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Abstract
Fetal testis growth involves cell influx and extensive remodeling. Immediately after sex determination in mouse, macrophages 
enable normal cord formation and removal of inappropriately positioned cells. This study provides new information about 
macrophages and other immune cells after cord formation in fetal testes, including their density, distribution, and close 
cellular contacts. C57BL6J mouse testes from embryonic day (E) 13.5 to birth (post-natal day 0; PND0), were examined 
using immunofluorescence, immunohistochemistry, and RT-qPCR to identify macrophages (F4/80, CD206, MHCII), T cells 
(CD3), granulocytes/neutrophils (Ly6G), and germ cells (DDX4). F4/80+ cells were the most abundant, comprising 90% of 
CD45+ cells at E13.5 and declining to 65% at PND0. Changes in size, shape, and markers (CD206 and MHCII) documented 
during this interval align with the understanding that F4/80+ cells have different origins during embryonic life. CD3+ cells 
and F4/80−/MHCII+ were absent to rare until PND0. Ly6G+ cells were scarce at E13.5 but increased robustly by PND0 to 
represent half of the CD45+ cells. These immunofluorescence data were in accord with transcript analysis, which showed 
that immune marker mRNAs increased with testis age. F4/80+ and Ly6G+ cells were frequently inside cords adjacent to 
germ cells at E13.5 and E15.5. F4/80+ cells were often in clusters next to other immune cells. Macrophages inside cords at 
E13.5 and E15.5 (F4/80Hi/CD206+) were different from macrophages at PND0 (F4/80Dim/CD206−), indicating that they have 
distinct origins. This histological quantification coupled with transcript information identifies new cellular interactions for 
immune cells in fetal testis morphogenesis, and highlights new avenues for studies of their functional significance.
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Introduction

The mouse testis first forms in fetal life, with the assignment 
of male fate enabled by expression of SRY at embryonic 
day (E) 10.5 in Sertoli cells (Koopman et al. 1991). This 
initiates the emergence of the somatic lineages central to 

adult testis function, and commits the sexually indifferent 
primordial germ cells to the male fate by E12.5, when they 
become gonocytes (Adams et al. 2002). The fetal testis then 
undergoes major cellular and structural transformations, 
which enable it to ultimately perform two key functions in 
adult life: hormone secretion and production of spermato-
zoa (Wilhelm et al. 2007, 2013). There is increasing inter-
est in understanding the distribution and roles of immune 
cells during the dynamic remodeling that characterises fetal 
and newborn testis development, particularly because pro-
cesses that disrupt normal development may increase the 
risk of adult infertility and testicular neoplasia, including 
testicular germ cell tumors arising from germ cell neoplasia 
in situ (Skakkebaek et al. 2016). Macrophages have been 
of particular interest because cells in the myeloid lineage 
perform key roles in tissue remodeling and homeostasis. 
They are the most abundant immune cells in the testis at all 
ages (Mossadegh-Keller and Sieweke, 2018). Macrophage 
depletion during embryonic life has demonstrated that tes-
ticular macrophages regulate testicular vascularisation and 
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morphogenesis in the mouse (DeFalco et al. 2014). After 
birth, testicular macrophages play key roles in homeostasis, 
supporting spermatogonial differentiation, including through 
the production of CSF-1 and the promotion of Leydig cell 
testosterone production (DeFalco et al. 2015; Fijak et al. 
2017, 2018; Mossadegh-Keller and Sieweke, 2018).

In the normal adult testis, resident macrophages are 
classified into two major groups: interstitial macrophages 
that are in close contact with Leydig cells within the inter-
stitium, and peritubular macrophages on the seminiferous 
tubule surface, close to peritubular myoid cells. These are 
each predicted to perform different functions, based on 
their locations and distinct expression profiles of functional 
markers (DeFalco et al. 2015; Mossadegh-Keller et al. 2017; 
Lokka et al. 2020; Indumathy et al. 2020; Wang et al. 2021). 
Recent investigations have defined the origins of testicu-
lar macrophages using fate mapping and single-cell RNA-
sequencing (scRNAseq) analyses. The first study using fate-
mapping to examine testicular macrophage emergence at the 
earliest stages of fetal testis development provided evidence 
that macrophages present in the adult testis arise from the 
yolk sac (DeFalco et al. 2014). A subsequent analysis dem-
onstrated that adult interstitial macrophages are yolk sac-
derived, while peritubular macrophages emerge exclusively 
after birth and are bone marrow-derived (Mossadegh-Keller 
et al. 2017). More recent studies incorporating scRNAseq 
revealed that interstitial macrophages mainly originate from 
fetal liver-derived precursors, while peritubular macrophages 
develop prenatally and are detectable at birth (Lokka et al. 
2020; Wang et al. 2021). The requirement of macrophages 
for normal testis cord formation during early fetal life was 
demonstrated by the outcome of their selective depletion. In 
addition, macrophage engulfment of germ cells and Sertoli 
cells outside of nascent cords was identified at E11.5 and 
E12.5 (DeFalco et al. 2014).

CD206, also known as mannose receptor-1 (MRC-1), 
is present on both immune and non-immune cells (Sheikh 
et al. 2000), and is used as a key marker of macrophages 
with an anti-inflammatory and tolerogenic phenotype. 
In contrast, a high level of the MHC class II molecule 
(MHCII) is critical for macrophage initiation of antigen-
specific immune responses that can lead to inflammation 
(Shapouri‐Moghaddam et al. 2018). In the postnatal testis, 
CD206 is expressed on interstitial macrophages and MHCII 
is exclusively expressed on peritubular macrophages (Mos-
sadegh-Keller et al. 2017). A proposed function for MHCII 
on peritubular testicular macrophages is to present sperma-
tid-derived antigens to regulatory T cells (Treg), thereby 
inducing cell-dependent physiological tolerance against 
these antigens (Smith et al. 2016; Tung et al. 2017; Mos-
sadegh-Keller and Sieweke, 2018; Heinrich and DeFalco, 
2020). Although there are conflicting reports regarding the 
detection of peritubular macrophages at birth (Lokka et al. 

2020; Wang et al. 2021), we hypothesized that, in fetal and 
newborn mouse testis, the dominant testicular macrophage 
population would be CD206+ MHCII− in order to sustain 
an immune regulatory and tolerogenic microenvironment 
during testis remodeling and morphogenesis.

We were intrigued by the possibility that additional 
myeloid and lymphoid cells could be integral to early tes-
tis development. Based on the known functional relation-
ships between T cells, neutrophils, and macrophages during 
inflammation, we investigated whether T cells and neutro-
phils could also be present in the fetal testis. T cells (CD3+) 
can have either inflammatory or immune tolerogenic func-
tions, depending on environmental cues (Khan and Ghaz-
anfar et al. 2018). They are relatively common in the adult 
testis, representing approximately 25% of all immune cells 
in the adult rat testis (Bhushan et al. 2020). Testicular mac-
rophages, acting as antigen-presenting cells, can trigger 
adaptive immunity, auto-immunity, and inflammation in the 
testis; they can also present germ cell-derived antigens to the 
T cells under regulatory conditions to convert them to Treg 
(Bhushan et al. 2020; Wang et al. 2021), but information 
about these cells in the fetal testis is lacking.

Best understood as the first line of defense against patho-
gens, key cells in the granulocyte lineage include neutro-
phils, basophils, and eosinophils as the most abundant leuco-
cytes, that are generally best known for their role in inducing 
inflammatory factors (Lin and Loré 2017). Their engage-
ment may ultimately cause host tissue damage and increase 
both disease pathogenesis and severity if not cleared by the 
macrophages, which typically restore homeostasis (Kob-
ayashi and DeLeo 2009; Soehnlein and Lindbom 2010). In 
adults, neutrophils are abundant in circulation, and are rela-
tively short-lived, highly migratory cells which contribute 
to organ homeostasis, exhibiting daily movement in and out 
of organs in mice (Kobayashi and DeLeo, 2009; Casanova-
Acebes et al. 2013, Lok et al. 2019; Lin and Loré 2017). In 
contrast, neutrophil roles in healthy organ development are 
not established. Most studies of testicular neutrophils have 
focused on the adult in rats (Lysiak et al. 2001; Sukhotnik 
et al. 2007; Arena et al. 2020) and humans (Yamada et al. 
2016; Bolat et al. 2017), but their recruitment in the fetal 
mouse testis has been demonstrated at E12.5 in associa-
tion with vasculature development (DeFalco et al. 2014). 
Neutrophils have been documented in the human testis in 
conditions of acute bacterial epididymo-orchitis (Schuppe 
and Bergmann 2013; Fijak et al. 2018), and their presence in 
relatively high density in certain testicular germ cell tumors 
was proposed as a survival prognostic factor (Yamada et al. 
2016). Beyond this, the presence of granulocytes, including 
neutrophils, and their function during fetal testis develop-
ment in the mouse, rat, and human are undocumented.

This study addresses the emergence and localization of 
macrophages and granulocytes, which arise from a common 
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myeloid progenitor cell (Rosmarin et al. 2005) and CD3+ 
cells, during murine in utero development between E13.5 
to birth (post-natal day 0; PND0). The frequency, locali-
zation, and close cell contacts of macrophages (F4/80+ 
cells), T cells (CD3+ cells), and neutrophils (Ly6G+ cells) 
were documented following immunofluorescence (IF) and 
immunohistochemistry (IHC), including in relationship to 
gonocytes (DDX4+ cells). This histological approach avoids 
the potential for under-reporting of cell types that can arise 
following tissue-dissociation for flow cytometry (Steinert 
et al 2015), and it was extended by monitoring changes in 
the levels of transcripts relating to each of these cell types. 
The outcomes provide new ideas about what immune cells 
may contribute to normal mouse testis development to set 
the stage for adult fertility.

Materials and methods

Animals

Mice were housed at the specific pathogen-free (SPF) 
Monash Animal Research Platform or at the SPF Monash 
Monash Medical Centre Animal Facility in accordance with 
the Australian Code of Practice for the Care and Use of 
Animals for Scientific Purposes, with a 12-h light and 12-h 
dark cycle, with food and water available ad libitum. All 
investigations conformed to the National Health and Medical 
Research Council/Commonwealth Scientific and Industrial 
Research Organisation/Animal Advisory Committee Code 
of Practice for Care and Use of Animals for Experimen-
tal Purposes, and were approved by the Monash University 
Standing Committee on Ethics in Animal Experimentation. 
Timed matings of C57BL/6 J mice were performed, with the 
day of plug identified as embryonic day (E) 0.5. Pregnant 
mice were killed by cervical dislocation, and the embryos (at 
E13.5, E15.5) were immediately removed from the uterus, 
killed, and the testes collected. Embryonic age was verified 
using forelimb and hindlimb development stages. At least 
four pups per age (at E13.5, E15.5, and PND0) were ana-
lyzed from more than one litter for each age. Testes from 
three individual C57BL/6 J mice were examined on PNDs 2, 
7, 10, 15, 20, and adult to visualize Ly6G+ cell distribution.

