.com/j9ie5sk. Source numerical dataare provided.
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particles were positive for WGA (Fig. 2a), indicating that LCs release par-
ticlesby EVs. Furthermore, we used the membrane-targeted Lck-EGFP
technique and injected recombinant adeno-associated virus (AAV)
expressing Cre-dependent Lck-EGFP (AAV-DIO-Lck-EGFP) into the tes-
tes of Cyp17al®™; R26'"™™° mice (Fig. 2b and Extended Data Fig. 3d-f).
Analysis of vertical cross-sections of the mouse testes demonstrated
that membrane-surrounded LC-derived particles are released extra-
cellularly (Fig. 2c). The presence of tdTomato* particles in the GFP*
membrane was confirmed by 3D confocal imaging (Fig. 2c). Further-
more, LC-derived EVs were detected in the cytoplasm of F4/80" tMacs
(Fig.2d). Together, these data demonstrate that LCs transfer particles
to tMacs through EVs. We refer to these particles as ‘LC-EVs..

Next, we collected LC-EVs and profiled their proteome (Fig. 2e);
amongthe 1,933 identified proteins, almost 60% were ascribed as com-
ponents of the mitochondrion (24.51%), plasma membrane (25.42%)
and cytoplasmic vesicle (8.37%; Fig. 2f). Comparing the proteome
of LC-EVs with the MitoCarta3.0 and Vesiclepedia databases***, we
found 291 and 1,534 overlapping proteins (Fig. 2g), respectively.
We confirmed these proteomic findings through immunofluorescence
staining, which showed consistent presence of the mitochondrial
protein TOMM20 in vesicles (Fig. 2h). Staining with the mitochondrial
probe MitoTracker Green confirmed that >90% of LC-EVs contained
mitochondria (Fig. 2i). Transmission electron microscopy (TEM) of
testicular sections revealed mitochondria within LC-EVs that exhib-
ited a significantly reduced cristae area compared with those in LCs
(Fig. 2j,k). Consistent with these data, the mitochondria within these
EVs exhibited significant disruption of MMP and were unresponsive
to depolarizing (carbonyl cyanide 4-(trifluoromethoxy)phenylhy-
drazone, FCCP) or hyperpolarizing (oligomycin) agents (Fig. 2I).
To further validate these findings, we assessed mitochondrial function
in primary LCs and LC-EVs from Cyp17a1®; R26™*°®? mice in which LC
mitochondriaare labelled with Dendra2 (GFP*; Fig. 2m-r)®. The signals
of tetramethylrhodamine ethyl ester, perchlorate (TMRE) indicated
that the MMP of mitochondria inside LC-EVs was reduced compared
with those in LCs (Fig. 2m,n). Similarly, ATP staining was decreased
in LC-EVs (Fig. 20,p). In addition, most mitochondria within LC-EVs
were MitoSOX positive, a sign of defective mitochondria (Fig. 2q,r).
Together, these results demonstrate that defective mitochondria are
preferentially enriched in LC-EVs.

Autophagy is a well-known process by which cells dispose defec-
tive organelles®. To analyse the connection between mitochondrial
transfer in EVs and autophagy, we knocked down Atg7 in the mouse
LC cell line MA-10, which effectively blocked autophagic flux, as

confirmed by the loss of ATG7 protein, accumulation of LC3-I and
p62,and areductionin LC3-positive puncta (Supplementary Fig. 2a-e).
Strikingly, this impairment of autophagy significantly increased the
release of mitochondria via EVs from LCs (Supplementary Fig. 2f,g).
These results suggest that when the primary autophagy pathway is
compromised, LCs shift towards EV-mediated extrusion to dispose of
defective mitochondria.

To elucidate the mechanism by which LCs selectively sort defec-
tive mitochondria into EVs, we investigated the role of motors that
mediate mitochondrial translocation”?°, Knockdown of the anter-
ograde kinesin Kif5h markedly reduced the fraction of LC-EVs con-
taining mitochondria, indicating its necessity for outward transport
(Extended DataFig.4a,b,e-g).Incontrast, silencing of theinward motor
Myo6, which anchors mitochondria within the cytoplasm, enhanced
mitochondrial exportinto EVs (Extended DataFig. 4c-g). We therefore
hypothesised that the mitochondrial damage status dictates motor
binding toregulate this sorting. To test this, we stratified mitochondria
by MMP and found that defective (low TMRE) mitochondria exhibited
significantly less MYO6 binding compared with their healthy (high
TMRE) counterparts, whereas KIF5B association was similar between
the two populations (Extended Data Fig. 4h-j). Together, these data
provide support for amodel in which defective mitochondria escape
MYO6-mediated retention, remain accessible to KIF5B-driven antero-
grade transport and are thereby preferentially delivered to the cell
periphery for EV extrusion.

Testicular macrophages eliminate Leydig cell-derived
mitochondriato protect Leydig cells from dysfunction
Giventhe prevalence of defective mitochondriain LC-EVs, we hypoth-
esised that LCs transfer these mitochondria to tMacs. To test this, we
generated LC-specific mitochondrial reporter mice by crossing the
R26™MP2 reporter line with Cyp17a1°™ mice (Fig. 3a). In these mice,
approximately 65% of tMacs contained mitochondria derived from
LCs (Fig. 3b,c). Furthermore, we isolated tMacs from tamoxifen
(TAM)-treated Cx3crI®R; R26™™™° mice, adoptively transplanted
these cells into Cyp17a1®; R26™*°P? mice and performed intravital
two-photon microscopy in vivo (Fig. 3d). Time-lapse videography
revealed the trafficking of LC-derived mitochondria into tdTomato*
tMacs (Fig. 3e and Supplementary Video 1). Moreover, the engulfed
mitochondria in tMacs were surrounded by the endocytic markers
RABS and RAB7 (Extended Data Fig. 4k,1), indicating they had been
internalized viaphagocytosis. These data confirmaninvivo LC-to-tMac
mitochondrial transfer axis within the testes.

Fig. 2| Leydig cellsrelease extracellular vesicles with defective mitochondria.
a, Detection (left) and quantification (right) of WGA-Alexa Fluor 488 (AF488)
signalin purified LC particles by flow cytometry (n = 3 biological replicates). b,
Experimental strategy to label LC membranes by intratesticular injection of AAV-
DIO-Lck-EGFP into the testes of CypI17aI®™; R26'™™ mice. ¢, Representative
confocal image of the testes of Cyp17aI®; R26"™™ mice injected with
AAV-DIO-Lck-EGFP (n =3 mice). The LC particles were labelled with tdTomato
and membrane EGFP. d, Representative confocal image of tMacs containing
LC-EVs. Sections of the testes of Cyp17al®; R26'™™° mice injected with
AAV-DIO-Lck-EGFP were immunostained with the tMacs marker F4/80 (n=3
mice). c,d, Inset: 3D reconstruction showing LC-derived particles. Scale bars,

5 um (mainimages) and 2 um (insets). e, Experimental design overview. LC-EVs
were isolated from Cyp17a1®™; R26'™°™* mice using FACS and then subjected to
proteomics analysis. f, Donut chart showing the proteome composition of LC-
EVs. CV, cytoplasmic vesicle; ER, endoplasmic reticulum; lyso, lysosome; mito,
mitochondrion; PM, plasma membrane; ribo, ribosome. g, Venn diagrams of the
LC-EV proteome with proteins reported in the MitoCarta3.0 and Vesiclepedia
databases. h, Representative confocal image (left) and 3D reconstruction of
LC-EVs (right). Sections of the testes of Cyp17aI™ mice injected with AAV-
DIO-Lck-EGFP were immunostained with mitochondrial marker (TOMM20)

and counterstained with DAPI (n = 3 mice). Scale bars, 3 um (confocal image)

and 0.5 pm (3D reconstruction). i, Analysis of mitochondrial signal in purified
LC-EVs by flow cytometry (n =3 biological replicates). MTG, MitoTracker Green.
Jj, Representative TEM micrographs showing mitochondria (arrowhead) in

LCs (i) and LC-EVs (ii) (n = 3 mice). Scale bars, 500 nm (main image; left) and

200 nm (magpnified view of the boxed regions; right). k, Ratio of cristae area to
mitochondrial area (n = 50 mitochondriain LCs and LC-EVs from three mice).

1, Assessment of MMP in mouse MA-10 cells and LC-EVs via MitoNIR staining
following treatment with FCCP or oligomycin (n = 3 biological replicates). MFI,
mean fluorescence intensity. m, Representative confocal images of LCs and
LC-EVs stained with TMRE. Primary LCs were isolated from Cyp17a1“; R26™™
(mitoD2) mice.n, TMRE intensity per mitochondrioninLCs and LC-EVs. o,
Representative confocal images of LCs and LC-EVs labelled with ATP probe. p,
ATPintensity per mitochondrion. q, Representative confocal images of LCs and
LC-EVs labelled with the dye MitoSOX. r, MitoSOX intensity per mitochondrion.
m,o,q, Scale bars, 10 um (main image; left) and 1 um (magnified view of the boxed
regions; right); n =3 biological replicates. a,i,l, Data are the mean + s.e.m.n,p,r,
n=21mitochondriainLCsand LC-EVs from three biological replicates.k,Ln,p,r,
Statistical significance was determined using a two-tailed Student’s ¢-test (k,n,r),
two-tailed Welch’s t-test (p), one-way ANOVA (I(left)) or Kruskal-Wallis test
(I(right)). Schematicinb,e created in BioRender. Xia, K. (2026) https://biorender.
com/jflr23k. Source numerical data are provided.
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Fig. 3| Testicular macrophages eliminate Leydig cell-derived mitochondria
to prevent Leydig cell dysfunction. a, Schematic of LCs in Cyp17a1°™; R26™P2
mice. b, Representative confocal image of the testes of CypI7a1®™; R26™*°* mice.
Sections of the testes were immunostained with F4/80 (n = 6 mice). Arrowheads
indicate LC-derived mitoD2" mitochondria within tMacs. Scale bars, 2 um.

¢, Percentage of tMacs containing mitoD2" LC-derived mitochondria (n=6
mice). d, Experimental design overview. FACS-sorted tdTomato* tMacs were
transplanted into the testes of Cyp17aI®¢; R26™*°°* mice and then analysed
using intravital two-photon microscopy. e, Time-lapse imaging with 3D
reconstructions revealing an LC-derived mitochondria-uptake process by
tMacsinvivo. Arrows indicate transferred mitochondria from LCs to tMacs.
Scale bars, 10 um (top) and 5 pm (bottom; magnified 3D reconstructions of

the boxed regions). f, Representative images of testes of Cyp17aI®"; R26™P?
miceimmunostained with F4/80 and the lysosome marker LAMP1 (n = 6 mice).
Scale bars, 2 um. g, Percentage of LC-derived mitochondria localized inside
LAMPT" lysosomes in tMacs (n = 6 mice). h, Degradation of mitoD2* LC-derived
mitochondria by tMacs (n = 3 biological replicates). i, Representative images of
sections of the testes of Cyp17a1®; R26'“™™*° mice stained with F4/80 after
tMac-depletion for seven days (n = 4 mice per group). Arrowheads indicate
LC-EVs.Scale bars, 5 um (top) and 2 pm (bottom; magnified views of the boxed
regions). j, Number of extracellular LC-EVs (n =4 mice per group, five fields of
view were captured and 2,000-um? images were analysed for each mouse).

k, Representative TEM images of mice after tMac depletion for seven days

(n=4mice per group). Scale bars, 1 um (top) and 200 nm (bottom; magnified
views of the boxed regions). I, Ratio of cristae area to mitochondrial area (n = 80
mitochondriain LCs and LC-EVs from four mice for each group). m, Number

of mitochondria within LC-EVs (n = 4 mice per group, five fields of view were
captured and 2,000-pum?images were analysed for each mouse). n, Experimental
design overview. LC-EVs were isolated from Cyp17a1®; R26'™™* mice and
then used to treat primary LCs. o, Testosterone production of LCs co-cultured
with or without LC-EVs at the indicated time points (n = 4 biological replicates
per group). p, ATP levels of LCs co-cultured with or without LC-EVs (n=3
biological replicates per group). q, Experimental design overview. Primary

LCs were co-cultured with an equal volume of culture medium (control) or
CCCP-treated mitochondria (defective mitochondria) for 12 h. r, Testosterone
concentration in the supernatant of cultured primary LCs treated with culture
medium or defective mitochondria for12 h (n = 4 biological replicates per
group).s, ATP levels of LCs co-cultured with culture medium or defective
mitochondria (n =3 biological replicates per group). ¢,g,h,j,m,p,s, Data are

the mean + s.e.m. o,r, Box plots: the box bounds depict the first to the third
quartile, with the middle line indicating the median and the whiskers extending
to the minimum and maximum values. j,1,m,o,p,r,s, Statistical significance

was determined using a two-tailed Student’s ¢-test (j,m,0,p,r,s) or two-tailed
Mann-Whitney U-test (). mitoD2, Cyp17aI®¢; R26™°P2, Con, control. Schematic
ina,d,n,q created in BioRender. Xia, K. (2026) https://biorender.com/110dtjs.
Source numerical dataare provided.

Next, we collected testes from two-month-old Cyp17a1®™; R26™P2
mice and found that the majority (78.98 + 4.61%) of mitoD2-labelled
mitochondria in the F4/80" tMacs were localized in LAMP1* phago-
lysosomes (Fig. 3f,g), indicating that LC-derived mitochondria are
targeted for degradation in tMacs. Furthermore, when tMacs isolated
from Cyp17aI®®; R26™"P? mice were cultured in vitro, they progres-
sively lost most of the mitoD2 fluorescence over four days (Fig. 3h).
These findings suggest that alarge fraction of mitochondria extruded
in LC-EVs are taken up and eliminated by tMacs.

To test whether the elimination of defective mitochondria by
tMacs protects LCs from dysfunction, we applied a well-established
method to deplete tMacs from adult testes by taking advantage of mice
expressing the diphtheriatoxinreceptor (DTR) under the CD11blocus
(CD11b°™)*°, Intratesticular testosterone levels in the tMac-depleted
testes decreased significantly post injection of diphtheria toxin
(Extended DataFig. 5a-d). To further confirm these results, weinjected
liposome-clodronate (CL,DMP-liposome) into one testis of adult mice
to deplete tMacs and control liposome into the contralateral testis
(Extended DataFig. 5e-g). Examination of the testes at different time
points postinjectionrevealed adecreaseinintratesticular testosterone
levelsinthe tMac-depleted testes (Extended Data Fig. 5Sh). As expected,
the content of LC-EVs and defective mitochondriain LC-EVs markedly

increased in the testicular extracellular space seven days after tMacs
depletion (Fig. 3i-m). To assess the impact of accumulated LC-EVs on
LCs function, we treated LCs with LC-EVs isolated from Cyp17a1®";
R26'™™° mice and observed a significant decline in testosterone
productionin vitro (Fig. 3n,0). ATP measurements showed that LC-EV
exposure reduced the ATP levels of cultured LCs (Fig. 3p). Next, we
tested whether defective mitochondriain LC-EVs are sufficient to impair
LCfunction. We isolated mitochondriafromLCs and treated them with
carbonylcyanide 3 chlorophenylhydrazone (CCCP), aknowninducer of
mitochondrial defect®. Direct application of these defective mitochon-
driato primary LCswas sufficient to suppress testosterone synthesis and
ATP generation (Fig. 3q-s). These results suggest that tMacs preserve
mitochondrial function in LCs by removing defective mitochondria.