Tissue preparation

Two different fixation and embedding approaches were 
employed. For IHC experiments, one testis from each mouse 
was immersed at room temperature (RT) in Bouin’s solution 
(30 min for E13.5, 60 min for E15.5, and 90 min for PND0), 
followed by washing in 70% ethanol (3 × 1 h). Fixed tis-
sues were processed, embedded in paraffin, and sequential 
sections of 5 μm thickness were collected onto Superfrost 

Plus microscope slides (Thermo Fisher Scientific, Waltham, 
MA, USA). For IF analyses, one testis from each mouse 
was fixed in 4% paraformaldehyde overnight at 4 °C, then 
cryoprotected in phosphate-buffered saline (PBS) first with 
15% (w/v) sucrose overnight at 4 °C, then with 30% sucrose 
solution the following day. Tissues were embedded in Tis-
sue Tek OCT compound (Sakura Finetek, USA) then stored 
at − 80 °C. Cryosections (5 μm) were placed onto Super-
frost Plus microscope slides for immediate use or stored at 
− 80 °C.

Each testis was entirely serially sectioned, with three sec-
tions placed on each slide. Four slides corresponding to the 
centre of the testis were examined with each antibody, ensur-
ing that replicate sections for each antibody were spaced at 
15–30 µm to prevent double-counting of individual cells. 
Section cross-sectional area was measured using ImageJ 
software (v.2.1.0; National Institutes of Health, Bethesda, 
MD, USA,); this did not differ significantly between samples 
within each age group (Supplementary Fig. S1A). Tissue 
embedding and sectioning were performed by staff at the 
Monash Health Research Precinct node of the Monash His-
tology Platform, Monash University.

For RNA extraction, testes at each age (n = 3/age) were 
dissected away from the mesonephros, snap-frozen imme-
diately on dry ice, and stored at – 80 °C.

Immunostaining

Immunostaining was performed using antibodies (detailed 
in Supplementary Table S1, including citations of prior 
usage) to detect all immune cells (anti-CD45), macrophages 
(anti-F4/80, anti-CD206, anti-MHC Class II), T cells (anti-
CD3), neutrophils (anti-Ly6G), laminin (anti-laminin), and 
germ cells (anti-DDX4). Adult mouse spleen was used as a 
positive control for antibodies to immune cell markers, and 
adult and newborn mouse testis were used for antibodies to 
laminin and germ cells. Each directly conjugated antibody 
bound as expected to cells in appropriate locations and with 
appropriate morphology (e.g., size, nuclear shape). Negative 
controls for unconjugated primary antibodies lacked primary 
antibodies and were used to establish background binding of 
secondary antibodies.

For IHC, sections were deparaffinized and rehydrated 
through a series of 5-min washes: twice each in histo-
lene (Trajan, Australia) and 100% ethanol, then once each 
in 95, 80, 70, 50, and 30% ethanol and deionised water. 
Heat‐induced antigen retrieval was performed by immers-
ing slides in Tris–EDTA buffer (10 mM Tris Base, 1 mM 
EDTA, 0.05% Triton X-100 (Sigma‐Aldrich), pH 9.0); 
the container with slides was microwaved for 4–5 min at 
800 W, then 9 min at 450 W, followed by cooling at RT for 
30 min. Sections were incubated for 20 min at RT with 3% 
hydrogen peroxide (Merck Millipore) to quench endogenous 
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peroxidase, followed by washes with Tris-buffered saline 
(TBS; 50 mM Tris–Cl, 150 mM NaCl, pH 7.5; 3 × 5 min). 
Sections were next incubated in blocking solution, consist-
ing of 5% normal serum from the animal, in which the sec-
ondary antibody was raised (5% in TBS) in a humid chamber 
at RT for 1 h. Primary antibodies diluted in TBS with 1% 
bovine serum albumin (BSA; Sigma-Aldrich) were applied 
overnight at 4 °C.

Slides were washed three times, 3 min each, between 
incubations at RT using TBS. Controls for non‐specific 
secondary antibody binding in all experiments lacked pri-
mary antibody; these consistently showed no signal. Pri-
mary antibody binding was detected using a biotinylated 
secondary antibody in a humid chamber for 1 h at RT. After 
consecutive washes (3 × 3 min), Vectastain Elite ABC kit 
reagents were added (Vector Laboratories, USA) according 
to the manufacturer’s instructions. Antibody binding was 
detected as a brown precipitate following development with 
3, 3‐diaminobenzidine tetrahydrochloride (Agilent Tech-
nologies, USA), then sections were counterstained with 
Harris hematoxylin (Sigma-Aldrich). Stained slides were 
then dehydrated through a graded ethanol series (once each 
in 30, 50, 70, 80, and 95% ethanol for 3 min), plus twice in 
100% ethanol and histosol (5 min). Finally, the slides were 
mounted under glass coverslips using DPX mounting media 
(Sigma‐Aldrich) and left flat overnight to air-dry before 
imaging.

Slides for indirect and direct IF stored at − 80 °C were 
air-dried for 20 min at RT and rehydrated in PBS for 10 min. 
To permeabilize the sections, 0.1% Triton X-100 (Sigma-
Aldrich) in PBS was applied for 5 min at RT. Slides were 
washed in PBS (×3), followed by a two-step blocking pro-
tocol in a humid chamber at RT. First, 5% Mouse on Mouse 
Blocking Reagent (Vector Laboratories) diluted in TBS was 
applied to sections for 30 min, then the slides were washed 
in PBS (3 min), and, finally, sections were exposed to 5% 
normal serum (from the species of secondary antibody ori-
gin)/2% BSA/PBS for 1 h. Blocking solution was replaced 
with unconjugated primary antibodies (for indirect IF) 
diluted in 2% BSA/0.1% Triton X-100/PBS, and the slides 
were incubated overnight in a humid chamber at 4 °C. Nega-
tive control sections lacked primary antibody. The next day, 
slides were washed once in 0.1% Triton X-100/PBS (3 min), 
twice in PBS (3 min each), and appropriate conjugated sec-
ondary antibodies were applied for 1 h at RT, with the slides 
protected from light from this point onwards. Secondary 
antibodies were removed, and the slides were washed as 
above. For direct immunofluorescence, after the blocking 
step, conjugated primary antibodies were added overnight 
at 4 °C, the slides were washed as above, and the sections 
were mounted under a glass coverslip using ProLong Gold 
Mountant (Invitrogen, USA) and stored at 4 °C until scan-
ning for image analysis (within 24 h).

Imaging and morphometric analysis

Immunostained sections were scanned using an Olympus 
VS120 Slide Scanner (16-bit Fluorescence; Olympus XM10 
Monochrome Camera) and analyzed using OlyVIA Software 
(2.9.1 Viewer; Olympus Life Science). The minimum detec-
tion level at which no fluorescence could be seen on the 
negative control was established as the baseline, and signals 
visible above this were considered genuine; detection levels 
were set identically for each section treated with the same 
primary and secondary antibody in an individual experiment 
to ensure consistency. Cells with a distinct signal evident at 
6000 or higher on the intensity scale were labeled as ‘Hi’, 
cells with a signal between 3000 and 6000 were identified 
as ‘Int’, and a signal less than 3000 was recorded as ‘Dim’.

Immune cells were identified based on the presence of 
a well-defined nucleus visualized using DAPI (4′,6-diami-
dino-2-phenylindole; Invitrogen, D3571, 1:1000 in PBS). 
The position of each positive macrophage within an indi-
vidual section was scored as being in the ‘perimeter’ area 
(the region between the capsule and cords) or ‘interior’ area 
(inside cords and interstitium) (Supplementary data S1B, 
S1C). Macrophage density was reported by adding the num-
ber of macrophages detected in the perimeter and interior 
areas of a section, divided by the section cross-sectional 
area (µm)2, measured using ImageJ software. Analysis was 
initially performed by blinded counting of three slides by 
two independent operators, with a variation of 5.3% for total 
macrophage numbers. The entire series was subsequently 
counted blinded, by a single operator.

RNA extraction, cDNA synthesis and quantitative 
RT‑PCR (qRT‑PCR)

Transcripts were measured by qRT-PCR in C57BL6J mouse 
testes at E13.5, E15.5, and PND0, from 3 independent sam-
ples per age. RNA extraction and DNase treatment using the 
RNeasy Mini Kit (Qiagen, Germany) was performed accord-
ing to manufacturer's instructions. RNA purity and concen-
trations were quantified on a NanoDrop™ OneC (Thermo 
Scientific, USA). Complementary DNA (cDNA) was syn-
thesized from 100 ng RNA with 500 ng oligo dTs (Promega, 
USA), 50 ng random primers (Promega), and 200 units of 
SuperScript III Reverse Transcriptase (Thermo Fisher Sci-
entific) per sample, according to the enzyme manufacturer’s 
protocol. Primers designed to span exon–exon junctions in 
target genes (Integrated DNA Technologies, USA) are listed 
in Supplementary Table S2. qRT-PCR was performed using 
SYBR-green and specific primer pairs (total 10 ng) meas-
uring each sample in triplicate; negative controls lacking 
Superscript III (− RT) were included for each sample. Runs 
conducted on Applied Biosystems QuantStudio 6 (Thermo 
Fisher Scientific) in the Genomics Centre, Monash Health 
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Translation Precinct, Clayton, AU) used the following 
cycling conditions: denaturation at 95 °C for 10 min, fol-
lowed by amplification for 40 cycles of 95 °C for 30 s, 62 °C 
for 30 s, and 72 °C for 30 s.

The RPLP0 housekeeping gene transcript was used to 
normalize transcript loading. Data were analyzed using the 
standard curve method generated by 6 serial dilutions with 
3 technical replicates using QuantStudio 6 software (v.1.3; 
ThermoFisher Scientific). Relative quantification of each 
transcript is presented as the quantity mean level. A single 
amplification product was detected for each target.

Statistical analysis

GraphPad Software (v.9.1.2; San Diego, USA) was used for 
statistical analysis and graphing. A one-way ANOVA and 
Tukey’s multiple comparison post hoc and unpaired t test 
with Welch’s correction were employed to analyze differ-
ences between age groups, as indicated. Values were con-
sidered significantly different if p < 0.05.

Results

Analysis of immunofluorescence was conducted to enumer-
ate and to categorize the localisation of the total immune cell 
population (identified as CD45+ cells), macrophages (F4/80+ 
cells), T cells (CD3+ cells), and granulocytes (Ly6G+ cells), 
including in relationship to male germ cells (DDX4+ cells) 
in sections of E13.5 and E15.5 and newborn mouse testes 
(PND0) (Fig. 1). A small proportion of Ly6G+ cells also 
displayed a F4/80Dim signal.

Testicular F4/80+ cells exhibited two distinct shapes 
(Supplementary Figure S2). The predominant macrophage 
population at E13.5 consisted of relatively large and elon-
gated cells, greater than 10 µm in diameter and featuring a 
round nucleus and intense F4/80 signal (F4/80Hi, defined as 
visible at Fixed Scaling of 6000 in OlyVIA Software). A 
population of smaller (< 10 µm) macrophages displayed a 
lesser F4/80 signal; these were first detected at E15.5, and 
consisted of rounded cells with either a rounded or poly-
morphic nucleus (Supplementary Figure S2). We speculated 
that these small, rounded F4/80Dim cells with either a band-
shaped or segmented nucleus could be granulocytes.

The number of testicular immune cells increases 
significantly during fetal development

The density of each immune cell type per testis cross-sec-
tion increased significantly as the testis grew, indicating a 
numerical increase over time (Fig. 1A). CD45+ cell density 
increased 1.74-fold from E13.5 to PND0, while F4/80+ cells 
increased 1.34-fold, and Ly6G+ cells a remarkable 114-fold. 