CD206" testicular macrophages mediate the removal of
LC-EVs through the phagocytic receptor TREM2

Previousstudies have identified two major macrophage subpopulations
in the mouse testis: CD206"MHCII" (CD206") tMacs and CD206'°M-
HCII" (MHCII™) tMacs®.. Flow cytometry analysis of dissociated tes-
tes from Cyp17al®; R26™°™°; Cx3cr1°* mice revealed that CD206"
tMacs contained significantly higher levels of tdTomato* LC-EVs
compared with MHCII" tMacs (Fig. 4a,b and Extended Data Fig. 5i).

Fig. 4| The phagocytic receptor TREM2in CD206" testicular macrophages
mediates the removal of Leydig cell-ejected mitochondria. a, Representative
images of CD206" and MHCII" tMacs sorted from Cyp17a1“; R26'™°™°; Cx3cr1°"*
mice using FACS (n = 8 mice per group). Scale bars, 5 um. b, Fluorescence
intensity of tdTomato in CD206" and MHCII" tMacs (n = 8 mice per group).c,
Representative images of testes of Cyp17a1“"®; R26™*°> mice stained with CD206
and MHCII (n =5 mice per group). Scale bars, 8 um (mainimages) and 2 pm
(magnified views of the boxed regions). d, Levels of mitoD2* signal in CD206"
and MHCII" tMacs (n = 5 mice per group). €, Uniform manifold approximation
and projection (UMAP) plots of tMacs. 1, 2 indicate tMac subsets. f, Heat map of
differentially expressed genes and enriched GO terms in the scRNA-seq data of
CD206" and MHCII" tMacs. g, Trem2 expression levels, from the scRNA-seq data,
in CD206" and MHCII" tMacs. h, Representative images of TREM2 on CD206"
and MHCII" tMacs. The sections of the mouse testes were counterstained with
DAPI (n =5mice per group). Scale bar, 10 pm. i, Levels of TREM2 expression on
CD206" and MHCII" tMacs (n = 5 mice per group).j, Flow cytometry analysis

of LC-EVslabelled with Annexin V (n = 3 biological replicates). k, Experimental
design overview. Following isolation from Cyp17a1®; R26™""? mice, mitoD2" LCs
were transplanted into TAM-treated Cx3crI1“**® (control) and Cx3cr1®;

Trem2"" (cKO) mice. |, Representative images of the testes of control and cKO
mice nine days after mitoD2" LC transplantation. Sections of the testes were
stained with IBAland counterstained with the nuclear dye TWO-PRO-3 (white;
n=4mice per group). Scale bars, 5 um. m, Percentage of tMacs containing
mitoD2" signal (n =4 mice per group). n, Testosterone levels of control and

cKO mice 14 days after TAM injections (n = 4 mice per group). 0, Sperm counts

of the two groups (n = 5 mice per group). p, Number of litters obtained from

the two groups (n =5 mice per group). q, Number of pups per litter (n =5 mice
per group).r, Grip strength of mice in the two groups (n =5 mice per group).

s, Muscle endurance of the two groups (n = 5 mice per group). j,n,r,s, Dataare

the mean + s.e.m.m,0-q, Box plots: the box bounds depict the first to the third
quartile, with the middle line indicating the median and the whiskers extending
to the minimum and maximum values. b,d f,g,i, m-s, Statistical significance was
determined using a two-tailed Student’s t-test (d,n-s), two-tailed Mann-Whitney
U-test (b,i,m), two-tailed Wilcoxon rank-sum test with Bonferroni correction

for differentially expressed genes (f,g) or two-tailed permutation test with
Benjamini-Hochberg correction for gene set enrichment analysis (f). Con,
control. Schematicink,r,s created in BioRender. Xia, K. (2026) https://biorender.
com/zw5vz3a. Source numerical data are provided.
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Confocal imaging of testes from Cyp17a1®; R26"™™** mice further
showed that the majority of tdTomato* LC-EVs were taken up by CD206"
tMacs (Extended Data Fig. 5j,k). High-resolution imaging analysis of
Cyp17aI®™; R26™*°"? testes confirmed that LC-derived mitochondria
were predominantly found in CD206" tMacs, with negligible uptake
by MHCII" tMacs (Fig. 4¢,d). Furthermore, we compared the distances
between LCs and the two tMac subsets, and found no significant
difference in the proximity of LCs to CD206" versus MHCII" tMacs
(Extended Data Fig. 5I,m). Collectively, these data indicate that LCs
preferentially transfer mitochondria to CD206" tMacs.

Tofurtherunravelthe mechanismsgoverning mitochondrial transfer
fromLCstoCD206" tMacs, we integrated previously published single-cell
transcriptomic datasets of mouse testes (Supplementary Fig. 3a)*> .
Consistent with immunofluorescence data, we identified two main
tMacs subpopulations through single-cell RNA-sequencing (scRNA-seq):
CD206" and MHCII" tMacs (Fig. 4e and Supplementary Fig. 3b). Dif-
ferential expression analysis revealed 115 upregulated and 37 down-
regulated genes (laverage log,(fold change) | > 0.25 and adjusted
P<0.05) in CD206" tMacs compared with MHCII" tMacs (Fig. 4f and
Supplementary Table1). Notably, CD206" tMacs exhibited an enrichment
of Gene Ontology (GO) terms such as ‘receptor-mediated endocytosis’,
‘lysosome organization’ and ‘phagocytosis, engulfment’ (Fig. 4f and
Supplementary Table1). These findings are consistent with the superior
capacity of CD206" tMacs to take up LC-EVs. Among the upregulated
phagocyticreceptor genesin CD206" tMacs, we identified the presence
of Trem2, Mertk, Axland Cd36 (Supplementary Table 1). TREM2 has been
shown to play a key role in macrophages by mediating the removal of
dysfunctional subcellular fragments in various tissues**”. In line with
this, we observed a significant increase in Trem2 expression in CD206"
tMacs compared with MHCII" tMacs (Fig. 4g—i). Flow cytometry analysis
revealed that LC-EVs expressed phosphatidylserine (PS; Fig. 4j), which
is recognized by TREM2. Using Annexin V as a probe, we detected PS*
patchesinfreshtesticulartissues, distributed near LCs and in proximity
to GFP*tMacs (Supplementary Fig. 3c,d). Previous studies demonstrated
that ROS promote PS translocation to the outer leaflet®. We therefore
hypothesised that PSsignalin LCs-EVs may be related to ROS generated
duringtestosterone synthesisin LCs’. To test this, we treated primary LCs
withhCGtostimulate testosterone production, revealing PS signalsin the
cellmembranes of LCs (Supplementary Fig. 3e,f). However, the addition
of aROS scavenger, N-acetylcysteine, significantly reduced the PS signal
(Supplementary Fig. 3e,f).

Next, we conditionally deleted Trem2 from tMacs using Cx3cr-
IR Trem2¥" (conditional knockout, cKO) mice in which Trem2is
excised from Cx3crI-expressing tMacs following TAM administra-
tion (Extended Data Fig. 6a-d). The in vitro transfer of LC-derived

mitoD2" mitochondria into the tMacs of cKO mice was severely
compromised compared with tMacs of their Cx3cr1““® littermates
(Extended DataFig. 6e-g). Analysis through TEM revealed that defec-
tive mitochondria accumulate in the interstitial regions of the testes
of cKO mice (Extended Data Fig. 6h-j). To confirm this, we isolated LCs
from Cyp17a1“; R26™*°* mice and adoptively transferred these cells
into TAM-treated Cx3crI°® or cKO mice (Fig. 4k). High-resolution
confocal analysis of the host testes revealed that tMacs from cKO mice
contained fewer LC-derived mitoD2" mitochondria (Fig. 41,m). More
importantly, the deletion of Trem2 in tMacs impaired testosterone
production in the cKO mice (Fig. 4n). Moreover, the TREM2 inhibitor
IA9 suppressed mitochondria transfer from LCs to tMacs in cultured
testicular tissue of Cyp17a1®; R26™"? mice (Extended Data Fig. 6k-m).
Consistent with these results, IA9 treatmentimpaired testosterone pro-
duction of the cultured testicular tissue (Extended Data Fig. 6n). Col-
lectively, these genetic and pharmacological approaches demonstrate
that TREM2 is essential for efficient mitochondrial uptake by tMacs.

Blocking this transfer in cKO mice reduced testis weight and
caused thinning of the seminiferous epithelium relative to the Cx3cr-
1°®Rcontrols (Supplementary Fig. 4a—c). The sperm number and motil-
ity were diminished (Fig. 40 and Supplementary Fig. 4d-f), and fertility
was markedly compromised (Fig.4p,q). Beyond reproduction, the gas-
trocnemius mass, myofiber cross-sectional area, forelimb grip strength
and muscle endurance were all decreased in the cKO mice (Fig. 4r,s
and Supplementary Fig. 4g-i). Together, these data indicate that
LC-to-tMac mitochondrial transfer supports testosterone-dependent
reproductive and somatic functions.

Leydig cells acquire materials from testicular macrophages in
response to testosterone production
Next, weinvestigated whether LCsalso reciprocally acquire particles from
neighbouring cells. Totest this, we generated transgenic mouse modelsin
which only specific cell types—tMacs (Cx3crI¢™®; R26'™™) myoid cells
(Sma‘®; R26'T°ma) stromal cells (Pdgfra®™™®; R26'™*) and Sertoli
cells (Amh*™; R26"™°m)—expressed tdTomato (Extended Data Fig. 7a).
Immunofluorescence analysis revealed that CYP17A1" LCs efficiently
internalized tdTomato™ particles from tMacs, whereas only minimal
amounts of tdTomato* particles were taken up from myoid, stromal
and Sertoli cells (Extended Data Fig. 7a,b). These results suggest that
LCs preferentially internalize particles from the surrounding tMacs.
To confirm the transfer of tMac-derived particles to LCs, we col-
lected testes from Cypl7al®; R26"“™m°; Cx3crI®® mice for analysis.
Immunofluorescence imaging and 3D reconstruction revealed that
GFP* particles were detected in the tdTomato* LCs, providing direct
evidence of material transfer from tMacs to LCs (Extended DataFig. 7c).

Fig. 5| Testicular macrophages transfer extracellular vesicles with functional
mitochondria. a, Detection (left) and quantification (right) of WGA-Alexa

Fluor 594 (AF594) signal in flow cytometry-purified tMac particles (n=3
biological replicates). b, Experimental strategy to label tMacs with GFP and
membrane-targeted tdTomato in Cx3crI®*; mTmG mice. ¢, Representative
confocal image of the testes of Cx3crI"*; mTmG mice (n = 4 mice). Scale bars,

5 pum (mainimage) and 0.5 um (inset, 3D reconstruction of the boxed regions).
d, Representative confocal image of LCs containing tMac-EVs. Sections of the
testes of Cx3crI®*; mTmG mice were immunostained with the LC marker CYP17A1
and counterstained with DAPI (n =3 mice). Scale bars, 5 um. e, Experimental
design overview. Following isolation from Cx3crI"* mice using FACS, tMac-EVs
were subjected to proteomics analysis. f, Donut chart showing the proteome
composition of tMac-EVs. CV, cytoplasmic vesicle; ER, endoplasmic reticulum;
lyso, lysosome; mito, mitochondrion; PM, plasma membrane; ribo, ribosome.

g, Venn diagrams of the tMac-EV proteome with proteins reported in the
MitoCarta3.0 and Vesiclepedia database. h, Representative confocal image (left)
and 3D reconstruction (right) of tMac-EVs. Sections of the testes of TAM-treated
Cx3cr1°*®; mTmG mice were immunostained with TOMM20 and counterstained
with DAPI (n =4 mice). Scale bars, 5 um (confocal image) and 0.5 pum (magnified
3D reconstructions of the boxed regions). i, Analysis of mitochondrial signal in

flow cytometry-purified tMac-EVs (n = 3 biological replicates). j, Representative
TEMimage showing mitochondria in tMac-EVs (i) and tMacs (ii) (left; n =3
mice). Scale bars, 2 pm (left) and 200 nm (right; magnified views of the boxed
regions). k, Ratio of cristae area to mitochondrial area (n = 50 mitochondriain
tMacs and tMac-EVs from three mice). I, Assessment of MMP in RAW264.7 cells
(mouse cell line of macrophages; left) and tMac-EVs (right) via MitoNIR staining
following treatment with FCCP or oligomycin (n = 3 biological replicates).

m, Representative confocalimages of tMac-EVs and tMacs stained with TMRE. The
tMacs were sorted from TAM-injected Cx3crI®®; R26™°P2 (mitoD2) mice (n =3
biological replicates). n, TMRE intensity per mitochondrion. o, Representative
confocalimages of tMac-EVs and tMacs stained with ATP probe (n = 3 biological
replicates). p, ATP intensity per mitochondrion. q, Representative confocal
images of tMac-EVs and tMacs stained with MitoSOX (n = 3 biological replicates).
r, Intensity of MitoSOX per mitochondrion. m,0,q, Scale bars, 3 pm (left) and

2 pm (right; magnified views of the boxed regions). n,p,r, n = 21 mitochondria
intMacs and tMac-EVs from three biological replicates. a,i k,I, Dataare the
mean ts.e.m. k,In,p,r, Statistical significance was determined using a two-
tailed Student’s t-test (k,n,p), two-tailed Welch’s t-test (r) or one-way ANOVA (I).
Schematicsinb,e,h created in BioRender. Xia, K. (2026) https://biorender.com/
u5q8ux2. Source numerical data are provided.
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Following the administration of hCG to induce elevated testosterone
levels, we observed a noticeable increase in the number of tdTomato*
LCs with GFP* particles (Extended DataFig. 7c-g). Conversely, when we
used degarelix to suppress serum LH and testosterone in adult Cyp17a-
1¢¢; R26'™°ma0; Cx3¢r1° mice (Extended Data Fig. 7h,i), the intercel-
lular transfer of materials from tMacs to LCs was strongly diminished
(Extended DataFig. 7j,k). These findings indicate that testosterone pro-
ductionamplifiesthe transfer ofintercellular particles fromtMacsto LCs.

Leydig cells acquire extracellular vesicles with functional
mitochondria from testicular macrophages

We purified GFP* particles devoid of nuclei from the testes of Cx3cr1°™®
mice (Extended Data Fig. 8a-c). Flow cytometry analysis revealed
that nearly 95% of these particles stained positive for WGA (Fig. 5a),
indicating that tMacs released these particles as EVs. We then gen-
erated Cx3cr1°*; mTmG mice, which allowed for specific labelling
of tMacs with GFP and membrane-targeted tdTomato (Fig. 5b).
Super-resolution fluorescence microscopy analysis demonstrated that
membrane-surrounded tMac-derived particles were released extracel-
lularly (Fig. 5c). The presence of GFP* particlesin the tdTomato® mem-
brane was further confirmed by 3D reconstruction (Fig. 5¢c). Inaddition,
tMac-derived EVs were detected within the cytoplasm of CYP17A1° LCs
(Fig. 5d), providing support for the idea that tMacs transfer particles
to LCs through EVs. We refer to these particles as ‘tMac-EVs'.

Next, we profiled the proteome of tMac-EVs (Fig. 5e). Among the
1,057 identified proteins, almost 60% were ascribed as components of
mitochondrion (26.35%), plasma membrane (25.99%) and cytoplasmic
vesicle (6.56%; Fig. 5f). A comparison of the tMac-EV proteome with
the MitoCarta3.0 and Vesiclepedia databases** revealed 183 and 864
overlapping proteins, respectively (Fig. 5g). Staining with TOMM20
confirmed the presence of mitochondria in tMac-EVs of the testes
of TAM-treated adult Cx3crI®®; mTmG mice (Fig. 5h). Staining with
MitoTracker Red (MTR) revealed that the majority (77.37 £ 1.92%) of
tMac-EVs contained mitochondria (Fig. 5i). Through TEM analysis
of testes, we identified mitochondria within the EVs with cristae area
fractions comparable to mitochondria in tMacs (Fig. 5j,k). Function-
ally, EV-encapsulated mitochondria maintained a responsive MMP,
depolarizing with FCCP and hyperpolarizing with oligomycin (Fig. 51).
The TMRE fluorescence was not reduced relative to tMac mitochondria
(Fig. 5m,n) and the levels of ATP staining were similarly comparable
(Fig.50,p). Consistent with this, EV-contained mitochondria exhibited
markedly lower MitoSOX signals (Fig. 5q,r). Together, these data indi-
cate that tMac-EVs are enriched for healthy mitochondria.

Uptake of EVs hasbeenreported to occur viaendocytosis or direct
fusion with the acceptor cell membrane®. Super-resolution imaging

of the testes of TAM-induced Cx3cr1"**®; mTmG mice revealed GFP*
membrane-encapsulated tMac-EVs within the cytoplasm of 3HSD*
LCs (Extended Data Fig. 8d,e). Three-dimensional reconstructions
confirmed TOMM20" mitochondriaenclosed by the GFP* EV membrane
inside LCs (Extended DataFig. 8d,e). These findings suggest that these
mitochondria-containing tMac-EVs enter LCs viathe endocytic pathway.

Leydig cells integrate testicular macrophage-derived
mitochondria to support testosterone production

Given the abundance of functional mitochondria in tMac-EVs, we
hypothesised that LCs might acquire these mitochondria to support
testosterone production. To test this, we generated Cx3cr1t; R26™P?
mice, enabling the specific labelling of tMac mitochondria after TAM
treatment (Fig. 6a). Confocalimaging revealed that approximately 18% of
the CYP17A1*LCs contained mitoD2" mitochondria derived from tMacs
(Fig. 6b,c). Tovalidate this transfer, we isolated tMacs from TAM-treated
Cx3crI°™R®: R26™°P2 mice and adoptively transplanted these cellsinto
the testes of Cyp17aI®; R26'™™° mice (Fig. 6d). Time-lapse videogra-
phyand 3D reconstructions captured mitochondrial uptake events, with
mitoD2" mitochondria trafficking from tMacsinto tdTomato" host LCs
(Fig. 6e and Supplementary Video 2). These data confirm the existence
of atMac-to-LC mitochondrial transfer axis in vivo.

To investigate the fate of tMac-derived mitochondria in LCs, we
utilized a mitochondrial-targeted mCherry fluorescent protein tech-
nique andinjected AAV expressing Cox8a-mCherry (AAV-CAG-mito—
mCherry) into the testes of TAM-treated Cx3crI™R; R26™P2 mice
(Fig. 6f). This approach enabled specific targeting of tMacs with
mitoD2" mitochondriaand >90% of LCs withmCherry* mitochondriain
the testes (Extended Data Fig. 9a—c). Immunostaining analysis revealed
thatasmallfraction (38.63 + 1.24%) of the mitoD2-labelled mitochon-
driain CYP17A1'LCs co-localized with mCherry-labelled mitochondria
(Fig. 6g,h), suggesting that a portion of the tMac-derived mitochondria
wereincorporated into LCs through mitochondrial fusion.

To explore whether uptake of mitochondria-laden EVs supports
LC function, we examined testosterone productionin LCs treated with
tMac-EVsisolated from Cx3cr1°" mice (Fig. 6i). We found that primary LCs
treated with tMac-EVs exhibited a progressive increase in testosterone
productioninvitro (Fig. 6j). However, treatment withsonicated tMac-EVs,
inwhichmitochondriahad beenbroken, did not affect testosterone pro-
duction (Fig. 6j). Exposure to tMac-EVs increased the ATP levels in LCs,
whereas sonicated tMac-EVs had no effect on ATP production (Fig. 6k). To
furtherassess the role of mitochondriain tMac-EVs, we blocked the func-
tion of mitochondriain tMac-EVs using the complex Illinhibitor antimy-
cinAandthenincubated primary LCs with these EVs (Fig. 61). Untreated
tMac-EVssignificantly increased testosterone and ATP productionin LCs

Fig. 6 | Leydig cells integrate testicular macrophage-derived mitochondria

to support testosterone production. a, Schematic of tMacs in TAM-induced
Cx3cr1®*R; R26™°P2 mice. b, Representative confocal image of the testes of TAM-
injected Cx3crI“f; R26™°P2 mice. Sections of the testes were immunostained
with CYP17A1and counterstained with TWO-PRO-3 (n = 5mice). Arrows indicate
tMac-derived mitoD2" mitochondria within LCs. Scale bar, 3 um. ¢, Percentage of
LCs containing mitoD2* tMac-derived mitochondria (n = 5 mice). d, Experimental
design overview. FACS-sorted mitoD2" tMacs were transplanted into the testes
of Cyp17aI®; R26"™™ " mice and then analysed using intravital two-photon
microscopy. e, Time-lapse imaging (top) with 3D reconstructions (bottom)
revealing a tMac-derived mitochondrial transfer process into LCs in vivo.

Arrows indicate transferred mitochondria from tMacs to LCs. Scale bars, 5 pm.

f, Experimental strategy to label LC mitochondria by intratesticular injection of
AAV-mito-mCherry into the testes of TAM-induced Cx3crI®®; R26™ P2 mice.

g, Representative confocal images of the testes of AAV-mito-mCherry-injected
Cx3cr1™®; R26™P2 mice. Sections of the testes were immunostained with
CYP17A1 (n =5 mice). Arrows indicate tMac-derived mitoD2* mitochondria

fused (right) or not fused (left) with LC-derived mCherry* mitochondria within
LCs. Scalebars, 2 pm. h, Percentage of tMac-derived mitochondria fused with
mCherry” mitochondriain LCs (n =5 mice). i, Experimental design overview.

FACS was used to isolate tMac-EVs from Cx3cr1°"* mice. Primary LCs were
treated with culture medium (control), culture medium containing tMac-EVs
(tMac-EVs) or culture medium containing sonicated tMac-EVs (sonicated tMac-
EVs).j, Testosterone production of LCs from the three groups at the indicated
time points. k, ATP levels of LCs from the three groups. 1, Experimental design
overview. FACS was used to isolate tMac-EVs from Cx3cr1°" mice. Primary

LCs were treated with culture medium (control), culture medium containing
tMac-EVs (tMac-EVs) or culture medium containing tMac-EVs pretreated with
antimycin A (mito-inhibited tMac-EVs). m, Testosterone production of LCs
fromthe three groups at 6 h.n, ATP levels of LCs from the three groups. o,
Experimental design overview. Mitochondria were isolated from tMacs (tMac-
mito) sorted from Cx3crI®* mice using FACS. Primary LCs were treated with
culture medium (control), culture medium containing tMac-mito or culture
medium containing sonicated tMac-mito (sonicated tMac-mito). p, Testosterone
production of LCs from the three groups at 6 h. q, ATP levels of LCs from the
three groups. ¢,h,j k,m,n,p,q, Data are the mean + s.e.m. j,k,m,n,p,q, Statistical
significance was determined using a one-way ANOVA; n = Sbiological replicates
per group. Con, control. Schematicina,d,f,i,l,o created in BioRender. Xia, K.
(2026) https://biorender.com/71c5gkk. Source numerical data are provided.
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(Fig. 6m,n). By contrast, antimycin A-treated tMac-EVs failed to augment
testosterone or ATP (Fig. 6m,n). To specifically identify the functional
contribution of mitochondria from other EV components, we isolated
mitochondria directly from tMacs (Fig. 60). Treatment of primary LCs

¢

mitoD2" tMacs

mitoD2" tMacs

mitoD2" LCs (%)

withthese tMac-derived mitochondria significantly enhanced both tes-
tosterone synthesis and ATP productioninthe recipient LCs (Fig. 6p,q).
Crucially, this pro-functional effect was abolished when the isolated
mitochondria were broken by sonication before treatment (Fig. 6p,q).
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Collectively, these results suggest that LCs integrate functional mito-
chondriafrom tMacs to support testosterone production.

Leydig cells mainly uptake mitochondria from MHCII"
testicular macrophages

Given that CD206" tMacs clear defective mitochondria from LCs,
we investigated whether they are also responsible for transferring
functional mitochondria to LCs. To test this, we sorted CD206" and
MHCII" tMacs by FACS from TAM-treated adult Cx3crI°®; R26™iP?
mice and co-cultured them with tdTomato* LCs in vitro (Fig. 7a,b and
Extended Data Fig. 9d). Unexpectedly, confocal analysis revealed that
significantly fewer CD206" tMacs transferred mitoD2* mitochondria
to LCs compared with MHCII" tMacs (Fig. 7a,b). To further confirm this
invivo, weisolated CD206" and MHCII" tMacs from TAM-treated adult
Cx3crI€t; R26™ P2 mice and adoptively transplanted these cells into
Cyp17a1®c; R26"™™° mice (Fig. 7c,d). Confocal microscopy revealed
that tdTomato” host LCs contained significantly more mitoD2" mito-
chondria from MHCII" tMacs than from CD206" tMacs (Fig. 7c,d).
Collectively, these data indicate that MHCII" tMacs are primarily
responsible for transferring mitochondria to LCs.

To validate that MHCII™ tMacs enhance LCs testoster-
one production, we isolated mitochondria-containing EVs by
sorting MHCII"MitoTracker® tMac-EVs from adult Cx3cri®™®
mice (Extended Data Fig. 9e-g), leveraging the retention of
plasma-membrane markers on macrophage EVs”. Treatment of pri-
mary LCs with these EVs significantly increased testosterone secretion
and cellular ATP (Extended Data Fig. 9h,i). By contrast, EVs pretreated
with antimycin A, which blocks the function of mitochondria, failed to
enhance testosterone or ATP (Extended DataFig. 9h,i).

Next, we determined whether intrinsic mitochondrial features
could account for preferential donation by profiled CD206" and
MHCII" tMacs isolated from mitoD2 mice. High-resolution MTR
imaging showed that MHCII" tMacs contained fewer mitochon-
dria per cell (Supplementary Fig. 5a) yet exhibited short rounded
organelles in contrast to the elongated, networked morphology in
CD206" tMacs (Supplementary Fig. 5b—d). Functionally, MHCII" tMacs
showed higher MMP (Supplementary Fig. 5e), lower mitochondrial
ROS (Supplementary Fig. 5f) and greater ATP-synthesis capacity
(Supplementary Fig. 5g,h). Together, these data provide a powerful
mechanistic rationale to explaining the preferential role of MHCII"
tMacs in mitochondria transfer to LCs.

Adhesive molecule VCAM1 mediates the uptake of testicular
macrophages-derived mitochondria by Leydig cells

We nextaimed to uncover the molecular mechanisms underlying mito-
chondrial transfer from tMacs to LCs. Previous studies have shown that
efficient docking of EVs to host cells is facilitated by ligand-receptor
interactions™. To explore this, we integrated previously published
single-cell transcriptomic datasets of mouse testes and used the
ligand-receptor interaction tool CellChat to infer the communication
networks between tMacs and LCs at the single-cell level (Fig. 7e)** .
Amongtheidentified ligand-receptor pairs, the Itgbl-Vcamlinterac-
tion ranked highest in terms of communication probability (Fig. 7f
and Supplementary Table 2). Consistent with these data, we observed
strong expression of VCAM1 ontdTomato* LCsinthetestes of Cyp17a-
19, R26"™mato myjce (Fig. 7). Flow cytometry analysis further revealed
that tMac-EVs expressed ITGB1 (Fig. 7h). These findings prompted us
to hypothesise that the ITGB1-VCAMI1 ligand-receptor pair mediates
mitochondrial transfer from tMacs to LCs.

We then investigated the role of Vcaml in regulating mito-
chondrial transfer. Using the CRISPR-Cas9 knockout technique,
we conditionally deleted Vcaml in LCs by bilaterally injecting AAV
expressing Vcam1-sgRNA (AAV-U6-sgVcaml, sgVcaml) or a control
AAV (AAV-U6-sgScr or AAV-sgScramble, sgScr) into the testes of adult
Cypl7al®; R26%%%WTomato mice (Fig. 7i-land Extended Data Fig. 10a—c).
We further isolated WGA'mitoD2* tMac-EVs from the testes of
Cx3crI°tR; R26™M°P2 mice (Extended Data Fig. 10d,e). These sorted
mitochondria-containing EVs were then added into the cultured pri-
mary LCs (Fig. 7m). Immunofluorescence analysis revealed markedly
fewer mitoD2" mitochondriain Vcami-deficient LCs (treated with sgV-
caml) than in control LCs (treated with sgScr; Fig. 7n,0), indicating
VCAMLis required for efficient acquisition of tMac-derived mitochon-
dria. Consistent with this, we observed diminished ATP production
in Vcam1i-deficient LCs (Fig. 7p). Moreover, deletion of Vcam1i in LCs
impaired testosterone production in sgVcamI-treated mice (Fig. 7q).
Furthermore, we employed amonoclonal antibody to VCAMLin cultured
testicular tissue from Cx3cr1“*®; R26™*°P? mice (Extended Data Fig. 10f).
Confocalimagingrevealed that the antibody to VCAMI1 inhibited mito-
chondria transfer from tMacs to LCs (Extended Data Fig. 10g,h). Con-
sistent with this, treatment with anti-VCAMI1 impaired testosterone
production in cultured testicular tissue (Extended Data Fig. 10i). We
applied amonoclonal antibody to ITGB1 to cultured testis tissue from
Cx3crI®® mice (Extended DataFig.10j). Confocal imaging revealed that

Fig.7| The adhesive molecule VCAM1 in Leydig cells mediates the uptake of
testicular macrophage-derived mitochondria. a, Representative images of
FACS-sorted tdTomato* LCs co-cultured with CD206" or MHCII" tMacs isolated
from Cx3cr1®; R26™°P2 (mitoD2) mice (n = 4 biological replicates per group).
Arrows indicate tMac-derived mitoD2" mitochondria within tdTomato® LCs. Scale
bars, 10 um (top) and 5 pm (bottom; magnified views of the boxed regions).

b, Levels of mitoD2" signal in tdTomato* LCs (n = 4 biological replicates per group).
¢, Representative images of tdTomato® LCs containing CD206" or MHCII" tMac-
derived mitochondria (mitoD2"). CD206" or MHCII" tMacs isolated from TAM-
induced Cx3crIt; R26™°P2 mice were transplanted into the testes of tMacs-
depleted Cyp17a1®; R26"™™° mice (n = 3 mice per group). Arrows indicate
tMac-derived mitoD2" mitochondria within tdTomato* LCs. Scale bars, 5 um (top)
and 2 um (bottom; magnified views of the boxed regions). d, Levels of mitoD2"
signalin tdTomato* LCs (n = 3 mice per group). e, lllustration of intercellular
communication between LCs and tMacs via ligand-receptor pairs. f, Circle plots
showing cell-cell communication between tMacs and LCs via ligand-receptor
pair signalling. The width of the arrows indicates the communication probability.
g, Sections of testes of Cyp17al®; R26'™™* mice were immunostained with
VCAMI1 and counterstained with DAPI (n = 3 biological replicates). Scale bar,

20 pum (left) and 10 pm (right; magnified view of the boxed region). h, Flow
cytometry analysis of tMac-EVs labelled with ITGP1. i, Experimental design
overview. Cypl7al®; R26%%1dTemate mice were injected with sgScr or sgVcaml.