No CD3+ cells (T cells) were detected in the E13.5 testis; 
they were rare at E15.5 (0–1/section), and more frequent 
at PND0 (10–20/section) (Supplementary Figure S3). 
This matched the profile of the Cd3 transcript (Fig. 1A’), 
which was barely detectable at E13.5, but increased 2.5-
fold from E15.5 to PND0. Transcript levels reinforced the 
immunofluorescence data, showing the same trend for Ptprc 
(encoding CD45), Cd3 (encoding CD3), and Ly6g (encod-
ing Ly6G) over this period of testis development (Fig. 1A′). 
As stated earlier, the macrophage population transitioned 
from large, elongated F4/80Hi cells at E13.5, to include both 
F4/80Hi and small rounded F4/80Dim macrophages at E15.5 
and PND0 (Supplementary Fig. S2). This difference in the 
F4/80 marker level was aligned with qRT-PCR data; despite 
a significant increase in macrophage number from E13.5 to 
PND0, the Adgre1 transcript level (encoding F4/80) did not 
change (Fig. 1A′). The proportion of macrophages relative 
to the total immune cell number (the F4/80+:CD45+ cell 
ratio) significantly decreased: from 90% at E13.5, to 84% 
at E15.5, and to 65% at PND0 (Fig. 1B, B′). On the other 
hand, between E15.5 to PND0, there was a massive numeri-
cal increase in other immune cell types. Detection of Ly6G+ 
cells revealed that more than half (55%) of CD45+ cells in 
the newborn testis were granulocytes (Fig. 1C), and, as dis-
cussed below, were, based on their appearance, most likely 
neutrophils. The overlap between CD45+/F4/80+ cells (65%) 
and CD45+/Ly6G+ cells (55%) could be explained by a small 
proportion of small, rounded CD45+ cells which expressed 
both F4/80 and Ly6G markers.

Changing ratios between germ and immune cell 
populations

Both the density of DDX4+ cells (germ cells) and the lev-
els of the Ddx4 transcript decreased from E13.5 to PND0 
(Fig.  1D, D´). The decreasing ratio of DDX4+:F4/80+ 
cells reflects the increasing density of macrophages and 
the decreasing density of germ cells during this interval 
(Fig. 1E). The transiently elevated ratio of DDX4+:Ly6G+ 
cells at E15.5 arises from the inverse relationship in the den-
sity of each population during this interval (Fig. 1F). Since 
neutrophils are absent to rare at E13.5, no calculation was 
performed at this timepoint.

A marked redistribution of macrophages 
from the testis perimeter to interior

The distribution of testicular macrophages changed mark-
edly from E13.5 to PND0, from the perimeter into the inte-
rior of each testis section. At E13.5, 90% of F4/80+ cells 
were in the perimeter region, compared to only 26% by 
PND0 (Table 1; Supplementary Figure S4).
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Macrophages were also frequently observed attached to 
the outer layer of the testis capsule or among the mesothelial 
cells of the coelomic epithelium in the perimeter area; this 
was particularly evident at E13.5 and E15.5 (Fig. 2).

Co‑localization of immune cells and germ cells

The appearance of close contacts between non-macrophage 
cells, identified as CD45+/F4/80− and CD45−/F4/80− cells, 
and macrophages (CD45+/F4/80+) was a consistent observa-
tion, with 2–6 cells typically identified within an individual 
cluster, and between 2 and 6 clusters present in each section 
from the E15.5 and PND0 samples (Fig. 3). Polymorpho-
nuclear cells (PMNs) were detected within some clusters 
(Fig. 3B, C) located in interstitial areas or around cords. 
The CD45 signal was dim on large and elongated F4/80+ 
cells (Fig. 3D–F). The low quantity mean levels during fetal 
testis development of Ptprc, encoding CD45, compared to 
Adgre1, encoding F4/80, may reflect the low level of CD45 
on F4/80Hi cells (Fig. 1A′).

The broad distribution of F4/80+ cells was variously 
documented inside the lamina propria, adjacent to cords, 
inside cords, and in close contact with germ cells (Figs. 4, 
5). Macrophages were observed in contact with germ cells 
inside cords at E13.5 and E15.5 (and rarely at PND0), with 
between 1 and 5 in every section (Fig. 4A); this suggests 
that close contact of macrophages and germ cells inside 
cords may be a common phenomenon during this period of 
development (Supplementary Figure S5). At E13.5, apparent 
macrophage-engulfed germ cells were only rarely observed 
(between 0 and 1 per section), and these were typically close 
to the testis border with the mesonephros (Fig. 4B1). Mac-
rophages inside cords were observed both close to the base-
ment membrane and in the cord center at E13.5 (Fig. 5A2–4; 
Supplementary Figure S5; between and 2 and 5 per section). 
Similarly, at E15.5, macrophages were in contact with germ 
cells near the basement membrane of cords and inside cords 

(Fig. 5A; between and 1 and 3 per section). At PND0, there 
were few macrophages inside cords (Fig. 5B; between and 
1 and 2 per section). Whether the F4/80+ cells contacting 
the basement membrane at E13.5 and E15.5 are in transit 
between the cords and interstitium, and whether they form a 
stable population around the testis cords, is unknown. 

CD206+ macrophages are predominant at E13.5, 
but not at PND0

The predominance of CD206+ macrophages cells in the 
early fetal mouse testis up to E13.5 has been reported 
(DeFalco et al., 2014). To examine their relative frequency 
and position in later stages of fetal testis development, 
F4/80+/CD206+ and F4/80+/CD206− cells were documented 
(Table 2). At E13.5, 81% of F4/80+ cells were CD206+, 
while, at PND0, this value had declined to half (49%). 
However, the absolute number of CD206+ macrophages 
per section increased during this interval. All F4/80+ cells 
inside cords at E13.5 were CD206+ (Fig. 6A), at E15.5, 
both F4/80+/CD206− and F4/80+/CD206+ were seen 
(Fig. 6B), while at PND0, macrophages inside cords were 
CD206− (Fig. 6C, D). Therefore, at PND0, F4/80+/CD206+ 
macrophages were detected across the tissue section, except 
for inside cords. The majority of macrophages located adja-
cent to cords were F4/80+/CD206+ (Fig. 6E, F). Interstitial 
macrophages appeared either as large and elongated F4/80Hi/
CD206+ or small, rounded F4/80Dim/CD206Dim/− subtypes 
(Fig. 6G).

A variety of macrophage cell–cell contacts were fre-
quently observed in the PND0 testis, including contact 
between two CD206 positive macrophages, one CD206 posi-
tive macrophage and one negative, and a cluster of CD206 
positive and/or negative macrophages (Supplementary 
Figure S6A; Fig. 6G, H). Most CD206+ macrophages had 
an elongated, rather than rounded, shape (Supplementary 
Figure S6). The most common macrophage population in 
the perimeter area and in the mesonephros/epididymis of 
fetal and newborn testes was F4/80+/CD206+ (Supplemen-
tary Figures S6C, S7A, B). Cd206 transcript levels elevated 
modestly (1.9-fold) from E13.5 to PND0 (Fig. 7A).

Absence of MHC class II+ macrophages in fetal 
and newborn testis

The transcript encoding MHC class II (H2-eb1) increased 
3.9-fold from E13.5 to PND0 (Fig. 7B). Counting of IF 
sections revealed that F4/80+/MHCII+ cells were absent 
to rare at E13.5, but detectable by E15.5 (0–3 per sec-
tion), and significantly increased by PND0 (8–16 per sec-
tion). H2-eb1 transcript (encoding MHCII) levels roughly 
doubled from each 13.5 to E15.5 and from E15.5 to 
PND0 (1.9-fold) (Fig. 7B, C; Table 2). Based on size, the 

Fig. 1   Quantitative changes in immune cell populations in fetal tes-
tes, E13.5 to PND0. A The density of immune cells (CD45+ cells), 
macrophages (F4/80+ cells), T cells (CD3+ cells), and neutrophils 
(Ly6G+ cells) in E13.5, E15.5, and PND0 testes determined by 
counting all cells in sections labeled using immunofluorescence. A′ 
RT-qPCR results reported as quantity mean of transcripts encod-
ing corresponding immune cell markers normalized to RPLP0, with 
fold-change values between age groups indicated. N.D. Not detected. 
B The density of CD45+/F4/80+ (macrophages) and CD45+/F4/80− 
cells (non-macrophages). B′ The ratio of F4/80+:CD45+ cells. C The 
ratio of Ly6G+:CD45+ cells. D The density of germ cells (DDX4+ 
cells) from E13.5 to PND 0. D′ qRT-PCR quantity mean of tran-
scripts encoding germ cell marker Ddx4 normalized to Rplp0, with 
fold-change values between age groups indicated. E The ratio of 
DDX4+ to F4/80+. F The ratio of DDX4+ to Ly6G+ cells (neutro-
phils). Circles show results from individual animals; values represent 
mean ± SD. Significance determined using 2-tailed unpaired t test.
*p ≤ 0.05 , **p ≤ 0.01 , ***p ≤ 0.001 , ****p ≤ 0.0001

◂
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population of F4/80−/MHCII+ cells could be divided into 
less than or equal to 10 µm, or greater than 10 µm diameter 
(Fig. 7D; Supplementary, Figure S7C). Contact between 
F4/80−/MHCII+ cells with one or more F4/80+ cells was a 
common observation at PND0 (Fig. 7E, F). Also, we iden-
tified clusters of large F4/80Hi/CD206+, small F4/80Dim/
CD206−, and F4/80−/MHCII+ cells (Fig. 7G). Almost all 
F4/80+ cells from E13.5 to PND0 were MHCII−; however, 
we detected extremely rare and infrequent (0–1 per section) 
F4/80+/CD206+/MHCII+ cells at PND0 (Fig. 7H).

CD3+ cells populate the newborn testis

Because almost half the population of CD45+ cells in the 
PND0 testis were not F4/80+, we reasoned that immune cell 
types other than macrophages must populate the fetal and 
newborn testis. As the rare detection of a CD3+ cell in the 
E12.5 mouse testis was previously reported (DeFalco et al. 
2014), we addressed the possibility that T cells may be con-
tributing to the changing immune cell density. By immuno-
fluorescence, the commonly used pan-T cell marker, CD3+, 
and its encoding transcript were not detected at E13.5, 
although a few cells were detectable (0–1 cell/section) at 
E15.5 (Supplementary, Figure S3). In the newborn testis, 
however, CD3+ cells were present in the perimeter region, 
interstitium, and positioned adjacent to cords (Fig. 8A). 
Contact between one or two CD3+ cells and F4/80+, appear-
ing as a cluster, was a frequent observation at PND0 (2–4 
clusters/ section) (Fig. 8B, C). CD3+ cells were occasionally 
found adjacent to the cord membrane (Fig. 8D).