Jj, Thelevels of Vcaml messenger RNA expression in the testes of Cyp17a1®™;
R26Cs9tdTomato mijce were determined by quantitative PCR with reverse transcription

14 days post AAV treatment (n =3 mice per group). k, Representative images of
testes of Cyp17aI®; R265*%9™°mae mice stained with VCAM1 and DAPI 14 days
after treatment with sgScr or sgVcaml (n= 6 mice per group). Scale bars, 20 pm.
1, Levels of VCAM1 expression on LCs (n = 6 mice per group). m, Experimental
design overview. FACS was used to sort tMac-EVs containing mitochondria
(WGA* mtD2' tMac-EVs), which were used to treat primary LCs from the sgScr and
sgVcaml groups. n, Representative images of primary LCs from the sgScr and
sgVcaml groups after treatment with tMac-EVs containing mitochondria.

Arrows indicate tMac-derived mitoD2" mitochondria within tdTomato* LCs.
Scale bars, 10 pm (top) and 4 pm (bottom; magnified views of the boxed regions).
o, Percentage of LCs containing tMac-derived mitochondria. p, ATP production
of primary LCs from the sgScr and sgVcamlI groups treated with tMac-EVs
containing mitochondria. q, Testosterone levels of Cyp17a1®r; R26<* 1dTomato mjce
14 days following injection with sgScr or sgVcam1. r, Sperm counts in the sgScr
and sgVcamli groups (n= 6 mice per group). s, Number of litters obtained from
the two groups. t, Number of pups per litter. u, Grip strength of the mice in the
two groups. v, Muscle endurance of the two groups. h,0-q,s-v, n =5 biological
replicates (h,0-q) or mice (s-v) per group.b,d,h,j,u,v, Dataare the mean +s.e.m.
1,0-t, Box plots: the box bounds depict the first to the third quartile, with the
middlelineindicating the median and the whiskers extending to the minimum
and maximum values. b,d j,1,0-v, Statistical significance was determined using a
two-tailed Student’s ¢-test (b,d,j,0-r,t,u), two-tailed Mann-Whitney U-test (I,s) or
two-tailed Welch’s t-test (v). Schematic in e,i,m,u,v created using BioRender. Xia,
K. (2026) https://biorender.com/cv4gh8q. Source numerical data are provided.
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theantibody to ITGB1inhibited EV transfer from tMacs to LCs and simi-
larly decreased testosterone production (Extended Data Fig. 10k-m).
Together, these genetic and pharmacological approaches demonstrate
that Vcaml is critical for efficient mitochondrial uptake by LCs.

Blockage of the tMac-to-LC mitochondrial transfer reduced
the testis weight and thinned the seminiferous epithelium of
Vcami-deficient mice (Supplementary Fig. 6a—-c). Semen analyses
revealed significant decreases in sperm count and motility (Fig. 7r
and Supplementary Fig. 6d-f), and fertility was markedly compro-
mised (Fig. 7s,t). Beyond reproduction, gastrocnemius mass and
myofiber cross-sectional area, forelimb grip strength and muscle
endurance were all reduced in sgVcami-treated mice (Fig. 7u,v and
Supplementary Fig. 6g-i). These findings indicate that mitochondrial
transfer from tMacs to LCs is required for testosterone-dependent
reproductive and somatic functions.

Mitochondrial transfer network between Leydig cells and
testicular macrophages declines with age
We next investigated whether the mitochondrial transfer network
deteriorates with age and whether this relates to reduced testoster-
one output. Serum testosterone progressively declined across 3-,12-
and 18-month-old mice, whereas LH increased (Fig. 8a—c), indicating
diminished testosterone-secreting capacity of LCs with advancing age.
Wethen performed cross-age co-culture experiments to dissect the
integrity of the mitochondrial transfer network. We co-cultured mitoD2*
LCs from young (3 months) Cyp17a1®®; R26™*°? mice with CD206"
tMacs from mice of different ages (Fig. 8d). The uptake of LC-derived
mitochondria by tMacs was significantly impaired when the tMacs were
from older mice (Fig. 8e,f). Conversely, we co-cultured mitoD2* MHCIIM
tMacs from young (3 months) Cx3cr1“*™®; R26™°"? mice with LCs from
mice of different ages (Fig. 8g). The efficiency of mitochondrial transfer
into LCs markedly declined with the age of the recipient LCs (Fig. 8h,i).
Collectively, these results suggest that the mitochondrial transfer net-
work between LCs and tMacs progressively decline in ageing.

Discussion

Mitochondrial transfer as amechanism of cell-to-cell signallingis a rap-
idly advancing area of research, with numerous studies underscoring
itscritical role in tissue homeostasis and repair'*'°. However, the major-
ity of existing studies have focused on unidirectional mitochondrial
transfer, with limited investigationinto the potential for mitochondrial
transfer network'*°, To our knowledge, suchamitochondrial transfer
network wherein LCs not only eject defective mitochondriato CD206"
tMacs but also acquire functional mitochondria from MHCII" tMacs
to sustain mitochondrial fitness and cellular function has not been
reported. Whereas a previous study revealed that exogenously trans-
planted stem LCs can preventinflammatory cascades viamitochondrial
transfer to tMacs in models of testicular ischaemia reperfusion and
ageing", our work delineates an endogenous mitochondrial transfer
network between resident LCs and distinct tMac subsets. This interplay
underscores the dynamic and cooperative nature of mitochondrial

transfer within tissues, highlighting its potential role in sustaining
cellular homeostasis and functional integrity.

Our findings raise an intriguing question: why do LCs eject dam-
aged mitochondriaand require exogenous healthy mitochondria? Tes-
tosterone synthesis in LCs is an energy-intensive process thatrelies on
highly functional mitochondria® yet ATP production and mitochon-
drial P450 activity intrinsically inflict oxidative damage onthe organelle
itself””®, Traditional models suggest that defective mitochondrial clear-
ance occurs exclusively in the cell**. Here we reveal a non-canonical
pathway for mitochondrial elimination whereby testosterone-driven
particles production enables LCs to extrude defective mitochondria
into the extracellular space where they are subsequently cleared by
CD206" tMacs. This process of delegated mitochondrial clearance
by tMacs seems to be an adaptive strategy that allows long-lived LCs
to sustain continuous function throughout the lifespan of an organ-
ism’.Inaddition, continuously rebuilding mitochondrial reticulum or
maintaining excess mitochondrial reserves would impose significant
energy costs and compromise cellular efficiency®. Our findings sug-
gest that LCs adopt an alternative strategy by utilizing intercellular
mitochondrial transfer from MHCII" tMacs, thereby meeting the high
metabolic requirements of testosterone production more effectively.
This complementary strategy may be particularly advantageous for
cellslike LCs, whichare subjected to persistent physiological stress >,
We propose that asimilar reliance on mitochondrial transfer network
may representawidespread adaptationin other cell populations under
physiological condition or stress, providing a more energy-efficient
mechanism for maintaining cellular function.

Fromamacrophage-centric perspective, the divergence between
MHCII" and CD206" tMacsin mitochondrial transfer reflects antagonis-
tic cellular programmes that are unlikely to coexist in asingle state®**,
CD206" tMacs are transcriptionally and functionally tuned for phago-
cytic quality control. They preferentially internalize damaged mito-
chondria from LCs and show GO terms consistent with endocytosis,
phagocytosis and lysosomal degradation. In contrast, MHCII" tMacs act
asmetabolic donors, packaging and exporting healthy mitochondria
thatraise thelevels of ATP and testosteronein LCs. Collapsing degrada-
tion and donation in the same cell would couple high lysosomal flux
with oxidative catabolism, which is optimal for degrading defective
cargo but harmful to the preservation of donor-grade mitochondrial
fitness and increases the risk of misrouting healthy organellesinto deg-
radative pathways™®. Subset specialization minimizes these trade-offs
and installs directional ‘valves’ within the reciprocal circuit. Together
with established macrophage heterogeneity”, these findings provide a
mechanistic rationale for retaining two tMac subsets in the adult testis.

Although diverse structures, such as tunnelling nanotubes, have
beenimplicated in mediating intercellular mitochondrial transfer'**,
the mechanisms by which mitochondria are taken up into cells remain
poorly understood™. Here we found that EVs mediate the mitochondrial
transfer network between LCs and tMacs. Unlike classical EVs", the EVs
characterized in this study encapsulate mitochondria. Specifically,
LC-EVs share defining traits with exophers-aspecific type of EVsknown

Fig. 8| Mitochondrial transfer network between Leydig cells and testicular
macrophages declines with age. a, Experimental design overview. b, Serum

LH levels of mice at the ages of 3,12 and 18 months (n = 5 mice per group).

¢, Serum testosterone levels of mice at the ages of 3,12 and 18 months (n=5

mice per group). d, Experimental design overview. CD206" tMacs were sorted
fromwild-type (WT) mice of different ages and then co-cultured with LCs from
three-month-old Cyp17a1®®; R26™°P? (mitoD2) mice. e, Representative images of
tMacs containing LC-derived mitochondria (mitoD2"; n = 9 biological replicates
per group). Dashed lines indicate boundary of tMacs. Arrowheads indicate
LC-derived mitoD2" mitochondria within tMacs. Scale bars, 15 pm (main images;
top) and 10 pm (magnified views of the boxed regions; middle and bottom).

f, Levels of mitoD2" signal in tMacs (n = 9 biological replicates per group,

20 fields of view were captured and 100 cells were analysed for each biological

replicate). g, Experimental design overview. Following sorting from WT mice of
different ages, LCs were co-cultured with MHCII" tMacs from three-month-old
Cx3crI®t’; R26™°P2 (mitoD2) mice treated with TAM. h, Representative images of
LCs containing tMac-derived mitochondria (mitoD2"; n = 9 biological replicates
per group). Dashed lines indicate boundary of LCs. Arrowheads indicate tMac-
derived mitoD2" mitochondria within LCs. Scale bars, 10 pm (main images; top)
and 5 um (magnified views of the boxed regions; middle and bottom). i, Levels
of mitoD2" signalsin LCs (n =9 biological replicates per group, 20 fields of view
were captured and atleast 100 cells were analysed for each biological replicate).
b,c.fi, Dataare the mean *s.e.m. Statistical significance was determined using a
one-way ANOVA. Schematicina,d,g created in BioRender. Xia, K. (2026) https://
biorender.com/jbcé6wok. Source numerical data are provided.
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for transporting damaged mitochondria for extracellular disposal to
manage mechanical and metabolic stress*®. Moreover, adult neurons
from Caenorhabditis elegans extrude large exophers to clear accumu-
lating mitochondria that threaten neuronal homeostasis®. Similarly,
accumulation of LC-EVs compromises mitochondrial ATP in LCs and
reduces testosterone production, demonstrating the critical role of
EV-mediated mitochondrial transfer in maintaining the mitochon-
drial fitness and functional integrity of LCs. Furthermore, tMac-EVs
contained functional mitochondria and significantly enhanced both
testosterone production and ATP levels in LCs. In contrast, disruption
of the integrity of tMac-EVs by sonication or pharmacological block-
age of oxidative phosphorylation abolished their ability to enhance
testosterone synthesis and ATP production. These findings suggest
that tMac-EVs with intact mitochondria, rather than their individual
componentssuch aslipids and proteins, are sufficient to promote tes-
tosterone productionin LCs. Inagreement with this, macrophages have
beenshownto resolve inflammatory pain by transferring EVs to sensory
neurons at sites distant from inflammation?. Collectively, these find-
ings support the idea that EVs are crucial mediators in mitochondrial
transfer, facilitating both the disposal of defective mitochondria and
the replenishment of healthy mitochondria.

Mechanistically, we elucidated the molecular pathways that medi-
ate mitochondrial transfer between LCs and the two tMac subpopula-
tions using genetic and pharmacological tools. Our results indicate
that TREM2 on CD206" tMacs is essential for recognizing PS signals
onLC-EVsand facilitating the phagocytosis of damaged mitochondria.
TREM2, asingle-pass transmembrane receptor of theimmunoglobulin
superfamily, promotes DAP12 phosphorylation onactivation, thereby
enhancing cell survival, modulating phagocytosis and suppressing
inflammation”. Conditional deletion of Trem2 in tMacs significantly
impaired the uptake of LC-derived mitochondria in both in vitro and
invivomodels, resulting in reduced testosterone production. Previous
studies suggest that receptor-ligand interactions play a critical role
in docking EVs to host cells?*°. We identified ITGB1-VCAMI interac-
tions as key mediators of mitochondria-containing tMac-EV uptake
by LCs. VCAML1 is traditionally known to be expressed on the surface
of endothelial cells where it mediates cell adhesion by interacting
with adhesion molecules on target cells®. Interestingly, VCAMLI is
alsorecognized as a marker of LCs, although its specific role in these
cells has not been well defined*. In this study we demonstrated that
VCAMI1 on LCs is crucial for the uptake of mitochondria-containing
EVs. Deletion of Vcam1l in LCs or treatment with a VCAMI-blocking
antibody significantly impaired mitochondrial uptake, suggesting
that VCAMI confers specificity for the recognition of tMac-EVs. How-
ever, we cannot exclude the possibility that alternative mechanisms
may also contribute to the observed mitochondrial transfer network
between LCs and tMacs.

Although this study highlights the critical role of the mitochon-
drial transfer network between LCs and tMacs, two important ques-
tions remain unresolved. First, the molecular signals that drive the
formation and release of LC-EVs and tMac-EVs have yet to be fully
elucidated. Understanding these signalling pathways will be crucial
foramore comprehensive understanding of how mitochondrial trans-
fer is regulated in these cell types. Second, although mitochondria
were identified as key functional components, both EV populations
contain additional cargos whose contributions cannot be excluded.
Whether these non-mitochondrial cargos within EVs also contribute
to LC homeostasis and testosterone production remain important
subjects for future investigation.