Ly6G+ cell density increases dramatically 
through fetal testis development

At the first stage of this investigation, we checked for the 
presence of neutrophils using anti-MRP14/S100A9, which 
marks both neutrophils and monocytes (Wang et al. 2021), 
and observed positive cells with high frequency in the new-
born testis. We then examined the potential presence of 

neutrophils, identified here as Ly6G+ cells, as this cell type 
is commonly linked to tissue remodeling. The highly-spe-
cific Ly6G marker recognizes all mouse neutrophil subtypes, 
but has also been reported on some macrophages (Wang 
et al. 2021). Their frequency was very low at E13.5 (0–3 
Ly6G+ cells per section) and had increased substantially by 
E15.5 (27–67 per section) (Fig. 1A, A′). The Ly6G+ popula-
tion increased even further, to represent more than half of 
the CD45+ cells, at PND0 (80–100 per section; Fig. 1C). 
Ly6G+ cells were detected in the interstitium, and were both 
next to and inside cords, but they were rare to absent in the 
perimeter region. The distribution of the increasing num-
ber of these cells at E15.5 and PND0 appeared asymmetric 
across the section: they were predominantly detected in the 
section interior and were rarely in the perimeter (Supple-
mentary Figure S8). This contrasts with the macrophage 
distribution, which shifts from the perimeter to the inte-
rior between E13.5 and PND0 (Table 1). Ly6G+ cells were 
frequently noted inside some cords adjacent to germ cells 
only at PND0 (Fig. 9). Ly6G+ cell co-localization with mac-
rophages (F4/80+) and/or with other immune cells (CD45+ 
cells lacking either F4/80 or Ly6G), including as clusters 
adjacent to cords and/or in interstitial areas was also regu-
larly observed (Fig. 10). Some Ly6G+ cells in the fetal tes-
tis showed a dim F4/80 signal. This was documented using 
two independent antibodies, one which was unconjugated 
(in-house) and the other directly conjugated (commercial), 
leading to our conclusion that two distinct Ly6G+ cell popu-
lations are present, one lacking F4/80 and one with a low 
level of this protein (Fig. 10F). The presence of more than 
50 Ly6G + cells per section in the newborn testis coincided 
with the robust elevation of Lyg6 between E15.5 and PND0, 
signifying a clear answer to the question of what cell type 
became prevalent alongside macrophages at this age. This 
increase around the time of birth was followed by a signifi-
cant drop in their number afterwards, with 5–10 cells per 
section identified at day 2, 3–5 cells at day 7, and 0–1 from 
day 10 to adulthood (Fig. 11).

Table 1   Quantification of 
macrophage distribution in fetal 
and newborn testis sections

For each individual animal, four sections were examined from the middle of each testis. The perimeter (P) 
region of each section is delineated as the area lacking cords, in contrast to the interior (I) region (illus-
trated in Supplementary Fig. 1)
n number of animals in each group

E13.5 (n = 5) E15.5 (n = 8) PND0 (n = 4)

Perimeter
 Average mean (min–max) 16 (6–23) 23.13 (12–33) 36.25 (25–50)

Interior
 Mean (min–max) 3.6 (6–18) 27.25 (20–39) 101.3 (85–118)
 Ratio of P:I 4.4 0.84 0.35

Total number (P + I)
 Mean ± standard deviation (min–max) 19.6 ± 6.5 (20–37) 50.38 ± 6.7 (42–59) 137.5 ± 8.7 (112–152)
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Discussion

Although the importance of macrophages for the initial 
stages of testis cord formation in the fetal testis is widely 
accepted, there is a gap in understanding which other 
immune cells contribute to testis growth after the cords first 
form, up to shortly after birth when spermatogenesis is ini-
tiated. In addition, macrophage origins and roles in post-
natal testis growth and ongoing adult spermatogenesis in 
homeostatic conditions remain key discussion points in the 
field (DeFalco et al. 2014; Mossadegh-Keller et al. 2017; 
Mossadegh-Keller and Sieweke, 2018; Lokka et al. 2020; 
Wang et al. 2021). The present study extends outcomes from 
previous investigations of fetal testis macrophages by exam-
ining their phenotype and distribution in the interval follow-
ing sex determination through to birth in the mouse testis. 
The documentation of CD3+ and Ly6G+ cell emergence is 
an important finding which highlights the dynamic nature of 
immune cell subpopulations in the fetal testis, revealing their 
close association with germ cells. The potential presence of 
B cells in the fetal mouse testis at E13.5 was examined previ-
ously using the B220 marker in sections, and no B cells were 
detected (DeFalco et al. 2014). We also checked for B cells 
using CD19 as a marker by IF, and no positive cells were 
identified at any age (data not shown). An important caveat 
to this study is the well-documented heterogeneity of each 
immune cell population, including macrophages, granulo-
cytes, and T cells, so that the detection of a single marker 
must be interpreted with caution. For example, T cell line-
age markers have been reported on macrophages and other 
myeloid cells (Chávez-Galán et al. 2015), and Ly6G is found 
on some macrophages (Wang et al. 2021) in experiments 
using flow cytometry. However, histological evaluation of 
the cells expressing each of these markers remains an effec-
tive approach to providing cell type identification.

The changing landscape of immune cell 
subpopulations in the fetal mouse testis

Quantitative analysis of sections examined using indirect 
immunofluorescence documented the increasing density of 
immune cells (CD45+), highlighting changes in the rela-
tive contributions of macrophages (F4/80+), T cells (CD3+), 
and neutrophils (Ly6G+) (Fig. 1). While each subpopula-
tion increases significantly in density between E13.5 and 
PND0, indicating their numerical elevation, the proportion 
of F4/80+:CD45+ cells decreased significantly, while Ly6G+ 
cells were rare to absent at E13.5. Thus, while our E13.5 
data agree with the earlier report that 90% of CD45+ cells 
in the E12.5 testis are macrophages (DeFalco et al. 2014), 
it was surprising that, by PND0, about half of CD45+ cells 
in the testis were Ly6G+. The detection of both Ly6G+ and 

CD3+ cells in the newborn testis indicates that the immune 
milieu is altered dramatically by the time shortly after birth 
that spermatogenesis commences.

Two phenotypes of fetal testicular macrophages

Based on a previous ontological investigation, F4/80Hi mac-
rophages detectable before E14.5 are known to be yolk sac-
derived, while F4/80Int are fetal liver-derived and emerge 
by E16.5 (Lokka et al. 2020). In agreement with this, we 
detected only elongated F4/80Hi macrophages at E13.5, 
while, at E15.5 and PND0, both elongated F4/80Hi and 
small, rounded F4/80Dim macrophages were noted. The dim 
expression of CD45 on testicular macrophages at E13.5 is 
consistent with previous reports (DeFalco et al. 2014; Lokka 
et al. 2020), while higher levels were observed at E15.5 and 
PND0. Adult kidney and microglia also contain two CD45+ 
macrophage subpopulations, with “intermediate” and “high” 
signals, which are proposed to have different origins (Lee 
et al. 2018; Rangaraju et al. 2018). The low level of CD45 on 
testicular macrophages during fetal life indicates that this is 
not an appropriate marker for first gating in flow cytometry 
or cell sorting techniques to study testicular macrophages 
at these developmental stages. In contrast, CD45 on Ly6G+ 
cells which appeared to be neutrophils was present at high 
and readily detectable levels.

The previous report of fetal testicular macrophages con-
centrated near the gonad–mesonephros boundary at E10.5 
and E13.5 demonstrated that a substantial proportion of 
macrophages originate and enter the testis from the mesone-
phros (DeFalco et al. 2014). We also observed macrophages 
at E13.5 and E15.5 on the mesonephros side of the testis, 
and note that they frequently appeared to be attached to 
and crossing through the capsule. Intriguingly, these later 
profiles appeared highly similar to leukocyte extravasa-
tion (Muller, 2013). The subsequent redistribution of mac-
rophages from perimeter to the interior region of the testis 
contrasts with the localization of neutrophils. Ly6G+ cells 
are rare at E13.5 but increased from E15.5 onwards; they 
appeared asymmetrically distributed across the fetal testis 
sections at E15.5. Also, the lack of macrophages detected 
inside the lumen of blood vessels at E13.5, E15.5, and PND0 
contrasts with the frequent observation of Ly6G+ cells inside 
vessels, particularly at PND0, a distinction that merits fur-
ther careful analysis.

While confirming the previous report of F4/80+ polymor-
phonuclear cells in the fetal and newborn testis (Lokka et al. 
2020), we also identified some Ly6G+ granulocytic cells, 
most likely neutrophils, that were F4/80+. In agreement with 
previous investigations, no MHC class II+ macrophages were 
detected in the fetal testis, with only rare CD206+/MHCII+ 
macrophages (0–1 per section) at PND0 (Mossadegh-Keller 
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et al., 2017; Lokka et al. 2020; Wang et al. 2021). The main 
population of E13.5 macrophages, consisting of large, elon-
gated, CD45Dim/F4/80Hi/CD206+/MHCII− cells, became less 
prominent with the emergence of smaller, rounded CD45Int/
F4/80Dim/CD206−/MHCII− cells at E15.5. This may reflect 
the imperative for a shift from a predominantly immunosup-
pressive macrophage population towards one that includes 
more immune-reactive macrophages at birth. These findings 
consolidate the understanding that there are at least two dis-
tinct populations of macrophages in newborn mouse testis, 
as well as several other immune cell types.

Cell–cell interactions of immune cells in the fetal 
testis

The full functional significance of the close localization 
and apparent contact between different immune cell sub-
sets is unknown, but may include roles in fetal testis mor-
phogenesis, immune regulation, and germ cell removal and 
development, all of which are integral to the foundations of 
male fertility. The phagocytosis of germ and Sertoli cells 
by macrophages in E11.5 and E12.5 mouse testes has been 
previously demonstrated (DeFalco et al. 2014), and we also 
observed germ cells outside the cords apparently engulfed 
by macrophages at the mesonephro–testis border at E13.5. 
Also consistent with the report of macrophages inside tes-
tis cords at E11.5 and E12.5 (DeFalco et al. 2014), and in 
accord with the detection of macrophages inside cords up 
to 2 weeks after birth (Lokka et al. 2020), we found mac-
rophages inside cords, but at a declining incidence from 
E13.5 to birth. In contrast, Ly6G + cells were observed 
inside cords, but only at PND0. We also observed immune 
cells in close contact with other immune cell types from 
E13.5 to PND0, with between 4 and 10 immune cell clusters 
in each section, appearing more frequently with advanced 
age development. While the functional significance of these 
contacts is unknown, we speculate that macrophages may 

process germ cell antigens that are subsequently exposed 
to regulatory T cells for induction and maintenance of 
immune tolerance during adult life (Tung et al. 2017; Fijak 
et al. 2018; O'Donnell et al. 2021), or they may produce fac-
tors, such as activins or CSF-1, that influence germ and/or 
Sertoli cell development, as identified for the adult mouse 
testis (DeFalco et al. 2015). Based on others’ observations 
from early fetal testis development (DeFalco et al. 2014; 
Mossadegh-Keller et al 2017), and long-standing evidence 
of close structural and functional relationships between mac-
rophages and Leydig cells in postnatal testes (Hutson 1992; 
Gaytan et al. 1994; Fadel and Sarzotti 2000), we acknowl-
edge that the important interactions between these immune 
cells and the developing Leydig cells and vasculature may 
be highly relevant to identifying points of vulnerability that 
affect postnatal testis growth and function.

Testicular CD3+ cells

We observed few CD3+ cells at E15.5, aligned with the 
report of DeFalco et al. (2014). This was unsurprising, 
because T cell development occurs late in fetal life, while 
the first thymic T cells are detectable in murine lymph nodes 
at E18–E20 (Fadel and Sarzotti 2000). Several T cells in the 
PND0 testis appeared to contact macrophages. However, the 
interaction of macrophages and T cells is not likely to be 
through MHC class II (H2-Eb1), because almost all mac-
rophages at PND0 appeared to lack this marker. Most of the 
small number of MHCII+ cells in PND0 testes were F4/80−, 
indicating either that another antigen presenting molecule 
is present on testicular macrophages, or that antigen pres-
entation through MHCII is not the function of T cell–mac-
rophage interactions at PND0. The finding of T cells in the 
fetal testis, both adjacent to cords and in interstitial regions 
at PND0, suggests that, similar to adult macrophages 
(DeFalco et al. 2015; Mossadegh-Keller et al. 2017), there 
are at least two functionally distinct subpopulations.

Ly6G+ cells in the fetal testis

Neutrophils constitute a key Ly6G+ cell population that 
plays critical roles in antibacterial immune responses, induc-
ing inflammation, regulation of the hematopoietic niche, 
and angiogenesis, but their role in morphogenesis during 
development is much less well defined (McGrath et al. 2015; 
Christoffersson and Phillipson et al. 2018; Casanova-Acebes 
et al. 2018; Carnevale et al., 2020). An early report indicated 
that neutrophils are not detected in the adult rodent testis 
under normal condition, but can enter from the blood sup-
ply in pathophysiological conditions (O‘Bryan et al. 2000). 
Neutrophils have reported in mouse and rat testes with infec-
tion or testicular torsion, including in ischemia–reperfusion 
models (Lysiak et al. 2001, 2004; Celebi and Paul, 2008; 

Fig. 2   Immune cells attached to the outer layer of the testis capsule 
and amongst the mesothelial cells of the coelomic epithelium (in the 
perimeter region), visualized by immunofluorescence. Lower mag-
nification images on left, with white boxes indicating regions shown 
in high magnification on right hand panels; dimensions as indicated. 
A Whole E13.5 testis Sect. (1) F4/80+ cell attached to testis capsule 
outer layer. (2) CD45+/F4/80− cell amongst mesothelial cells. (3) 
F4/80+ cell inside the capsule, amongst mesothelial cells. B F4/80+ 
cell embedded in the capsule lamina (white arrow). C F4/80+ cells 
attached to the capsule outer layer (white arrows) and in the perimeter 
(orange arrow). D and D′ CD45+/F4/80− cells attached to the outer 
layer of capsule (white arrows). E In PND0 testis section, F4/80+ cell 
attached to the capsule outer layer. F At PND0, F4/80+ cells attached 
to the outer capsule layer (white arrow), amongst mesothelial cells 
(yellow arrow), and in perimeter area (orange arrow). F4/80 pan-
macrophage marker, CD45 pan-immune cell marker, DDX4 pan-germ 
cell marker, laminin extracellular matrix, DAPI nuclei. Marker colors 
are indicated above each panel set

◂
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Michel et al. 2016; Fijak et al. 2018), and in human testicular 
tumors (Akhtar et al. 1996), all relating to the adult testis.

In this report, we have made the remarkable identification 
of Ly6G+ cells as the second-most frequent immune cell 
population in the newborn mouse testis. The only previous 
evaluation of neutrophils in the fetal mouse testis, conducted 
using flow cytometry, identified 9% of CD45+ cells as neu-
trophils (Gr-1 + cells) at E12.5 (DeFalco et al. 2014), while 
our analysis of tissue sections identified neutrophils as rare 
to absent at E13.5 (0–3 cells per section). The difference 
between these two observations may reflect the sensitivity of 
these distinct approaches. Murine fetal neutrophils are pre-
sent in both the liver and bloodstream by E11.5, and expand 

rapidly in both compartments; neutrophil phenotypes in the 
E12.5 liver are consistent with early through late neutrophil 
maturation stage phenotypes. The initiation of hematopoie-
sis in the bone marrow at E18.5 (Sugiyama et al. 2011) fits 
with the present finding that the Ly6G+ population increases 
in the mouse testis to compromize more than half of the 
CD45+ population by birth. The remarkable drop in Ly6G+ 
cell prevalence in the testis shortly after birth, and their near 
absence from the adult mouse testis, provide a strong indica-
tion that these cells serve a highly specific role in a particular 
stage of testis development. The abundance of Ly6G+ cells 
in this period of late fetal testis development, and at the 
onset of spermatogenesis, coincides with the movement of 

Fig. 3   Contacts and co-localization of macrophages (CD45+/F4/80+) 
with immune (CD45+/F4/80−) and other cells (CD45−) in fetal and 
newborn mouse testes. A E15.5 testis. Contact between CD45+/
F4/80+ and CD45+/F4/80− cells. Upper panels CD45+/F4/80− cell 
(pink arrow) contacting CD45+/F4/80+ cells. B–F PND0 testis. B (1) 
Co-localization of a CD45+/F4/80+ and CD45+/F4/80− cell; (2) two 
CD45+/F4/80+ cells flanking a CD45+/F4/80− cell. C A polymorpho-
nuclear (PMN) CD45+ cell flanked by a CD45+/F4/80+ and a CD45+/
F4/80− cell within a cluster of CD45− cells (e.g., pink arrow). D Co-

localisation of a CD45+/F4/80+, a CD45+/F4/80− and a PMN; white 
arrow indicates the dim level of CD45 on CD45+/F4/80+ cell. E A 
CD45+/F4/80− cell engulfed by a CD45+/F4/80+ cell; white arrow 
indicates the very dim CD45+ signal on a CD45+/F4/80+. F Con-
tact between a CD45+/F4/80− cell with a CD45DimF4/80+ cell (white 
arrow). White boxes in low-magnification images on the left in B–D 
correspond to high-magnification panels on the right. Marker colors 
are indicated above each panel set
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Fig. 4   Proximity of macrophages (F4/80+) with germ cells (DDX4+) 
and cord basement membrane (laminin) in the E13.5 testis. A The 
number of F4/80+ cells inside cords per section, from E13.5 to 
PND0. Each point represents the average of 3 sections per biological 
sample. Asterisk indicates p ≤ 0.05.  B1 Germ cell engulfed by a mac-
rophage on the side of the testis adjacent to the mesonephros (white 

arrow). B2–B4 Macrophages inside cords. B5 Macrophage in close 
contact with cord basement membrane. White boxes in high-magnifi-
cation panels refer to low-magnification images to the right or below). 
Dotted white line in B1 denotes border between testis and mesone-
phros. Marker colors indicated above for each panel set
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Fig. 5   Proximity of macrophages (F4/80+) to germ cells (DDX4+) 
and cord basement membrane (laminin) in E15.5 and PND0 testes. 
A1 Germ cell in close contact with a macrophage, on the side of 
the testis adjacent to the mesonephros (white arrow). A2–A3 Mac-
rophages inside cords. A4 A macrophage positioned in the middle 
of the cord basement membrane (white arrow). B Co-localisation of 

a macrophage with germ cells in cord center (white arrow). White 
boxes in high-magnification panels refer to adjacent low-magnifica-
tion images (A1–A3). Dotted white line in A1 and B denotes testis–
rete cord testis border. Marker colors are indicated above each panel 
set
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Table 2   Quantification of CD206 positive and negative macrophage in E13.5 to PND0 testis sections

The values presented are the average of the number of cells counted in each of 4 cross-sections per sample, to emphasize the expanding number 
of these cells over this period of testis growth
n number of independent biological samples in each group

Age E13.5 n = 5 E15.5 n = 8 PND0 n = 4

Number of F4/80+ cells per cross 
section

 Mean ± SD  (min-max)

19.6 ± 8.6 (7–31) 39.5 ± 11.4 (30–60) 141.5 ± 7.3 (136–152)

Number of F4/80+CD206+ and 
F4/80+CD206− cells per cross 
section

 Mean (min–max)

CD206+ CD206− CD206+ CD206− CD206+ CD206−

16 (7–26) 3.6 (0–10) 24 (16–37) 15.43 (13–23) 70.5 (68–74) 70.5 (68–74)

Proportion of F4/80+ cells also 
expressing CD206+

81% 60% 49%

Number of MHCII+/F4/80− cells per 
cross section

 Mean ± SD (min–max)

0.2 (0–1) 4.1 ± 3 (0–10) 15 ± 4.9 (9.7–19.8)

Fig. 6   Features of F4/80Hi/CD206+ and F4/80Int/Dim/CD206− cells 
in the E13.5 to PND0 mouse testis. A F4/80Hi cells in close contact 
with germ cells inside cords were CD206+ at E13.5 (white arrows). B 
Small F4/80Int cells in close contact with germ cells inside cords were 
CD206− at E15.5 (pink arrows). C and D Small F4/80Int/CD206− 
inside cords vs. large F4/80Hi/CD206+ cells outside cords at PND0. 
E and F A small F4/80Int/CD206− cell in the interestituim (pink 
arrows) and two large F4/80Hi/CD206+ cell in the cord perimeter area 

(white arrows). G A cluster of F4/80Hi/CD206+ cells (white arrow) 
and small F4/80DimCD206− cells (pink arrows). H Contact between 
two large F4/80Hi/CD206+ cells with small, rounded F4/80Int/CD206− 
cells (pink arrows). I Co-localisation a small F4/80Int/CD206− and a 
large F4/80Hi/CD206+ cell. Marker colors are indicated above each 
panel set. White boxes on low-magnification images refer to the high-
magnification panels
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germ cells from the cord center to the perimeter, as they 
transform from gonocytes into spermatogonia. Their func-
tion may be related to a transient modification of the peri-
cord environment or perhaps even the Sertoli cells, aligned 
with their known role in tissue remodelling (Peiseler and 
Kubes 2019).

In contrast to the finding that macrophages are frequent 
near the mesonephros at E13.5 and E15.5, Ly6G+ cells are 
mostly absent from this location. Their predominant loca-
tion in the section interior, close to and inside vessels from 
E15.5 onwards, may reflect a role in vascularization of the 
fetal testis, essential for normal testis development, includ-
ing formation of fetal Leydig cells, smooth muscle cells, and 

pericytes (Lysiak et al. 2001; Coveney et al. 2008; Kumar 
and DeFalco 2018). It will be important to consider their 
mechanism of recruitment to the developing testis, particu-
larly as signaling molecules such as CXCL12, which recruits 
and maintains CXCR4+ neutrophils in lung (Carnevale et al. 
2020), are also central to early germline development (Heck-
mann et al. 2018). A signaling link, such as the common 
potential for germ cells and neutrophils to respond to the 
Sertoli cell-derived products including CXCL12 and activin 
A, may explain why we observed neutrophils and germ cells 
co-located within the fetal testis.