Insummary, this study identifies amitochondrial transfer network
between LCs and tMacs that s critical for testosterone production. We
show that LCs release EVs containing defective mitochondria, which
are cleared by CD206" tMacs through a TREM2-dependent mechanism.
Conversely, LCs acquire EVs containing functional mitochondria from
MHCII" tMacs via ITGB1-VCAML interactions. These findings uncover

anintercellular communication mechanism thatis essential for main-
taining mitochondrial fitness and cell functionality.
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Methods

Animals

Cyp17al®® (ref.53), R26"™ma° (ref, 54), Cx3crI®*R (ref. 55), Pdgfra-
CretR (ref. 56), Sma“™™® (ref. 57), Cx3cr1®* (ref. 58), R26™*P2 (ref. 59),
mTmG (ref. 60), Trem2"" (ref. 61), Amh®™ (ref. 62), R26C9tdTomato
(ref. 63) and wild-type mice were maintained under controlled tem-
perature (24 +1°C) and relative humidity (50-60%) with a standard
12-hlight-and-dark cycle for the duration of the study. Unless otherwise
specified, all experiments were performed in 8-to-16-week-old male
mice in a C57BL/6 background. For induction of Cre recombinase,
TAM (Sigma-Aldrich) was dissolved in corn oil and administered via
intraperitoneal injection at the indicated time points (75 mg kg body
weight) for three consecutive days. All procedures were approved by
the Institutional Animal Care and Use Committee of Sun Yat-Sen Uni-
versity (approval number SYSU-IACUC-2023-000189).

Cell lines and culture conditions

MA-10 cells (CRL-3050, American Type Culture Collection) were main-
tained in DMEM/F12 medium supplemented with 15% horse serum
(Thermo Fisher), 1% penicillin-streptomycin and 1% GlutaMAX
(Thermo Fisher) at37 °Cunder 5% CO,. MA-10 cells were stably labelled
with mitochondria-targeted DsRed by lentiviral transduction (mitoD-
sRed plasmid; WZ Biosciences). DsRed" cells were isolated by flow
cytometry four days after transduction (Beckman Coulter). Short hair-
pinRNA (shRNA) targeting Atg7, Kif5b or Myo6 was designed using the
BLOCK-iT RNAi Designer (Thermo Fisher) and synthesized by Tsingke
Biotechnology (sh-Atg?) or Vigene Biosciences (sh-Kif5b and sh-Myo06).
Lentiviral transduction was used to deliver shRNA into mitoDsRed"
MA-10 cellsand GFP" cells were sorted by flow cytometry four days post
transduction for downstream assays. The shRNA sequences used are
listed in Supplementary Table 3.

Tissue preparation, flow cytometry analysis and cell sorting
Mice testes were cut into small pieces, and digested with 1 mg ml™
Collagenase IV (Gibco) and 200 pg ml™ DNase I (Gibco) in DMEM/F12
at37 °Cfor15 minwithslow shaking (100 cycles min™). After digestion,
single-cell suspensions were obtained by gentle pipetting, filtered
througha70-pmstrainer and centrifuged for 5 minat256gand 4 °C. To
isolate LCs from Cyp17a1“™; R26'™°™* mice or sort tMacs from Cx3crI°™®
mice, the cell pellets were rinsed twice with PBS and then stained with
a Zombie aqua fixable viability kit (BioLegend) for 15 min at 4 °C. To
obtain LCs from wild-type mice, the digested cells were blocked with
anti-FcR (Bioxcell) and then incubated with conjugated antibodies to
CD45 and LHCGR along with Zombie aqua fixable viability kit for 15 min
at 4 °C. To obtain tMacs from wild-type mice, the digested cells were
blocked with anti-FcR and thenincubated with conjugated antibodies
to CD45,CD11band F4/80 along with Zombie aqua fixable viability kit
for15 minat4 °C. To separate CD206" and MHCII" tMacs from Cyp17a-
1¢7¢; R26M™mato: Cx3crI®F or Cx3cr1“®; R26™°P2 mice, the cell pellets
were blocked with anti-FcR and then stained with conjugated antibod-
iesto CD206 and MHCIl along with Zombie aqua fixable viability kit for
15minat4 °C.Sampleswere acquiredinaMoFlo Astrios EQ (Beckman
Coulter) or CytoFLEX SRT (Beckman Coulter) cell sorter. The FlowJo
software (FlowJo LLC) was used to analyse the data. The antibodies
used are listed in Supplementary Table 4.

Primary cell-culture experiments

Isolation of LCs and tMacs was performed by FACS as described in the
previous section. The obtained primary LCs were cultured in DMEM/
F12 medium containing 10% fetal bovine serum (Gibco) and 1% insu-
lin-transferrin-sodium selenite (Thermo Fisher) in a 96-well plate at
37 °Cwith 5% CO,. The cultured LCs were treated with LC-EVs, tMac-EVs,
sonicated tMac-EVs, mitochondrial inhibitor (1 pM antimycin A;
Sigma-Aldrich)-pretreated EVs, CCCP (4 puM; Sigma-Aldrich) defective
mitochondria, tMac-mito and sonicated tMac-mito for downstream

assays. The cell supernatants were collected and stored at -80 °C
until analysis. Testosterone production of LCs was standardized by
cell number per well. The obtained primary tMacs were cultured in
DMEM medium containing 10% fetal bovine serum at 37 °C with 5% CO,.
For co-culture experiments, LCs were incubated with tMacs for 48 h
inan 18-well IBIDI plate containing LCs medium and tMacs medium at
1:1ratio. The specific fluorescence was visualized and photographed
using an LSM980 Airyscan2 (Zeiss), LSM800 confocal (Zeiss) or Nikon
spatial array confocal (NSPARC) microscope.

Tissue-culture experiments

Tissue-culture experiments were conducted as previously described
by our group®*. Briefly, testicular tissues were collected and mechani-
cally cut into small (2-4 mm?) pieces. Three pieces of the tissue were
placedineach well of a12-well plate and cultured in DMEM/F12 medium
containing 0.1% BSA (Gibco) and 1% insulin-transferrin-sodium sel-
enite (Gibco) at 37 °C with 5% CO,. Where indicated, explants were
incubated with TREM2 inhibitor (7.5 pg mI™ IA9; MedChemExpress),
monoclonal antibody to VCAM1 (250 pg ml™ anti-VCAMI; Bioxcell) or
monoclonal antibody to ITGB1 (200 pg ml™ anti-ITGB1; Bioxcell). At
the end of culture, the tissues were subjected to fixation in 4% para-
formaldehyde (PFA) and processed for immunofluorescence. The
ability of the tissues to produce testosterone was assessed after 3 h of
incubation with DMEM/F12 containing 0.1% BSA, 11U mI™ hCG, 10 pM
22-hydroxycholesterol (MedChemExpress) and 1% insulin-transfer-
rin-sodium selenite (Gibco). The supernatants were collected for
testosterone quantification. The tissues were collected and frozen in
liquid nitrogen, followed by DNA quantification for statistical analysis.

Treatment with hCG and degarelix

Primary LCs were stimulated with hCG (10 IU I'; Sigma-Aldrich) or PBS.
The supernatants were harvested 1 h after stimulation for testosterone
quantification and live cells were imaged by confocal microscopy 2 h
after stimulation. To stimulate testosterone production in vivo, hCG
was administered intraperitoneally to mice at a dose of 11U per mouse
for the indicated times. Serum was collected 1 h post injection and
testes were collected 4 h post injection for subsequent immunofluo-
rescence analysis and testosterone assays, respectively. Tosuppress the
hypothalamic-pituitary-gonadal axis in vivo, degarelix (40 mg kg™
MedChemExpress) was administered subcutaneously to mice. Serum
and testes were collected 48 h postinjection for subsequentimmuno-
fluorescence analysis and testosterone assays, respectively.

Preparation of LC-EVs and tMac-EVs for FACS

This protocol is an adaptation of previously described protocols to
obtainsamples enriched in cardiac exophers*®. Briefly, the testes were
cut into small pieces, and digested with 1 mg ml™ Collagenase IV and
200 pg mlI™ DNase I in DMEM/F12 at 37 °C for 15 min with slow shak-
ing (100 cycles min™). After digestion, single-cell suspensions were
obtained by gentle pipetting. We used astrategy of serial centrifugation
at 50,300 and 650g to discard pellets and kept the supernatant for a
final centrifugation at 3,000gand 4 °C for 5 min. Within the pellets of
this fraction, we used the endogenous expression of tdTomato or GFP
along with size and DRAQS (BioLegend) staining to define LC-EVs or
tMac-EVs. The samples were analysed and sorted in an CytoFLEX SRT
system. For immunofluorescence analysis, the materials obtained
in each fraction were subjected to fixation in 4% PFA for 15 min and
then incubated with DAPI (Thermo Fisher) for 5 min. The specific
fluorescence was then visualized and photographed using a Leica
DMi8 microscope.

Detection of membrane particles

We used WGA conjugated to Alexa Fluor 488 (AAT Bioquest) to stain the
outer membrane of LC-EVs and WGA conjugated to Alexa Fluor 594 (AAT
Bioquest) to label tMac-EVs as per the manufacturer’s instructions.

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-026-01896-x

Fluorescence of the suspension was then detected using a CytoFLEX
SRT (Beckman Coulter) system and analysed using the FlowJo software.

Proteomic analysis of LC-EVs and tMac-EVs

Proteomic analysis of LC-EVs and tMac-EVs was performed by the
Technology Center for Protein Sciences at Tsinghua University (Bei-
jing, China) through a contracted service. Briefly, EVs were treated
with sodium deoxycholate at a final concentration of 1% by mixing
with a 10% sodium deoxycholate solution, followed by incubation at
98 °C for 10 min. The sample was then subjected to sonication using a
non-contact ultrasonic disruptor to ensure complete disruption. Pro-
teindigestion was carried out with trypsin and LysC enzymes, followed
by desalting. The processed samples were analysed using liquid chro-
matography with tandem mass spectrometry. Protein identification
was performed using the UniProt mouse database (g value < 0.01). For
functional analysis, the identified proteins were subjected to cellular
component annotation using the DAVID Bioinformatics Resources
(version 6.8) from the NIAID (https://david.ncifcrf.gov).

Analysis of LC-EV and tMac-EV mitochondrial ratios by flow
cytometry

To detect mitochondrial content, LC-EVs were stained with MitoTracker
Green (Thermo Fisher) and tMac-EVs were labelled with MTR (Thermo
Fisher) or MitoTracker Deep Red (Thermo Fisher) as per the manufac-
turer’sinstructions. Fluorescence of the suspension was then detected
using a CytoFLEX SRT (Beckman Coulter) system and analysed using
the FlowJo software.

Analysis of MMP, ATP, mitochondrial ROS and morphology of
cells or extracellular vesicles

To compare the mitochondrial parameters of cells and EVs, primary
LCsand tMacs were isolated from the testes of Cypl7aI®; R26™°P2 and
Cx3cr1f; R26™°P2 mice, respectively. These cells were stained with
TMRE (50 nM; Thermo Fisher), MitoSOX red mitochondrial superox-
ide indicator (MitoSOX; 5 pM; Thermo Fisher) or BioTracker ATP-red
live cell dye (ATP probe; 5 uM Sigma-Aldrich) at 37 °C for 15 min. After
asingle gentle wash, the cells and corresponding EV preparations
were imaged using a Nikon NSPARC confocal microscope. Fluores-
cence intensities for TMRE, ATP probe and MitoSOX were quantified
insingle-mitochondrion regions of interest defined by mitoD2 masks
using the Fiji software.

To compare the mitochondrial parameters of CD206" and MHCII™
tMacs, cell pellets from the testes of Cx3cr1*®; R26™*°P2 mice were
stained with conjugated antibodies to CD206 and MHCII with Zombie
aqua fixable viability kit, TMRE (50 nM; Thermo Fisher) and MitoSOX
(5 1M; Thermo Fisher) for 15 min at 37 °C after FcR blocking. Samples
were acquired in a CytoFLEX SRT (Beckman Coulter) system and ana-
lysed using the FlowJo software. Theisolated CD206" and MHCII" tMacs
were cultured and stained with MTR or BioTracker ATP-red live cell dye
(5 pM). The specific fluorescence was visualized and photographed
usingaLSM980 Airyscan2 microscope (Zeiss). A convolutionfilterinthe
Image] Fiji software was applied to digitalimages toisolate and normalize
fluorescent pixels. Following thresholding, the form factor (perime-
ter? / 41 x area) and aspect ratio (major axis / minor axis) were calculated.

To assess the MMP of EVs, the purified LC-EVs and tMac-EVs were
incubated with MitoNIR (Abcam) for 20 min at 37 °C after treatment
with oligomycin (10 mg ml™; MedChemExpress) or FCCP (1 uM; Med-
ChemExpress) for 3 h. MA-10 and RAW264.7 (CL-0190, Procell) cells
were used as internal controls to assess treatment responsiveness.
Datawere acquired using the CytoFLEX SRT system and analysed using
the FlowJo software.

Isolation of mitochondria
Mitochondria wereisolated from LCs and tMacs using a Mitochondria
isolation kit (Beyotime) according to the manufacturer’s protocol.

Briefly, cells were lysed in ice-cold lysis buffer for 10 min at 4 °C. The
lysate was then homogenized through 30 cycles in a glass homog-
enizer and centrifuged for 10 min at 1,000g and 4 °C. To improve
purity, the resulting supernatant was mixed with cell lysis reagent
and centrifuged again under the same conditions. Finally, the super-
natant was collected and centrifuged for 10 min at 6,000g and 4 °C.
The pellet, containing the isolated mitochondria, was resuspended
in mitochondria storage buffer at an appropriate concentration for
subsequent experiments.

Light-sheet microscopy of whole testes

Eight-week-old Cyp17a1®; R26"™™°: Cx3cr1°** mice were euthanized
andimmediately transcardially perfused with normal saline solution,
followed by 4% PFA (Phygene). The testes were dissected and fixed
overnightin 4% PFA at 4 °C, followed by extensive washing with PBS
as described previously®. Briefly, the PFA-fixed testes were immersed
in CUBIC-L solution with shaking at 37 °C for three days. The CUBIC-L
was refreshed every 1-2 days during the delipidation. The samples were
thenimmersed in CUBIC-R solution at room temperature for two days.
Thesamples were finallyembedded in 2% (wt/vol) agarose gel, prepared
with CUBIC-R solution, and visualized with a light-sheet microscope
(Nuohai Life Science). For imaging at x6.3 effective magnification,
each sample was scanned by one-tile light sheets axially at a 3.5-um
Z-step size to image the whole sample. For imaging at x25 effective
magnification, each sample was scanned by three-tile light sheets axi-
allyata3.5-pm Z-step size toimage the whole sample. Post-acquisition,
high-resolution raw data were downsampled and corrected using the
Imaris 10.0 software to remove high-intensity artefacts arising from
uneven light illumination during acquisition.

Immunofluorescence of testicular tissue

Immunofluorescence staining was conducted as previously reported
by our group?®. Mice were killed and perfused with a saline solution,
after which the testes were collected into a 4% PFA solution. After 6 h
in fixation solution at 4 °C, the samples were cryopreserved with 30%
sucrose solutionat4 °Cfor 24 h. The tissues were soaked in Tissue-Tek
0O.C.T. Compound (Sakura Finetek), frozen and cryosectioned at a
thickness of 10 pm (most) or 30 um (for 3D reconstructions) using a
frozen slicer (Leica CM1950). For intracellular protein detection, the
sections were permeabilized with 0.3% Triton X-100 (Sigma-Aldrich)
for 30 min. Non-specific binding of antibodies was blocked with 3%
BSA (Sigma-Aldrich) for 45 min at room temperature and the slices
were incubated overnight with primary antibodies at 4 °C. The sec-
tions were then washed three times with PBS and incubated with
secondary antibodies at room temperature for 45 min in the dark,
followed by 5 min with DAPI. Finally, the specific fluorescence was
visualized and photographed using an LSM800 confocal (Zeiss), an
LSM980 Airyscan2 (Zeiss) or a Dragonfly CR-DFLY-202-2540 (Andor)
microscope. The primary and secondary antibodies used are listed in
Supplementary Table 4.

Phosphatidylserine stainingin live testicular sections

Testes from Cyp17al®; R26"™ma: Cx3cr1®™ mice were collected in
excisionbuffer (1xHBSS and 5% fetal bovine serum at pH 7.4) and manu-
ally cut into small pieces (1-2 mm thick). The tissues were incubated
with Annexin V-APC (Elabscience) in Annexin binding buffer (10 mM
HEPES-NaOH pH 7.4, 140 mM NaCl and 2.5 mM CacCl,). For imaging,
the slices were placed into glass Petri dishes containing fresh Annexin
binding buffer and immobilized with a coverslip. Finally, images were
quickly taken using an LSM980 confocal microscope.

Transmission electron microscopy

After anaesthesia, mice were perfused with cold saline, followed by fixa-
tive. Subsequently, the testicular tissues were sectioned into blocks of
approximately1 mm?insize, fixed at 4 °C overnight, and then subjected
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to sectioning and staining at the Biomedical Research Core Facilities,
Westlake University (Hangzhou, China) through a contracted service.
Briefly, the samples were post fixed in 1% osmium acid at room tempera-
tureinthedarkfor2 h, rinsed three times and dehydrated sequentially
using 30,50, 70,80, 95and 100% alcohol. Followingembeddinginresin,
theblocks were sectioned into 60-80-nm ultrathinslices and collected
in 150-mesh copper grids. After staining, the samples were observed
and imaged using a TEM microscope (FEI Tecnai Spirit).
Mitochondrial cristae morphology was assessed using TEM
micrographs and analysed using the Image]J software. For each mito-
chondrion, the outer mitochondrial membrane and each crista were
manually delineated using the Freehand tool. The total crista areawas
computed asthe sum of all traced cristae and mitochondrial area as the
outer mitochondrial membrane-enclosed area. Cristae abundance was
expressed as cristaarea density (total cristaarea / mitochondrial area).

Intravital two-photon microscopy

Mice were anaesthetized by intraperitoneal injection of Avertin
(250 mg kg™ body weight). The lower abdomen of the mice was care-
fully shaved and sterilized with ethanol and a topical application of
povidone-iodine. A small incision was made in the lower abdomen
using sterile surgical scissors under aseptic conditions. The testes
were pulled out and attached to a specialized mould, which was kept
moist with PBS, and carefully positioned for imaging. The system
utilized detectors coupled to a resonant galvo scanner operating
at afrequency of 12,000 Hz, with very short dwell times. These set-
tings, along with relatively low laser power, were optimized to prevent
photo-conversion of the mitoD2. Three-dimensional stacks consisting
of multiple planes (0.5-pm step size) were captured every 2 min. The
Imaris software was used to reconstruct 3D images, determine cellular
localization with 3D positional mapping and generate movies derived
from time-lapsed imaging.

Three-dimensional reconstruction

The acquired Z-stack image series were imported into the Imaris 10.0
software and analysed with the Surfaces module for fully automated
3D segmentation. Surface detection used a detail level of 0.25 pm to
balancereconstruction precision and computational efficiency, ensur-
ingfine structural features (2100 nm) were retained. The segmentation
thresholds were set based on absolute intensity values and validated
across 3-5 representative samples to ensure consistent detection of
target structures. After segmentation, 3D surface models were gener-
ated torender the spatial distribution of the target channel.

Depletion of testicular macrophages

Intraperitoneal injection of either vehicle or diphtheria toxin (Sigma)
was used to deplete tMacs in Cd11b°™ transgenic mice. The mice were
injected with three consecutive doses once every seven days. Using
chemical methods, tMacs were cleared viaintratesticularinjection of
CL,DMP-liposome (FormuMax Scientific) in unilateral testis. Immuno-
fluorescence imaging of the macrophage marker IBA1was performed
to validate tMacs depletion.

Adoptive transfer of testicular macrophages or Leydig cells

For adoptive transfer of tMacs or LCs, host mice were anaesthetized
with Avertin (250 mg kg™ body weight) by intraperitoneal injection.
In the transplantation experiment of tMacs, tMacs were enriched
from the indicated mice and then transplanted into hosts at a ratio of
one donor to one recipient through intratesticular injection. Before
injection, the host mice were subjected to intratesticular injection of
20 pl CL,DMP-liposome per testis to delete tMacs as described in the
previous section. In the transplantation experiment of LCs, LCs were
enriched from Cyp17a1®; R26™°? mice and then transplanted into
Cx3crI®t; Trem2"" mice or their Cx3cr1 R littermates at a ratio of
one donor to onerecipient through intratesticular injection.

Generation of AAV vectors and gene delivery in animal models
The AAV viral vectors were generated by PackGene Biotech.
Briefly, 293T cells were transiently transfected with a GOI plasmid
(pAAV-CAG-DIO-Lck-GFP, pAAV-CAG-mito-mCherry, pAAV-U6-sgScr
or pAAV-U6-sgVcaml), an adenovirus helper plasmid (pHelper) and
an AAV helper plasmid (pAAV-RC; pAAVDJ). Recombinant AAV were
collected 72 h post transfection by lysing the cells to release the virus
particlesinto the supernatant. The vectors were aliquoted and stored at
-80 °Cuntil further use. The sgRNAs were designed by CRISPick (Broad
Institute; sequences listed in Supplementary Table 3).

For interstitial injection of PBS or AAV vectors, we modified a
previously reported method? Briefly, mice were anaesthetized with
Avertin by intraperitoneal injection. The scrotum of the mice was
sterilized with ethanol and povidone-iodine. The mouse testes were
manually immobilized trans-scrotally with fingers and AAV particles
were injected into the testes using an insulin syringe (20 pl per testis;
2 x10° genomic copies per testis). After injection, the needle was left
inside thetissue for 1 minto allow the virus to spread within the testis.

Single-cell RNA-sequencing analysis

Adult mouse testicular scRNA-seq datasets were downloaded from the
GEO database (GSE112393, GSE210368 and GSE249819) and the OMIX
repository (OMIX1000). Computational analyses were performed
using the Seurat R package (v5.1.0). We filtered out low-quality cells
using the following parameters: 200 < nFeature_RNA < 6,000, per-
cent.mt <15and nCount_RNA <20,000. The read counts per cellwere
normalized and thetop 2,000 variable genes were identified using the
variance stabilizing transformation method. Data normalization was
followed by centring and scaling using the ‘ScaleData’ function. Prin-
cipal component analysis was applied to the scaled data focusing on
highly variable genes. Batch effects were corrected through canonical
correlation analysis using the ‘IntegrateLayers’ function. Significant
principal components were identified using the ‘ElbowPlot’ function
and thefirst 30 principal components were retained for clustering and
uniform manifold approximation and projection. Cell populations
were annotated using known markers. Macrophages were extracted
andreclustered for subpopulation analysis. Heat maps were generated
with the ComplexHeatmap package (v2.16.0) and density plots were
produced using the ‘plot_density’ function from the Nebulosa package
(v1.0.1). Gene Set Enrichment Analysis on GO terms was performed
using the ‘gseGO’ function in the clusterProfiler R package (v4.8.3).
Enrichment was considered significant for terms with adjusted P < 0.05
and [normalized enrichmentscore| > 1. Ligand-receptor interactions
were determined using CellChat (v2.1.2), with results visualized using
the ‘LRplot’ function of iTALK (v0.1.0).

ATP assay by luminescence

ATP levels were measured using an ATP assay kit (Beyotime). Cells were
rinsedinice-cold PBS, lysed inkit buffer for 5 minonice and thelysates
were centrifuged at 12,000g and 4 °C for 5 min. Next, 100 pl working
reagent was mixed with 20 pl sample or ATP standard and lumines-
cence was recorded on a microplate luminometer (TECAN Sunrise)
at10-sintegration. ATP concentrations were derived from a standard
curve and normalized to protein measured using a BCA protein assay
kit (Thermo Fisher).

Sex hormone assays

Sex hormone concentrations were assayed as previously reported
by our group” Serum and testes samples were collected at the indi-
cated times and stored at —80 °C until analysis. Testosterone levels
were measured using a chemiluminescent immuno-assay (KingMed
Diagnostics). The coefficient of variation of the chemiluminescent
immuno-assay is 2.0-5.1% for intra-assay precision and 2.6-5.2% for
inter-assay precision. The minimum detectable dose of testosterone
is 0.01 ng ml™. Thelevels of LH were measured using amouse LH ELISA
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kit (Cloud-Clon) following the manufacturer’s protocol. Absorbance
was read at 450 + 10 nm (TECAN Sunrise) and concentrations were
calculated from standard curves.

Computer-aided semen analysis

Semen samples were analysed as previously reported®®. Briefly, one
caudaepididymis was excised from each mouse and incubated in 0.5 ml
pre-warmed buffer containing 0.5% BSA (Sigma) for 15 min at 37 °C to
allow spermrelease. Tissue fragments were removed, the suspension
was diluted as required and sperm parameters were quantified by
computer-assisted semen analysis (Hamilton Thorne). For eachsample,
>6 non-overlapping fields were recorded and analysed to determine
sperm concentration, total motility and progressive motility.

Fertility analysis

Fertility was assessed by continuous mating as described previously®.
Sexually mature males were paired with two proven-fertile C57BL/6
females for 45 days under standard housing. The cages were inspected
daily; litters and pups were recorded at parturition (PO-P1). Out-
comes were calculated as the total number of litters sired and mean
litter size (pups per litter) per male. Pregnancies present on day 45
were allowed to deliver to capture conceptions occurring within the
co-housing window.

Grip strength test

Grip strength was measured following established protocols®®. The
meter (Chatillon) was positioned horizontally. For each trial,amouse
was lowered so that only the forepaws grasped the grid while the trunk
was held parallel to the surface; the mouse was then pulled backward
ataconstantspeed until release and the peak force was recorded. Each
mouse performed three consecutive trials per round, followed by a
10 minrest; five rounds (15 trials total) were completed. The maximal
grip strength for each mouse was defined as the mean of the three
highest readings from the 15 trials.

Endurance test

Muscle endurance was assessed following established protocols®®. Mice
were placed onasquarewiregrid (1 cm spacing); the grid wasinverted
40 cmabove a padded surface, allowing four-limb suspension. Latency
tofallwasrecorded withinatesting window of upto 900 s. Each mouse
completed three trials separated by rest intervals of 10 min. The mean
latency across the three trials was used as the endurance measure.

RNA extraction, complementary DNA synthesis and
quantitative PCR with reverse transcription

Total RNA was isolated using an RNeasy kit (Qiagen) according to
the manufacturer’s instructions. The RNA quantity and purity were
assessed usingaNanoDrop 1000 system (Thermo Fisher). Complemen-
tary DNAwas generated using a NovoScript first strand cDNA synthesis
kit (Novoprotein). Quantitative PCR with reverse transcription was
performed with LightCycler 480 SYBR Green I master (Roche) on a
LightCycler 480 instrument (Roche). Melt-curve analysis confirmed
single products without primer-dimer formation. Target mRNA lev-
els were calculated using the AC, method and expressed relative to
B-actin. The primers were designed by PrimerBank (Harvard University;
sequences listed in Supplementary Table 5).

Western blots

MA-10 cells were washed three times with ice-cold PBS and lysed in
RIPA buffer (Beyotime) for 30 minonice. The lysates were centrifuged
at13,000g and 4 °C for 10 min and the supernatants were collected.
Protein concentration was determined using a BCA protein assay kit
(Thermo Fisher). Equalamounts of protein were resolved by SDS-PAGE
and transferred to 0.45-pm polyvinylidene fluoride membranes (Mil-
lipore). The membranes were blocked with 5% milk in TBST buffer,

incubated overnight with primary antibodies at 4 °C, washed in TBST
and incubated with horseradish peroxidase-conjugated secondary
antibodies for 1 h at room temperature. Signals were developed with
ECL (NCM) andimaged on a ChemiDoc system (Bio-Rad). The antibod-
iesand dilutions used are listed in Supplementary Table 4.

Statistics and reproducibility

Statistical analyses were performed utilizing the SPSS 29 software
(IBM). For the bar and line plots, data are represented as the mean,
with variability indicated by the s.e.m. and visualized using error bars.
For thebox plots, the box bounds depict the first to the third quartile,
withthe middlelineindicating the median and the whiskers extending
to the minimum and maximum values. For the violin plots, the data
range from the minimum to the maximum values, with the middle
line showing the median and accompanied by a kernel density plot
rotated on both sides. Normality of data distribution was assessed
using the Shapiro-Wilk test. Equal variances of data were tested using
Levene’s test. Data derived from two different conditions were com-
pared using a two-tailed Student’s ¢-test (normal distribution, equal
variances), two-tailed Welch’s t-test (normal distribution, unequal
variances) or Mann-Whitney U-test (non-normal distribution). For
comparisons of three or more datasets, aone-way ANOVA, followed by
Tukey’s or Dunnett’s multiple comparisons test (normal distribution,
unequal variances), or Kruskal-Wallis test, followed by Dunn’s multi-
ple comparisons test (non-normal distribution or unequal variances)
were performed. For all statistical evaluations, athreshold of P< 0.05
was established for determining statistical significance. No statisti-
cal method was used to pre-determine sample size but our sample
sizes are similar to those reported in previous publications'***’, For
the in vivo experiments, mice were randomly assigned to different
treatment groups. No data were excluded from the analyses. Data
collection and analysis were not performed blind to the conditions
of the experiments. Detailed statistical analyses have been provided
(Source Data).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Adult mouse testicular scRNA-seq datasets were downloaded fromthe
GEO database (GSE112393, GSE210368 and GSE249819) and the OMIX
repository (OMIX1000). Proteomic datasets for LC-EVs and tMac-EVs
have been deposited into the ProteomeXchange (http://www.ebi.
ac.uk/pride) under the accession codes PXD059780 and PXD059652,
respectively. Source data are provided with this paper. All other data
supporting the findings of this study are available from the correspond-
ing author onreasonable request.
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Extended DataFig. 1| See next page for caption.
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Extended Data Fig. 1| LCs release extracellular particles in response to
testosterone production. a, Schematic diagram depicts experimental design.
b, The gating strategy of primary LCs sorting by FACS. ¢, Representative images
of primary tdTomato* LCs stained with CYP17A1, F4/80 and DAPI (n = 5 biological
replicates). Scale bar, 10 pum. d, Quantification of the proportion of CYP17A1*
LCsamong tdTomato® cells (n = Sbiological replicates). e, Schematic diagram
depicts experimental design. Primary LCs were treated with PBS (Con) or hCG
(101U/L).f, Representative confocal images of primary LCs showing LC-derived
particles (n =4 biological replicates per group). Scale bars, 10 pm. Inset shows
boxed regions that are magnified. Scale bars, 5 um. g, Schematic diagram depicts
the experimental design. Mice received i.p. injections of saline (Con) or hCG
(11U/mouse). h, Representative confocal images of testicular sections from
Cyp17a1®; R26'™°™*° mice, illustrating the presence of LCs and LC-derived

particles (n =4 mice per group per group). Scale bars, 5 um. Inset shows boxed
regions that are magnified. Scale bars, 2 pm. i, Schematic diagram depicts
experimental design. Cyp17a1“"; R26"™™ mice received i.p. injections of
saline (Con) or LH (50 pg/mouse).j, The serum testosterone concentrations
were analysed in the mice treated with saline (Con) or LH (n = 6 mice per group).
k, Representative confocal images of testicular sections from Cyp17a1®;
R26'™m° mice, illustrating the presence of LCs and LC-derived particles. Scale
bars, 3 um. Inset shows boxed regions that are magnified. Scale bars,1 pm.1, The
number of particles were quantified in the two groups (n = 6 mice per group).
Data are represented by mean + SEM (d j,1I). Significances were determined using
Two-tailed Welch’s t-test (j) or Two-tailed Student’s ¢-test (I). Schematicsin a,e,g,i
created in BioRender. Xia, K. (2026) https://biorender.com/y8vgwsu. Source
numerical dataare provided.
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Extended DataFig. 2| LCs are interdigitated with tMacs in adult testes.