Neutrophils have been increasingly identified as being 
heterogeneous in both structure and function, with a capacity 

Fig. 7   Features of MHC Class II+ cells in the newborn (PND0) 
mouse testis. A Cd206 transcript levels. B H2-eb1 (encoding MHC 
class II) transcript levels. RT-qPCR results reported as quantity mean 
of transcripts normalized to RPLP0; fold-change values between age 
groups indicated. C The density of F4/80−/MHCII+ cells at each age, 
from E13.5 to PND0 testis cross-sections. D Large (≥ 10 µm) (1) or 
small (≤ 10 µm) F4/80−/MHCII+ cells (2, 3). E, F Contacts between 
small F4/80−/MHCII+ and F4/80+/MHCII− cells. G Three exam-

ples of clusters of large F4/80Hi/CD206+ cells (white arrows), small 
F4/80Int/CD206− cells (pink arrows) and small F4/80−/MHCII+ cells 
(yellow arrows). Additional, unidentified cells present in clusters are 
indicated (blue arrows). H A rare, single F4/80+/CD206+/MHCII+ 
cell. In D–F White boxes on low-magnification images refer to the 
high-magnification panels. Marker colors are indicated above each 
panel set
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for functional plasticity, and are predominantly reported in 
relationship to adult pathologies (Christoffersson and Phil-
lipson, 2018; Carnevale et al. 2020). Changes in neutrophil 
maturation status are distinguished by their cell and nuclear 
shape (Hong, 2017). Here, we make the intriguing observa-
tion of Ly6G+ cells with two distinct phenotypes: those with 
round, kidney-shaped and segmented nuclei were detected 
at E15.5, while, at PND0, the dominant population was 
that with segmented nuclei. Based on their phenotypes, the 
Ly6G+ cells appeared to represent early- and mid-develop-
mental neutrophil stages at E15.5 and the late differentiated 
stage at PND0. The application of additional markers will be 

required to track the developmental and functional trajectory 
of these cells within the nascent testis.

We observed further evidence of Ly6G+ cell heterogene-
ity in the early testis, indicating there are at least two popu-
lations: one clearly F4/80+ positive and one negative/dim 
for F4/80. While the transcript encoding F4/80, Adgre1, is 
detectable in murine neutrophils, the protein is not normally 
expressed on the cell surface (Sasmono et al. 2007). How-
ever, purified Ly6G+ cells express CSF-1R after overnight 
culture, and can subsequently differentiate to form F4/80+ 
macrophages in response to CSF-1 (Sasmono et al. 2007). 
It will be exciting to learn how the complex milieu of the 

Fig. 8   Location and cell–cell interactions of CD3+ cells (T cells) in 
the PND0 mouse testis. A Testicular T cells at PND0 indicated by 
arrowheads. B T cells appearing to be dividing. C Co-localisation 
of macrophage (F4/80+) and CD3+ cells (arrowheads). White boxes 

on low-magnification images refer to the high-magnification panels 
on the right. D A macrophage surrounding two CD3+ cells in close 
contact with the basement membrane (laminin+). Marker colors are 
indicated above each panel set.
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developing testis may attract and instruct granulocyte matu-
ration and function.

In conclusion, this study documents for the first time the 
progressive emergence of neutrophils and T cells, the fre-
quency and localisation of macrophages, T cells, neutro-
phils, and their association with germ cells in the developing 
fetal mouse testis. The findings from this study are sum-
marized in alignment with the timing of hematopoiesis in 

Fig. 9   Localization and cell contacts of Ly6G+ cells (neutrophils) in 
fetal and newborn mouse testes. A Ly6G+ cells in the interstitium 
at PND0. B Ly6G+ cells at cord perimeter areas at E15.5. C Ly6G+ 
cells inside cords at PND0 (dark arrowheads). D Several Ly6G+ cells 
in close proximity are present in the interstitium, near the cord perim-
eter and inside cords (white arrows) at PND0. E Co-localisation of 
Ly6G+ cells and DDX4+ cells inside cords (white arrows) at PND0. 
Marker colors are indicated above each panel set. Black and white 
boxes on low-magnification images refer to the high-magnification 
panels

◂

Fig. 10   Interactions of Ly6G+ cells (neutrophils) with other cells in 
the newborn mouse testis (PND0). A Two Ly6G+ cells in the cord 
perimeter area displaying a dim F4/80 signal (white arrows). B A 
neutrophil in contact with two macrophages: one semi-rounded 
macrophage in the cord perimeter area (orange arrows) and another 
in the interstitial area (white arrows), and a grouping of Ly6G+ and 
F4/80+Ly6G− cells (yellow arrow). C Co-localisation of a neutrophil 
(white arrow) with several CD45+ cells. D Co-localisation of two 

Ly6G+ cells with CD45+ cells at cord perimeter (orange arrows). Co-
localisation of a CD45+/Ly6G+ and a CD45+/Ly6G− cell in the inter-
stitium (white arrows). E A Ly6G+ (white arrow) and a F4/80+Ly6G− 
(macrophage; yellow arrow) attached to each other. F Two Ly6G+ 
cells displaying different F4/80 levels. White boxes on lower-magni-
fication images refer to the high-magnification panels on the right. 
Marker colors are indicated above each panel set or directly on fig-
ures
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the murine yolk sac, fetal liver, and bone marrow (Mikkola 
and Orkin 2006; Hoeffel and Ginhoux 2015; Mevel et al. 
2019) (Fig. 12). In particular, it establishes an understand-
ing of the changing proportions of germline and immune 
cells that occur during fetal testis development in the mouse. 
Our understanding of the nature of the interactions between 
germline and immune cells is in its infancy. The production 
of Csf1 by macrophages as a modulator of spermatogonial 
fate (DeFalco et al 2014) and IL-6 by seminoma cells (tes-
ticular germ cell tumors; Klein et al. 2016) are two exam-
ples of the potential cross-talk mediators between testicular 
immune and germ cells in different physiological states. The 
capacity to identify potential reciprocal signaling pathways 

by inspecting data from single-cell RNA sequencing analy-
ses offers a new strategy to generate hypotheses about the 
functional significance of the co-location of these cells in the 
highly dynamic fetal testis. By revealing the frequent, close 
cellular contacts between macrophages, T cells, and neutro-
phils during testis development, we provide information that 
will be key to understanding how immune cells function dur-
ing development of the fetal mouse testis and influence mat-
uration of the earliest male germ cells. Information gained 
from this study should be considered in the development of 
strategies to support in vitro germline growth, for example, 
by adding immune cells into scaffolds or organoids.

Fig. 11   Ly6G+ cells (neutrophils) in mouse testis sections from birth 
to adulthood. Higher-magnification images in black boxes show 
Ly6G+ cells inside cords at PND0. Red circles with black arrows 
indicate all neutrophils detected in each section, except for the PND0 

sample which had more than 50 labeled cells. The minimum and 
maximum number of Ly6G+ cells in the central section of each of 3 
testes per age testis shown in parentheses. After day 10, Ly6G+ cells 
were rare to absent



365Histochemistry and Cell Biology (2022) 158:345–368	

1 3

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00418-​022-​02129-6.

Acknowledgements  The authors would like to thank Profes-
sors  Michael Hickey and Richard Kitching (Monash University) 
for the provision of reagents and technical advice. In addition, they 
acknowledge important contributions from staff, particularly Angela 
Vais, in the Monash Histology Platform (Department of Anatomy and 

Developmental Biology, Monash University) for the provision of train-
ing, instrumentation, and technical assistance.

Author Contributions  All authors contributed to the intellectual content 
of the manuscript and approved the final version to be published. SH 
performed the experiments, and with KL, analyzed the data, prepared 
the figures, and wrote the manuscript. SH and KL were responsible 
for the conception and design of the research. SM, SI, MH, KL inter-
preted the experimental results. SM, SI, DF, H-CS and MH critically 

Fig. 12   Anatomical distribution of hematopoiesis in the developing 
mouse and summary of study outcomes. A Primitive hematopoie-
sis starts at E7.5 in the yolk sac. At approximately E9.5, the aorta-
gonad-mesonephros region accommodates hematopoiesis, followed 
by hematopoiesis in placenta and fetal liver at E11.5. The bone mar-
row is the predominant hematopoietic tissue from about E14.5 and 
throughout adulthood (Mikkola and Orkin, 2006; Hoeffel and Gin-
houx, 2015; Mevel et  al., 2019). B CD45+ cell density increased 
from E13.5 to PND0. C The phenotype of F4/80+ cells in the E13.5 
testis interstitium was large and F/80Hi/CD206+, while, from E15.5, 
a small F/80Int/Dim/CD206− population was detected. F4/80+ cells 
inside cords at E13.5 were exclusively large and F/80Hi/CD206+. 

Macrophages inside cords were large F/80Hi/CD206+ and small 
F/80Int/Dim/CD206− at E15.5, and small F/80Int/Dim/CD206− at PND0. 
D F/80−/MHC class II+ cells increased from rare/single at E13.5 to 
PND0. E CD3+ cells were not detected at E13.5. Single CD3+ cells 
were observed at E15.5, with scattered CD3+cells present at PND0. 
F Ly6G+ cells were rare at E13.5, while, by PND0, they represented 
half of the testicular immune cell population. A lower number of 
Ly6G+ were observed at PND7, but they were rare to absent after 
PND10 and in the adult testis. G F4/80+ cells in clusters with CD45+, 
CD3+, Ly6G+, F4/80−/MHCII+ cells were noted with increasing fre-
quency from E13.5 to PND0

https://doi.org/10.1007/s00418-022-02129-6


366	 Histochemistry and Cell Biology (2022) 158:345–368

1 3

reviewed the data and manuscript. All authors have reviewed the data 
and manuscript.

Funding  Open Access funding enabled and organized by CAUL and 
its Member Institutions. This work was supported by the Deutsche 
Forschungsgemeinschaft (DFG) and Monash University as part of the 
International Research Training Group between Justus Liebig Univer-
sity of Giessen and Monash University, Melbourne (GRK 1871/2) on 
“Molecular pathogenesis on male reproductive disorders.” KL was sup-
ported by NHMRC grants (Fellowship, 1079646; Projects, 1081987, 
1181516); MH was supported by NHMRC grants (Fellowship, 1020269 
and Project Grant 1063843); KL and MH received support from the 
Victorian State Government Operational Infrastructure Scheme. DF 
and HCS were supported by the LOEWE focus group “MIBIE” (Male 
infertility during infection & inflammation), an excellence initiative of 
the German state government of Hessen.

Data availability  The data used in this study are available from the 
corresponding authors upon reasonable request.

Declarations 

Competing interests  The authors declare no competing interests.