a, Distance between LCs and tMacs, Stromal cells, Myoid cells, and Sertoli cells
inFig.1i (n=50LCs from 3 mice). b, Illustration of tissue clearing and imaging
of testes from CypI7aI®™; R26"™™; Cx3crI® mice. ¢, Bright field images of
the whole testis before and after clearing from Cyp17a1°; R26"™™°; Cx3crI°™*
mice. Scale bars, 2.5 mm. d, 3D reconstructed light-sheet images of the cleared
whole testis, showing the distribution of LCs (tdTomato*) and tMacs (GFP*).
Scale bars,1 mm (left), 100 um (middle), 60 pm (right). e, Representative
confocalimages and 3D reconstructions of the cross section of the testis from

Cyp17al®; R26"™™°; Cx3cr1®* mice (n =3 mice). The testes sections were
counterstained with DAPI. Scale bars, 500 pum (left), 50 pm (middle), 10 pm
(right). f, Flow cytometry analysis showing the percentage of tdTomato® particles
within CD45'CD11b*F4/80" tMacs in saline-treated (Con) or hCG-treated mice
(hCG); WT were used as a negative control (n = 5 mice per group). Dataare
represented by mean + SEM (a). Significances were determined using Kruskal-
Wallis test (a). Schematic in b created in BioRender. Xia, K. (2026) https://
biorender.com/wurmnz4. Source numerical dataare provided.
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Extended DataFig. 3 | Isolation and characterization of LC-EVs.

a, Experimental design for purifying LC-EVs by serial centrifugation and FACS.

b, The gating strategy for sorting LC-EVs by FACS in the 3,000g pellets from
Cyp17a1®; R26'“™™° mice. ¢, Representative images of pellets from the 50, 300,
650, and 3,000g fractions, respectively (n = 3 biological replicates). Scale bars,
50 pm (50g,300g, and 650g), 2 pm (3,0008). d, Experimental strategy to label
LCs membranes by intratesticular injection of AAV-DIO-Lck-EGFP into the testes
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of Cyp17aI®; R26“™™° mice. e, Representative confocal images of the testes
from AAV-DIO-Lck-EGFP-injected Cyp17a1®™; R26'™™ mice. The testes sections
were counterstained with DAPI (n =5 mice). Scale bar, 50 pm. f, Percentage

of LCsinfected with AAV-DIO-Lck-EGFP (n = 5mice). Dataare represented as
mean + SEM (f). Schematicsin a,d created in BioRender. Xia, K. (2026)
https://biorender.com/xIblvjy. Source numerical data are provided.
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Extended Data Fig. 4 | Defective mitochondria are preferentially extruded by
evading MYO6-mediated retention. a, Representative western blot images of
MA-10 cells stably transfected with either a non-targeting scrambled shRNA (sh-
Scr) or an shRNA targeting the Kif5b gene (sh-Kif5b) (n = 3 biological replicates
per group). b, Quantification of KIF5B protein levels in MA-10 from the two
groups (n =3 biological replicates per group). ¢, Representative western blot
images of MA-10 cells stably transfected with either a non-targeting scrambled
shRNA (sh-Scr) or an shRNA targeting the Myo6 gene (sh-Myo6) (n = 3 biological
replicates per group). d, Quantification of MYO6 protein levelsin MA-10

from the two groups (n =3 biological replicates per group). e, Representative
immunofluorescence images of the MA-10 cells from different groups (n =4
biological replicates per group). Scale bars, 15 um. Inset shows boxed regions
that are magnified. Scale bars, 5 pm. f, Flow cytometry analysis of the proportion

of mitoDsRed" particles among the GFP* particles secreted by MA-10 in sh-Scr, sh-

Kif5b or sh-Myoé6 groups (n = 4 biological replicates per group). g, Quantification
of mitoDsRed" GFP* particles by flow cytometry (n =4 biological replicates

per group). h, The gating strategy for MA-10 mitochondria with low TMRE

(the lower 20%) and high TMRE (the higher 20%) via FACS after hCG (10 1U/L)
treatment. TMRE was used to stain for MMP. mito, TMRE" mitochondria; L, low
TMRE; H, high TMRE (n = 3 biological replicates). i, Detection and quantification
of the mean fluorescence intensity (MFI) of KIFSB-AF488 in low TMRE or high
TMRE mitochondria (n =3 biological replicates per group). j, Detection and
quantification of the MFI of MYO6-AF488 in the two groups by flow cytometry
(n=3biological replicates per group). k, Representative confocal images of the
testes from Cyp17a1®™; R26'™™** mice. The testes sections were counterstained
with F4/80 and early endosome marker (RAB5) (n =3 mice). Scale bars, 2 pum.

1, Representative confocal images of the testes from Cyp17a1®; R26'™*° mice.
The testes sections were counterstained with F4/80 and late endosome marker
(RAB7?) (n =3 mice).Scale bars, 2 pm. Data are represented by mean + SEM
(b,d,g,ij). Significances were determined using one-way ANOVA (g) or Two-tailed
Student’s t-test (b,d,i,j). Source numerical data and unprocessed blots

are provided.
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Extended Data Fig. 5| LC-EVs transport defective mitochondria to CD206hi
tMacs. a, Schematic diagram depicts experimental design. Adult Cd11b°™
mice were weekly injected with vehicle (vehicle) or Diphtheria Toxin (DT)

for atotal of 3 consecutive injections, and testes were collected for analysis

7 days after the last injection. b, Representative confocal images of the testes.
Thetestes sections were stained with IBA1 (n = 6 mice per group). Scale bars,
20 pm. ¢, Quantification of the number of tMacs between the 2 groups (n=6
mice per group). d, Intratesticular testosterone levels of mice between the

2 groups (n =6 mice per group). e, Schematic diagram depicts experimental
design. Adult Cyp17a1®™; R26"“™™° mice were unilaterally injected liposome-
clodronate (CL,DMP) into the testis to deplete tMacs, while the contralateral
testis was injected with control liposome (Con). The analyses were performed
atindicated time points. f, Representative images of testis stained with IBA1
21days after liposome injection (n = 5 mice per group). Scale bars, 50 pm.

g, The number of tMacs at 21 days after liposome injection between the
2groups (n=5mice per group). h, Intratesticular testosterone levels of

mice at the indicated times after liposome injection between the 2 groups

(n=4mice pergroup).i, The gating strategy for sorting CD206" tMacs and
MHCII" tMacs from Cyp17a1®; R26'7°™°; Cx3cr1°* mice. j, Representative
images of testis from Cyp17a1®; R26'™™*° mice stained with CD206 and MHCII
(n=5mice).Scalebars, 5 um. Inset shows boxed regions that are magnified. Scale
bars, 2 um. k, Percentage of CD206" tMacs and MHCII" tMacs containing LC-EVs
(n=5mice).l, Representative fluorescence micrographs of WT mice stained

with CD206, MHCII, and CYP17A1to detect the distance between LCs and tMacs
subsets (n =3 mice). Scale bars, 20 pm. m, Distance between LCs and CD206"
tMacs, MHCII" tMacs (n = 50 LCs from 3 mice). Data are represented by box plots
(c,d,g) or mean + SEM (k,m). Box plots: the box bounds depict the first quartile
to the third quartile, with the middle line indicating the median and the whiskers
extending to the minimum and maximum values. Significances were determined
by Two-tailed Student’s ¢-test (c,d,g), Two-tailed paired ¢-test (h), Two-tailed
Welch’s t-test (k) or Two-tailed Mann-Whitney U-test (m). Schematicsina,e
created in BioRender. Xia, K. (2026) https://biorender.com/klcrpuu. Source
numerical dataare provided.
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Extended Data Fig. 6| TREM2 is a phagocytic receptor for LC-EVs. a, Schematic
diagram depicts experimental design. Cx3crI®t® (Con) or Cx3cr1¢™®; Trem2""
(cKO) mice were treated with TAM, and then analysed at indicated time points.

b, Quantitative RT-PCR analysis of Trem2 expression in Con or cKO mice 14 days
after treatment with TAM (n = 3 mice per group). ¢, Representative images of
testes stained with TREM2 and F4/80 in Con or cKO mice 14 days after injections
of TAM (n =5 mice per group). Scale bars, 5 um. d, Quantification of TREM2
expression on tMacs (n =5 mice per group). e, Schematic diagram depicts
experimental design. tMacs were sorted from Con or cKO mice, and then co-
cultured with mitoD2" LCs isolated from Cyp17aI®; R26™*°"* mice, respectively.
f, Representative images of Con-tMacs and cKO-tMacs co-cultured with mitoD2*
LCsfor24 h (n=5biological replicates per group). Scale bars, 5 pm. g, Percentage
of tMacs containing mitoD2" signals (n = 5biological replicates per group).

h, Representative TEM images of testes from Con or cKO mice (n = 4 mice per
group). Scale bars, 1 um. Inset shows boxed regions that are magnified. Scale
bars, 200 nm. i, Quantification of the ratio of cristae area to mitochondrial

area (n =80 mitochondria within LCs and LC-EVs from 4 mice for each group).

Jj, Quantification of the number of mitochondria within LC-EVs (n =4 mice per
group, 5 view fields were captured and 2,000 pm?images were analysed for each
mouse). k, Schematic diagram depicts experimental design. Testes tissues from
Cypl7aI®®; R26™°P2 mice were cultured with vehicle (Con) or TREM2 inhibitor
A9 (1A9) for 48 h before analysis. I, Representative confocal images of testes
tissues cultured with Con or [A9. Testes sections were immunostained with
F4/80 (n = 4 biological replicates per group). Scale bars, 3 pm. m, Percentage

of tMacs containing mitoD2" signals (n = 4 biological replicates per group).

n, The concentrations of testosterone in the supernatant of cultured testes
tissue treated with Con or IA9 (n = 5 biological replicates per group). Dataare
represented by mean + SEM (b j), box plots (d,g,m,n), or violin plots (i). Box plots:
the box bounds depict the first quartile to the third quartile, with the middle
line indicating the median and the whiskers extending to the minimum and
maximum values. Significances were determined by Two-tailed Student’s t-test
(b,gj,m), Two-tailed Welch'’s t-test (d,n), or Two-tailed Mann-Whitney U-test (i).
Schematicsina,e k created in BioRender. Xia, K. (2026) https://biorender.com/
begwixv. Source numerical data are provided.
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Extended DataFig. 7 | Testosterone production induces intercellular transfer
of materials from tMacs to LCs. a, Representative confocal images of cells that
transfer tdTomato® particles to LCs in TAM-induced Cx3cr1®*; R26'™°™° mice,
Sma‘tR; R264ma mice, Pdgfra®t; R26'°m*° mice and Amh°™; R26'™omato
mice (From left to right). Testes sections were immunostained for CYP17A1

and counterstained with DAPI (n = 4 mice per group). Scale bars, 10 pm. Inset
shows boxed regions that are magnified. Scale bars, 2 pm. b, Quantification
ofthe percentage of LCs that phagocytosed particles originating from
indicated cell types (n =4 mice per group). ¢, Representative confocal images
and 3D reconstruction of LCs taking up GFP* tMac particles from the testes

of Cyp17a1®; R26"™™°; Cx3cr1°™ mice. These mice were injected i.p. with
Saline (Con) or hCG (11U/mouse) (n = 3 mice per group). Scale bars, 3 um.3D
reconstruction shows Inset boxed regions that are magnified, scale bars, 3 pm.
d, The percentage of LCs uptake tMac-derived particles (n = 3 mice per group).
e, The experimental design is illustrated in the schematic diagram. Cx3cr1®*
mice wereinjected i.p. with Saline (Con) or hCG (11U/mouse). Testicular single-

cell suspensions were then prepared, and LCs were labelled with antibodies

for subsequent analysis. f, The percentage of LCs that acquired tMac-derived
particles was determined by flow cytometry (n = 5 biological replicates per
group). g, The percentage of LCs that acquired tMac-derived particles (n=35
biological replicates per group). h, Serum LHin Cyp17a1®"; R26'™™; Cx3cr1°™
mice at 96 h after Saline (Con) or degarelix (40 mg/kg) treatment (n = 6 mice per
group). i, Testosterone levels in mice from the 2 groups (n = 6 mice per group).

Jj, Representative confocal images of the testes from the 2 groups (n = 6 mice per
group). Scale bars, 7 um. Inset shows boxed regions that are magnified. Scale bar,
2 um. Inset shows boxed regions that are magnified. Scale bar, 2 pm.

k, Percentage of LCs containing tMac-derived particles in mice from the 2
groups (n =6 mice per group). Data are represented by mean + SEM (b,d,g,h,i k).
Significances were determined using one-way ANOVA (b), Two-tailed Student’s
t-test (d,g k), or Two-tailed Welch'’s t-test (h,i). Schematicsina,e created in
BioRender. Xia, K. (2026) https://biorender.com/6urrzth. Source numerical data
are provided.
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Extended Data Fig. 8 |Isolation and characterization of tMac-EVs.

a, Experimental design for enriching and purifying tMac-EVs by serial
centrifugation and FACS. b, The gating strategy for sorting tMac-EVs by FACS in
the 3,000g pellets from Cx3cr1" mice. ¢, Representative images of pellets from
the 50g,300g, 650g, and 3,000g fractions, respectively. Scale bars, 50 um (50g,
300g, and 650g) and 5 um (3,000g) (n = 3 biological replicates). d, Experimental
strategy to label tMacs with membrane-targeted GFP in Cx3cr1“®®; mTmG

mice. e, Representative confocalimage and 3D reconstruction of tMac-EVs

(with mitochondria) within LCs. The testes sections from TAM-induced
Cx3crI®*t}; mTmG mice were immunostained with TOMM20 and LCs marker
(3B-HSD) (n =3 mice). Scale bars, 5 pum. Inset shows boxed regions that are
magnified. Scale bar,1 pm. Schematicsina,d created in BioRender. Xia, K. (2026)
https://biorender.com/2813hkn.
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Extended DataFig. 9 | Strategies for labelling mitochondria of LCs,

sorting tMacs and MHCIIhi tMac-EVs. a, Experimental strategy to label LCs
mitochondria by intratesticular injection of AAV-mito-mCherry into the testes
of WT mice. b, Representative confocal images of the testes from AAV-mito-
mCherry-injected WT mice (n =4 mice). Scale bar, 30 um. ¢, Percentage of LCs
infected with AAV-mito-mCherry (n =4 mice). d, The gating strategy for
sorting CD206 " tMacs and MHCII" tMacs from Cx3crI®®; R26™°P? mice.

e, Experimental strategy to isolate MHCII" tMac-EVs in Cx3cr1°" mice by FACS.

f, Detection and quantification of the percentage of MHCII" tMac-EVs from
Cx3crI®" mice by FACS (n = 5 biological replicates). g, Analysis of mitochondria
signal in purified MHCII" tMac-EVs by FACS (n = 5 biological replicates).

h, Testosterone levelsin LCs culture medium after 6 h of treatment (n = 5 biological
replicates). i, ATP levels of LCs from the 3 groups (n = 5 biological replicates). Data
arerepresented as mean = SEM (c,f-i). Significances were determined using one-
way ANOVA (h,i). Schematicsin a,e created in BioRender. Xia, K. (2026) https://
biorender.com/22gt4hs. Source numerical data are provided.
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Extended Data Fig. 10 | VCAML1 is an adhesive receptor for tMac-EVs.

a, Experimental strategy to label LCs by intratesticular injection of AAV-CAG-GFP-
U6-sgScramble (AAV-GFP-sgScr) into the testes of Cyp17a1®; R26*WToma mjce,
b, Representative confocal images of the testes from AAV-GFP-sgScr injected
Cyp17al®e; R265%dTomae mice The testes sections were counterstained with DAPI
(n=5mice).Scalebar, 20 pm. ¢, Percentage of LCs infected with AAV-GFP-sgScr
(n=5mice).d, The gating strategy for sorting tMac-EVs containing mitochondria
by FACS inthe 3,000g pellets from TAM -induced Cx3cr1°*t® R26™°P? mice.

e, Representative images of tMac-EVs containing mitochondria after FACS (n =5
biological replicates). Scale bar, 5 pm. f, Schematic diagram depicts experimental
design. Testes tissues from Cx3crI“°®; R26™°°? mice were cultured with IgG or
VCAM1 mono-antibody (anti-VCAM]I) for 48 h before analysis. g, Representative
confocal images of testes tissues cultured with IgG or anti-VCAML. Testes
sections were immunostained with CYP17A1and counterstained with nuclear

dye TWO-PRO-3 (white) (n = 5 biological replicates per group). Scale bars,

10 um. h, Percentage of LCs containing mitoD2" signals (n = 5 biological replicates

per group). i, The concentrations of testosterone in the supernatant of cultured
testes tissue treated with IgG or anti-VCAMI1 (n = Sbiological replicates per
group).j, Schematic diagram depicts experimental design. Testes tissues from
Cx3cr1°* mice were cultured with IgG or ITGB1 mono-antibody (anti-ITGB1) for
48 hbefore analysis. k, Representative confocal images of testes tissues cultured
withIgG or anti-ITGP1. Testes sections were immunostained with CYP17Aland
counterstained with DAPI (n = 5 biological replicates per group). Scale bars,

2 um. 1, Percentage of LCs containing GFP* signals (n = 5 biological replicates per
group).m, The concentrations of testosterone in the supernatant of cultured
testes tissue treated with IgG or anti-ITGB1 (n = Sbiological replicates per group).
Data are represented by mean + SEM (c) or box plots (h,i,l m). Box plots: the

box bounds depict the first quartile to the third quartile, with the middle line
indicating the median and the whiskers extending to the minimum and maximum
values. Significances were determined using Two-tailed Student’s ¢-test (h,i,l, m).
Schematicsina,fjcreated in BioRender. Xia, K. (2026) https://biorender.com/
mdov2hb. Source numerical data are provided.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

>
~
Q

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name, describe more complex techniques in the Methods section.

A description of all covariates tested

XX X XK

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

O OO0 o o

X X X
O X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Quantitative RT-PCR was performed using the Light Cycler 480 Detection System (Roche). For flow cytometry, data was collected on MoFlo
Astrios EQs (Beckman Coulter) and CytoFLEX SRT (Beckman Coulter). Immunofluorescence images were captured using DMi8 (Leica), LSM800
(Zeiss), LSM980 (Zeiss), FVMPE-RS (OLYMPUS), NSPARC (Nikon) and Dragonfly CR-DFLY-202 2540 (Andor).

Data analysis SPSS 29 software (IBM SPSS Statistics, Armonk, NY, USA) was used for statistical analysis. Imaris 10.0 (Bitplane AG) was used to quantify the
number of cells and reconstruct 3D images. FlowJo v 10.9.0 (FlowJo LLC, Ashland, OR, USA) was used to analyze FACS data. The ScCRNA-seq
data was analyzed using R version 4.4.0 with Seurat-5.1.0, complexHeatmap_2.16.0, nebulosa_1.0.1, clusterProfiler_4.8.3, CellChat-2.1.2.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Adult mouse testicular scRNA-seg datasets were downloaded from theGEO database (GSE112393, GSE210368,GSE249819) and the OMIX repository (OMIX1000).
Proteomic datasets for LC-EVs and tMac-EVs have been deposited into the ProteomeXchange (http://www.ebi.ac.uk/pride) under accession codes PXD059780 and
PXD059652, respectively. Source data have been provided in Source Data. All other data supporting the findings of this study are available from the corresponding
author on reasonable request.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size All sample size was indicated in figure legends. Sample size was chosen on our previous experience, experimental approach and standard
practices in the field (PMID: 37697644; PMID: 36270285). The current sample size is considered to be sufficient since we noticed statistical
differences and acceptable variations in replicated independent experiments. Statistical methods were not applied to determine the sample
size.

Data exclusions  All data were included in the study.
Replication All experiments were conducted with at least three or more experiments.
Randomization  The mice at a similar age were randomly assigned to each group.

Blinding All the experiments were performed and analyzed by the researcher blinded to the group assignment. Quantification of images were
conducted by technicians blinded to the treatment assignment. We ensure that there was no human bias during data acquisition and analysis.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Antibodies =
Antibodies used The antibodies used in this study are provided in the Method section of the manuscript and supplementary information 3
(Supplementary table 4):
Flow Cytometry:
FcR (Bioxcell, 156603, IF 1:500); CD45-PE/Cy7 (Biolegend, 157206, FC 1:100); CD11b-FITC (Biolegend, 101205, FC 1:100); F4/80-Violet
(Biolegend, 123137, FC 1:100);F4/80-Alexa Fluor 647 (Biolegend, 123122, FC 1:100, IF 1:100); MHCII-PE (Biolegend, 107607, FC
1:100, IF 1:100); MHCII-APC/Cyanine7 (Biolegend, 107627, FC 1:100); TREM2-FITC (Thermo Fisher Scientific, MA5-28223, IF 1:100);
ITGB1-PE (eBioscience, 12-0291-81, IF 1:100); LHCGR-PE (Bioss, bs-0984R-PE, 1:100);
Primary antibodies:
IBA1 (GeneTex, GTX100042, IF 1:400); PDGFRa (Abcam, AB203491, IF 1:200); aSMA (Arigobio, ARG52485, IF 1:200); aTubulin
(Proteintech, 66031-1-Ig, IF 1:200); TOMM?20 (Abcam, AB186735, IF 1:200); LAMP1 (DSHB, 1D4B, IF 1:400); CYP17A1 (CST, 94004S, IF
1:400); VCAM1 (R&D, AF643, IF 1:400); RABS (CST, 3547, IF 1:100); RAB7 (Proteintech, 84741-1-RR, IF 1:200); MYO6 (Proteintech,
26778-1-AP, wb 1:1000),KIF5B (ABclonal, A15284, wb 1:1000).
Secondary Antibodies:
Goat Anti-rabbit Alexa Fluor 488 (Invitrogen, A11037, 1:1000);
Goat Anti- rabbit Alexa Fluor 594 (Invitrogen, A32740, 1:1000);
Goat Anti-rabbit Alexa Fluor 647 (Invitrogen, A32733, 1:1000);
Goat Anti-rat Alexa Fluor 594 (Invitrogen, A-11007, 1:1000);
Goat Anti-mouse Alexa Fluor 488 (Invitrogen, A32723, 1:1000);
Donkey Anti-goat Alexa Fluor 488 (Invitrogen, A-11055, 1:1000).
Validation https://www.biolegend.com/en-gh/explore-new-products/trustain-fcx-plus-anti-mouse-cd16-32-antibody-17085?GrouplD=GROUP20

https://www.biolegend.com/en-gb/products/pecyanine7-anti-mouse-cd45-antibody-19247?GrouplD=ImportedGROUP1
https://www.biolegend.com/en-gb/products/fitc-anti-mouse-human-cd11b-antibody-347?GrouplD=BLG 10660
https://www.biolegend.com/fr-ch/products/brilliant-violet-421-anti-mouse-f4-80-antibody-7199?GrouplD=BLG5319
https://www.biolegend.com/nl-be/products/alexa-fluor-647-anti-mouse-f4-80-antibody-4074?GrouplD=BLG5319
https://www.biolegend.com/nl-be/products/alexa-fluor-647-anti-mouse-cd206-mmr-antibody-7427?GrouplD=BLG9506
https://www.biolegend.com/en-gb/products/pe-anti-mouse-i-a-i-e-antibody-367?GrouplD=BLG11931
https://www.biolegend.com/en-gb/products/apc-cyanine7-anti-mouse-i-a-i-e-antibody-5966?GrouplD=BLG11931
https://www.thermofisher.cn/cn/zh/antibody/product/TREM2-Antibody-clone-78-18-Monoclonal/MA5-28223
https://www.thermofisher.cn/cn/zh/antibody/product/CD29-Integrin-beta-1-Antibody-clone-eBioHMb1-1-HMb1-1-
Monoclonal/12-0291-82

https://www.biosschina.com/#/productDetail?goods_id=442125
https://www.genetex.cn/Product/Detail/lbal-antibody/GTX100042
https://www.abcam.cn/products/primary-antibodies/pdgfr-alpha-antibody-epr22059-270-ab203491.html
https://www.arigobio.cn/anti-alpha-smooth-muscle-Actin-antibody-1A4-ARG52485.html
https://www.ptgcn.com/Products/tubulin-Alpha-Antibody-66031-1-Ig.htm
https://www.abcam.cn/products/primary-antibodies/tomm?20-antibody-epr15581-54-mitochondrial-marker-ab186735.html
https://dshb.biology.uiowa.edu/1D4B
https://www.cellsignal.com/products/primary-antibodies/cyp17al-e6a7g-xp-rabbit-mab/94004
https://www.rndsystems.com/cn/products/mouse-vcam-1-cd106-antibody_af643
https://www.cellsignal.com/products/primary-antibodies/rab5-c8b1-rabbit-mab/3547
https://www.ptgcn.com/products/RAB7A-Antibody-84741-1-RR.htm
https://www.ptgcn.com/Products/MYO6-Antibody-26778-1-AP.htm

https://abclonal.com.cn/catalog/A15284
https://www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-Rabbit-lgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-
Polyclonal/A32731
https://www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-Rabbit-1gG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-
Polyclonal/A32740
https://www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-Rabbit-1gG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-
Polyclonal/A32733
https://www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-Rat-1gG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A-11007
https://www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-Mouse-lgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-
Polyclonal/A32723
https://www.thermofisher.cn/cn/zh/antibody/product/Donkey-anti-Goat-IgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A-11055




Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) MA-10 cell line was obtained from ATCC, ATCC number CRL-3050. RAW264.7 cell line was obtained from Procell, catalog
number CL-0190.

Authentication The cell lines were authenticated by morphology and short tandem repeat profiles prior to use.
Mycoplasma contamination The cell lines were tested for mycoplasma at several times during this research and only used if the results were negative.

Commonly misidentified lines  The cell line used in this study is not present in the registry of commonly misidentified lines.
(See ICLAC register)

Animals and other research organisms
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Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals All mice used in this study were on a C57BL/6J background. All mice used in this study were induced between 8-16 weeks of age,
except for the aging mice were 12 months and 18 months old. All mice were housed in the Sun Yat-sen University Animal Center
under specific conditions of constant temperature (24+1°C), relative humidity (50%—60%), and a 12h light/12h dark cycle.

Wild animals No wild animals were used in this study.

Reporting on sex Male C57BL/6J mice.

Field-collected samples  This study did not involve Field-collected samples.

Ethics oversight All animal studies and experimental procedures were approved by the Sun Yat-sen University Institutional Animal Care and Use
Committe (2023-000189).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks N/A

Novel plant genotypes  N/A

Authentication N/A

Flow Cytometry

Plots
Confirm that:
|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).
|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation The testes of mice were cut into small pieces and subsequently digested in 1 mg/mL Collagenase IV (Gibco, Grand Island, NY,
USA) and 200 pg/mL DNase | (Gibco) in DMEM/F12 (Gibco) at 37°C for 15 min with slow shaking (100 cycles/min). For cells,
(1) After digestion, single-cell suspensions were obtained by gentle pipetting, filtered through a 70 um strainer and
centrifuged at 256 g for 5 min at 4°C. (2) After digestion, single-cell suspensions were obtained by gentle pipetting. For
particles, We used a strategy of serial centrifugation at 50 g, 300 g and 650 g to discard pellets and keep supernatant for a
final centrifugation at 3000 g for 5 min at 4°C. Cell and LC/TM-particles staining was completed using the antibodies outlined




in Supplementary table 4.

Instrument Samples are run on a MoFlo Astrios EQs (Beckman Coulter, Pasadena, CA, USA) and CytoFLEX SRT (Beckman Coulter)
Software CytExpert SRT 1.1 (Beckman Coulter) and FlowJo v 10.9.0 (FlowJo LLC, Ashland, OR, USA)

Cell population abundance At least 20,000 cells/particles were collected for each sample.

Gating strategy FSC/SSC circled the physical gate, then FSC-A/FSC-H circled the single cells or particles, and the positive populations were

defined by the control (Extended Data Fig. 1b, 2f, 3b, 4h, 5i, 8b, 9d, 10d).

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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	An extracellular vesicle-mediated mitochondrial transfer network critical for testosterone synthesis

	Results

	Testosterone production induces intercellular transfer of materials from Leydig cells to testicular macrophages

	Leydig cells release extracellular vesicles with defective mitochondria

	Testicular macrophages eliminate Leydig cell-derived mitochondria to protect Leydig cells from dysfunction

	CD206hi testicular macrophages mediate the removal of LC-EVs through the phagocytic receptor TREM2

	Leydig cells acquire materials from testicular macrophages in response to testosterone production

	Leydig cells acquire extracellular vesicles with functional mitochondria from testicular macrophages

	Leydig cells integrate testicular macrophage-derived mitochondria to support testosterone production

	Leydig cells mainly uptake mitochondria from MHCIIhi testicular macrophages

	Adhesive molecule VCAM1 mediates the uptake of testicular macrophages-derived mitochondria by Leydig cells

	Mitochondrial transfer network between Leydig cells and testicular macrophages declines with age


	Discussion
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