Conflict of interest  The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that 
could be construed as a potential conflict of interest.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Adams IR, McLaren A (2002) Sexually dimorphic development of 
mouse primordial germ cells: switching from oogenesis to sper-
matogenesis. Development. https://​doi.​org/​10.​1242/​dev.​129.5.​
1155

Akhtar M, al-Dayel F, Siegrist K, Ezzat A, (1996) Neutrophil-rich 
Ki-1-positive anaplastic large cell lymphoma presenting as a tes-
ticular mass. Mod Pathol 9(8):812–815 (PMID: 8871921)

Arena S, Peri FM, Nascimben F, Romeo C (2020) Colchicine and 
neutrophils in testicular ischemia/reperfusion injury. Urol J 
17(5):531–533. https://​doi.​org/​10.​22037/​uj.​v16i7.​6380

Bhushan S, Theas MS, Guazzone VA, Jacobo P, Wang M, Fijak M 
et al (2020) Immune cell subtypes and their function in the testis. 
Front Immunol 30(11):583304. https://​doi.​org/​10.​3389/​fimmu.​
2020.​583304

Bolat D, Aydoğdu Ö, Polat S, Yarımoğlu S, Bozkurt İH, Yonguç T 
(2017) Predictive value of preoperative neutrophil-to-lymphocyte 
ratio on the prognosis of germ cell testicular tumors. Turk J Urol 
43(1):55–61. https://​doi.​org/​10.​5152/​tud.​2016.​38924

Carnevale S, Ghasemi S, Rigatelli A, Jaillon S (2020) The complex-
ity of neutrophils in health and disease: focus on cancer. Semin 
Immunol 48:101409. https://​doi.​org/​10.​1016/j.​smim.​2020.​101409

Casanova-Acebes M, Pitaval C, Weiss LA, Nombela-Arrieta C, Chèvre 
R, Noelia A et al (2013) Rhythmic modulation of the hematopoi-
etic niche through neutrophil clearance. Cell 153(5):1025–1035. 
https://​doi.​org/​10.​1016/j.​cell.​2013.​04.​040

Casanova-Acebes M, Nicolás-Ávila JA, Li JL, García-Silva S, Bal-
achander A, Rubio-Ponce A (2018) Neutrophils instruct home-
ostatic and pathological states in naive tissues. J Exp Med 
215(11):2778–2795. https://​doi.​org/​10.​1084/​jem.​20181​468

Celebi M, Paul AG (2008) Blocking E-selectin inhibits ischaemia-
reperfusion-induced neutrophil recruitment to the murine testis. 
Andrologia 40(4):235–239. https://​doi.​org/​10.​1111/j.​1439-​0272.​
2008.​00849.x

Chávez-Galán L, Olleros ML, Vesin D, Garcia I (2015) Much more 
than M1 and M2 macrophages, there are also CD169(+) and 
TCR(+) macrophages. Front Immunol 26(6):263. https://​doi.​org/​
10.​3389/​fimmu.​2015.​00263

Christoffersson G, Phillipson M (2018) The neutrophil: one cell on 
many missions or many cells with different agendas? Cell Tissue 
Res 371(3):415–423. https://​doi.​org/​10.​1007/​s00441-​017-​2780-z

Coveney D, Cool J, Oliver T, Capel B (2008) Four-dimensional analy-
sis of vascularization during primary development of an organ, 
the gonad. Proc Natl Acad Sci U S A 105(20):7212–7. https://​doi.​
org/​10.​1073/​pnas.​07076​74105

DeFalco T, Bhattacharya I, Williams AV, Sams DM, Capel B (2014) 
Yolk-sac-derived macrophages regulate fetal testis vascularisation 
and morphogenesis. Proc Natl Acad Sci U S A 111(23):E2384–
E2393. https://​doi.​org/​10.​1073/​pnas.​14000​57111

DeFalco T, Potter SJ, Williams AV, Waller B, Kan MJ, Capel B (2015) 
Macrophages contribute to the spermatogonial niche in the adult 
testis. Cell Rep 12(7):1107–1119. https://​doi.​org/​10.​1016/j.​celrep.​
2015.​07.​015

Fadel S, Sarzotti M (2000) Cellular immune responses in neonates. 
Int Rev Immunol 19(2–3):173–193. https://​doi.​org/​10.​3109/​08830​
18000​90885​04

Fijak M, Pilatz A, Hedger MP, Nicolas N, Bhushan S, Michel V et al 
(2018) Infectious, inflammatory and ‘autoimmune’ male factor 
infertility: how do rodent models inform clinical practice? Hum 
Reprod Update 24(4):416–441. https://​doi.​org/​10.​1093/​humupd/​
dmy009

Fijak M, Bhushan S, Meinhardt A (2017) The immune privilege of the 
testis. Immune Infertility. Springer, Cham, pp 97–107. https://​doi.​
org/​10.​1007/​978-3-​319-​40788-3_5

Gaytan F, Bellido C, Aguilar E, van Rooijen N (1994) Requirement for 
testicular macrophages in Leydig cell proliferation and differen-
tiation during pre-pubertal development in rats. J Reprod Fertil 
102(2):393–399. https://​doi.​org/​10.​1530/​jrf.0.​10203​93

Heckmann L, Pock T, Tröndle I, Neuhaus N (2018) The C-X-C signal-
ling system in the rodent vs primate testis: impact on germ cell 
niche interaction. Reproduction 155(5):R211–R219. https://​doi.​
org/​10.​1530/​REP-​17-​0617

Heinrich A, DeFalco T (2020) Essential roles of interstitial cells in 
testicular development and function. Andrology 8(4):903–914. 
https://​doi.​org/​10.​1111/​andr.​12703

Hoeffel G, Ginhoux F (2015) Ontogeny of tissue-resident macrophages. 
Front in Immunol 6:486. https://​doi.​org/​10.​3389/​fimmu.​2015.​
00486

Hong CW (2017) Current understanding in neutrophil differentiation 
and heterogeneity. Immune Netw 17(5):298–306. https://​doi.​org/​
10.​4110/​in.​2017.​17.5.​29857

Hutson JC (1992) Development of cytoplasmic digitations between 
Leydig cells and testicular macrophages of the rat. Cell Tissue Res 
267(2):385–389. https://​doi.​org/​10.​1007/​BF003​02977

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1242/dev.129.5.1155
https://doi.org/10.1242/dev.129.5.1155
https://doi.org/10.22037/uj.v16i7.6380
https://doi.org/10.3389/fimmu.2020.583304
https://doi.org/10.3389/fimmu.2020.583304
https://doi.org/10.5152/tud.2016.38924
https://doi.org/10.1016/j.smim.2020.101409
https://doi.org/10.1016/j.cell.2013.04.040
https://doi.org/10.1084/jem.20181468
https://doi.org/10.1111/j.1439-0272.2008.00849.x
https://doi.org/10.1111/j.1439-0272.2008.00849.x
https://doi.org/10.3389/fimmu.2015.00263
https://doi.org/10.3389/fimmu.2015.00263
https://doi.org/10.1007/s00441-017-2780-z
https://doi.org/10.1073/pnas.0707674105
https://doi.org/10.1073/pnas.0707674105
https://doi.org/10.1073/pnas.1400057111
https://doi.org/10.1016/j.celrep.2015.07.015
https://doi.org/10.1016/j.celrep.2015.07.015
https://doi.org/10.3109/08830180009088504
https://doi.org/10.3109/08830180009088504
https://doi.org/10.1093/humupd/dmy009
https://doi.org/10.1093/humupd/dmy009
https://doi.org/10.1007/978-3-319-40788-3_5
https://doi.org/10.1007/978-3-319-40788-3_5
https://doi.org/10.1530/jrf.0.1020393
https://doi.org/10.1530/REP-17-0617
https://doi.org/10.1530/REP-17-0617
https://doi.org/10.1111/andr.12703
https://doi.org/10.3389/fimmu.2015.00486
https://doi.org/10.3389/fimmu.2015.00486
https://doi.org/10.4110/in.2017.17.5.29857
https://doi.org/10.4110/in.2017.17.5.29857
https://doi.org/10.1007/BF00302977


367Histochemistry and Cell Biology (2022) 158:345–368	

1 3

Indumathy S, Pueschl D, Klein B et al (2020) Testicular immune cell 
populations and macrophage polarisation in adult male mice 
and the influence of altered activin A levels. J Reprod Immunol 
142:103204. https://​doi.​org/​10.​1016/j.​jri.​2020.​103204

Khan U, Ghazanfar H (2018) T Lymphocytes and autoimmunity. Int 
Rev Cell Mol Biol 341:125–168. https://​doi.​org/​10.​1016/​bs.​ircmb.​
2018.​05.​008

Klein B, Haggeney T, Fietz D, Indumathy S, Loveland K, Hedger M, 
Kliesch S, Weidner W, Bergmann M, Schuppe H-C  (2016) Spe-
cific immune cell and cytokine characteristics of human testicular 
germ cell neoplasia. Hum Reprod 31(10):2192–2202. https://​doi.​
org/​10.​1093/​humrep/​dew211

Kobayashi SD, DeLeo FR (2009) Role of neutrophils in innate immu-
nity: a systems biology-level approach. Wiley Interdiscip Rev Syst 
Biol Med 1(3):309–333. https://​doi.​org/​10.​1002/​wsbm.​32

Koopman P, Gubbay J, Vivian N, Goodfellow P, Lovell-Badge R 
(1991) Male development of chromosomally female mice trans-
genic for Sry. Nature 351(6322):117–121. https://​doi.​org/​10.​1038/​
35111​7a0

Kumar DL, DeFalco T (2018) A perivascular niche for multipotent 
progenitors in the fetal testis. Nat Commun. 9(1):4519. https://​
doi.​org/​10.​1038/​s41467-​018-​06996-3

Lee SA, Noel S, Sadasivam M, Allaf ME, Pierorazio PM, Hamad AR 
et al (2018) Characterisation of kidney CD45intCD11bintF4/80+
MHCII+CX3CR1+Ly6C- intermediate mononuclear phagocytic 
cells. PLoS ONE 13(6):e0198608. https://​doi.​org/​10.​1371/​journ​
al.​pone.​01986​08

Lin A, Loré K (2017) Granulocytes: new members of the antigen-
presenting cell family. Front Immunol 11(8):1781. https://​doi.​org/​
10.​3389/​fimmu.​2017.​01781

Lok LSC, Dennison TW, Mahbubani KM, Saeb-Parsy K, Chilvers ER, 
Clatworthy MR (2019) Phenotypically distinct neutrophils patrol 
uninfected human and mouse lymph nodes. Proc Natl Acad Sci U 
S A 116(38):19083–19089. https://​doi.​org/​10.​1073/​pnas.​19050​
54116

Lokka E, Lintukorpi L, Cisneros-Montalvo S, Mäkelä JA, Tyystjärvi 
S, Ojasalo V et al (2020) Generation, localization and functions 
of macrophages during the development of testis. Nat Commun. 
https://​doi.​org/​10.​1038/​s41467-​020-​18206-0

Lysiak JJ (2004) The role of tumor necrosis factor-alpha and interleu-
kin-1 in the mammalian testis and their involvement in testicular 
torsion and autoimmune orchitis. Reprod Biol Endocrinol 2:9. 
https://​doi.​org/​10.​1186/​1477-​7827-2-9

Lysiak JJ, Turner SD, Nguyen QA, Singbartl K, Ley K, Turner TT 
(2001) Essential role of neutrophils in germ cell-specific apop-
tosis following ischemia/reperfusion injury of the mouse testis. 
Biol Reprod 65(3):718–725. https://​doi.​org/​10.​1095/​biolr​eprod​
65.3.​718

McGrath KE, Frame JM, Fegan KH, Bowen JR, Conway SJ, Cather-
man SC et al (2015) Distinct sources of hematopoietic progenitors 
emerge before HSCs and provide functional blood cells in the 
mammalian embryo. Cell Rep 11(12):1892–1904. https://​doi.​org/​
10.​1016/j.​celrep.​2015.​05.​036

Mevel R, Draper JE, Lie-a-Ling M, Kouskoff V, Lacaud G (2019) 
RUNX transcription factors: orchestrators of development. Devel-
opment. https://​doi.​org/​10.​1242/​dev.​148296

Michel V, Duan Y, Stoschek E, Bhushan S, Middendorff R, Young 
JM et al (2016) Uropathogenic escherichia coli causes fibrotic 
remodelling of the epididymis. J Pathol 240(1):15–24. https://​doi.​
org/​10.​1002/​path.​4748

Mikkola HKA, Orkin SH (2006) The journey of developing hematopoi-
etic stem cells. Development. https://​doi.​org/​10.​1242/​dev.​02568

Mossadegh-Keller N, Gentek R, Gimenez G, Bigot S, Mailfert S, 
Sieweke MH (2017) Developmental origin and maintenance 
of distinct testicular macrophage populations. J Exp Med. 
214(10):2829–2841. https://​doi.​org/​10.​1084/​jem.​20170​829

Mossadegh-Keller N, Sieweke MH (2018) Testicular macrophages: 
Guardians of fertility. Cell Immunol 330:120–125. https://​doi.​org/​
10.​1016/j.​celli​mm.​2018.​03.​009

Muller WA (2013) Getting leukocytes to the site of inflammation. Vet 
Pathol 50(1):7–22. https://​doi.​org/​10.​1177/​03009​85812​469883

O’Bryan MK, Schlatt S, Phillips DJ, de Kretser DM, Hedger MP 
(2000) Bacterial lipopolysaccharide-induced inflammation com-
promises testicular function at multiple levels in vivo. Endocri-
nology 141(1):238–246. https://​doi.​org/​10.​1210/​endo.​141.1.​7240

O’Donnell L, Rebourcet D, Dagley LF, Sgaier R, Infusini G, 
O’Shaughnessy PJ et al (2021) Sperm proteins and cancer-testis 
antigens are released by the seminiferous tubules in mice and men. 
FASEB J 35(3):e21397. https://​doi.​org/​10.​1096/​fj.​20200​2484R

Peiseler M, Kubes P (2019) More friend than foe: the emerging role 
of neutrophils in tissue repair. J Clin Invest 129(7):2629–2639. 
https://​doi.​org/​10.​1172/​JCI12​4616

Rangaraju S, Raza SA, Li NXA, Betarbet R, Dammer EB, Duong D 
et al (2018) Differential phagocytic properties of CD45low micro-
glia and CD45High brain mononuclear phagocytes-activation and 
age-related effects. Front Immunol 9:405. https://​doi.​org/​10.​3389/​
fimmu.​2018.​00405

Rosmarin AG, Yang Z, Resendes KK (2005) Transcriptional regulation 
in myelopoiesis: Hematopoietic fate choice, myeloid differentia-
tion, and leukemogenesis. Exp Hematol 33(2):131–143. https://​
doi.​org/​10.​1016/j.​exphem.​2004.​08.​015

Sasmono RT, Ehrnsperger A, Cronau SL, Ravasi T, Kandane R, Hickey 
MJ et al (2007) Mouse neutrophilic granulocytes express mRNA 
encoding the macrophage colony-stimulating factor receptor 
(CSF-1R) as well as many other macrophage-specific transcripts 
and can transdifferentiate into macrophages in vitro in response 
to CSF-1. J Leukoc Biol 82(1):111–123. https://​doi.​org/​10.​1189/​
jlb.​12067​13

Schuppe HC, Bergmann M (2013) Inflammatory conditions of the 
testis. Atlas on the Human Testis. Springer, London, pp 113–121

Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi 
M, Esmaeili SA, Mardani F et al (2018) Macrophage plasticity, 
polarization, and function in health and disease. J Cell Physiol 
233(9):6425–6440

Sheikh H, Yarwood H, Ashworth A, Isacke CM (2000) Endo180, an 
endocytic recycling glycoprotein related to the macrophage man-
nose receptor is expressed on fibroblasts, endothelial cells and 
macrophages and functions as a lectin receptor. J Cell Sci 113(Pt 
6):1021–1032

Skakkebaek NE, Rajpert-De Meyts E, Buck Louis GM, Toppari J, 
Andersson AM, Eisenberg ML et al (2016) Male reproductive dis-
orders and fertility trends: influences of environment and genetic 
susceptibility. Physiol Rev 96(1):55–97. https://​doi.​org/​10.​1152/​
physr​ev.​00017.​2015

Smith TD, Tse MJ, Read EL, Liu WF (2016) Regulation of macrophage 
polarisation and plasticity by complex activation signals. Integr 
Biol (Camb) 8(9):946–955. https://​doi.​org/​10.​1039/​c6ib0​0105j

Soehnlein O, Lindbom L (2010) Phagocyte partnership during the onset 
and resolution of inflammation. Nat Rev Immunol 10(6):427–439. 
https://​doi.​org/​10.​1038/​nri27​79

Steinert EM, Schenkel JM, Fraser KA, Beura LK, Manlove LS, Igyártó 
BZ et al (2015) Quantifying memory CD8 T Cells reveals region-
alisation of immunosurveillance. Cell 161(4):737–749. https://​doi.​
org/​10.​1016/j.​cell.​2015.​03.​031

Sugiyama D, Inoue-Yokoo T, Fraser ST, Kulkeaw K, Mizuochi C, 
Horio Y (2011) Embryonic regulation of the mouse hematopoi-
etic niche. Sci World J 11:1770–1780. https://​doi.​org/​10.​1100/​
2011/​598097

Sukhotnik I, Voskoboinik K, Lurie M, Coran AG, Greenblatt R, Shiloni 
E et al (2007) Effect of testicular ischemia-reperfusion on recruit-
ment of neutrophils, E-selectin expression and germ cell apoptosis 

https://doi.org/10.1016/j.jri.2020.103204
https://doi.org/10.1016/bs.ircmb.2018.05.008
https://doi.org/10.1016/bs.ircmb.2018.05.008
https://doi.org/10.1093/humrep/dew211
https://doi.org/10.1093/humrep/dew211
https://doi.org/10.1002/wsbm.32
https://doi.org/10.1038/351117a0
https://doi.org/10.1038/351117a0
https://doi.org/10.1038/s41467-018-06996-3
https://doi.org/10.1038/s41467-018-06996-3
https://doi.org/10.1371/journal.pone.0198608
https://doi.org/10.1371/journal.pone.0198608
https://doi.org/10.3389/fimmu.2017.01781
https://doi.org/10.3389/fimmu.2017.01781
https://doi.org/10.1073/pnas.1905054116
https://doi.org/10.1073/pnas.1905054116
https://doi.org/10.1038/s41467-020-18206-0
https://doi.org/10.1186/1477-7827-2-9
https://doi.org/10.1095/biolreprod65.3.718
https://doi.org/10.1095/biolreprod65.3.718
https://doi.org/10.1016/j.celrep.2015.05.036
https://doi.org/10.1016/j.celrep.2015.05.036
https://doi.org/10.1242/dev.148296
https://doi.org/10.1002/path.4748
https://doi.org/10.1002/path.4748
https://doi.org/10.1242/dev.02568
https://doi.org/10.1084/jem.20170829
https://doi.org/10.1016/j.cellimm.2018.03.009
https://doi.org/10.1016/j.cellimm.2018.03.009
https://doi.org/10.1177/0300985812469883
https://doi.org/10.1210/endo.141.1.7240
https://doi.org/10.1096/fj.202002484R
https://doi.org/10.1172/JCI124616
https://doi.org/10.3389/fimmu.2018.00405
https://doi.org/10.3389/fimmu.2018.00405
https://doi.org/10.1016/j.exphem.2004.08.015
https://doi.org/10.1016/j.exphem.2004.08.015
https://doi.org/10.1189/jlb.1206713
https://doi.org/10.1189/jlb.1206713
https://doi.org/10.1152/physrev.00017.2015
https://doi.org/10.1152/physrev.00017.2015
https://doi.org/10.1039/c6ib00105j
https://doi.org/10.1038/nri2779
https://doi.org/10.1016/j.cell.2015.03.031
https://doi.org/10.1016/j.cell.2015.03.031
https://doi.org/10.1100/2011/598097
https://doi.org/10.1100/2011/598097


368	 Histochemistry and Cell Biology (2022) 158:345–368

1 3

in the contralateral testis in a rat. Pediatr Surg Int 23(5):479–485. 
https://​doi.​org/​10.​1007/​s00383-​006-​1854-x

Tung KS, Harakal J, Qiao H, Rival C, Li JC, Paul AG (2017) Egress 
of sperm autoantigen from seminiferous tubules maintains sys-
temic tolerance. J Clin Invest 127(3):1046–1060. https://​doi.​org/​
10.​1172/​JCI89​927

Wang J, Wreford NG, Lan HY, Atkins R, Hedger MP (1994) Leukocyte 
populations of the adult rat testis following removal of the Leydig 
cells by treatment with ethane dimethane sulfonate and subcutane-
ous testosterone implants. Biol Reprod 51(3):551–561. https://​doi.​
org/​10.​1095/​biolr​eprod​51.3.​551

Wang M, Yang Y, Cansever D, Wang Y, Kantores C, Messiaen S et al 
(2021) Two populations of self-maintaining monocyte-independ-
ent macrophages exist in adult epididymis and testis. Proc Natl 
Acad Sci U S A. https://​doi.​org/​10.​1073/​pnas.​20136​86117

Wilhelm D, Palmer S, Koopman P (2007) Sex determination and 
gonadal development in mammals. Physiol Rev 87(1):1–28. 
https://​doi.​org/​10.​1152/​physr​ev.​00009.​2006

Wilhelm D, Yang JX, Thomas P (2013) Mammalian sex determination 
and gonad development. Curr Top Dev Biol 106:89–121. https://​
doi.​org/​10.​1016/​B978-0-​12-​416021-​7.​00003-1

Yamada Y, Nakagawa T, Sugihara T, Horiuchi T, Yoshizaki U, 
Fujimura T et al (2016) Prognostic value of CD66b positive 
tumor-infiltrating neutrophils in testicular germ cell tumor. BMC 
Cancer 16(1):898. https://​doi.​org/​10.​1186/​s12885-​016-​2926-5

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s00383-006-1854-x
https://doi.org/10.1172/JCI89927
https://doi.org/10.1172/JCI89927
https://doi.org/10.1095/biolreprod51.3.551
https://doi.org/10.1095/biolreprod51.3.551
https://doi.org/10.1073/pnas.2013686117
https://doi.org/10.1152/physrev.00009.2006
https://doi.org/10.1016/B978-0-12-416021-7.00003-1
https://doi.org/10.1016/B978-0-12-416021-7.00003-1
https://doi.org/10.1186/s12885-016-2926-5

	The changing landscape of immune cells in the fetal mouse testis
	Abstract
	Introduction
	Materials and methods
	Animals
	Tissue preparation
	Immunostaining
	Imaging and morphometric analysis
	RNA extraction, cDNA synthesis and quantitative RT-PCR (qRT-PCR)
	Statistical analysis

	Results
	The number of testicular immune cells increases significantly during fetal development
	Changing ratios between germ and immune cell populations
	A marked redistribution of macrophages from the testis perimeter to interior
	Co-localization of immune cells and germ cells
	CD206+ macrophages are predominant at E13.5, but not at PND0
	Absence of MHC class II+ macrophages in fetal and newborn testis
	CD3+ cells populate the newborn testis
	Ly6G+ cell density increases dramatically through fetal testis development

	Discussion
	The changing landscape of immune cell subpopulations in the fetal mouse testis
	Two phenotypes of fetal testicular macrophages
	Cell–cell interactions of immune cells in the fetal testis
	Testicular CD3+ cells
	Ly6G+ cells in the fetal testis

	Acknowledgements 
	References




