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Abstract

Bone marrow-derived progenitor cells (BMDPCs) are mobilized to the circulation in pregnancy and get recruited to the pregnant decidua where
they contribute functionally to decidualization and successful implantation. However, the molecular mechanisms underlying BMDPCs recruitment
to the decidua are unknown. CXCL12 ligand and its CXCR4 receptor play crucial roles in the mobilization and homing of stem/progenitor
cells to various tissues. To investigate the role of CXCL12–CXCR4 axis in BMDPCs recruitment to decidua, we created transgenic GFP mice
harboring CXCR4 gene susceptible to tamoxifen-inducible Cre-mediated ablation. These mice served as BM donors into wild-type C57BL/6 J
female recipients using a 5-fluorouracil-based nongonadotoxic submyeloablation to achieve BM-specific CXCR4 knockout (CXCR4KO). Successful
CXCR4 ablation was confirmed by RT-PCR and in vitro cell migration assays. Flow cytometry and immunohistochemistry showed a significant
increase in GFP+ BM-derived cells (BMDCs) in the implantation site as compared to the nonpregnant uterus of control (2.7-fold) and CXCR4KO
(1.8-fold) mice. This increase was uterus-specific and was not observed in other organs. This pregnancy-induced increase occurred in both
hematopoietic (CD45+) and nonhematopoietic (CD45–) uterine BMDCs in control mice. In contrast, in CXCR4KO mice there was no increase
in nonhematopoietic BMDCs in the pregnant uterus. Moreover, decidual recruitment of myeloid cells but not NK cells was diminished by BM
CXCR4 deletion. Immunofluorescence showed the presence of nonhematopoietic GFP+ cells that were negative for CD45 (panleukocyte) and
DBA (NK) markers in control but not CXCR4KO decidua. In conclusion, we report that CXCR4 expression in nonhematopoietic BMDPCs is
essential for their recruitment to the pregnant decidua.

Summary statement: Expression of CXCR4 receptor in nonhematopoietic bone marrow-derived progenitor cells is essential for their recruitment
to the decidua during pregnancy.
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Introduction

The G-protein coupled chemokine receptor C-X-C chemokine
receptor type 4 (CXCR4) belongs to the cysteine-X-cysteine
(C-X-C) family, which is involved in various biological
processes including leukocyte adhesion and transendothelial
migration, cellular proliferation, differentiation, apoptosis,
angiogenesis, and immune regulation [1]. The interaction
between CXCR4 and its cognate C-X-C motif chemokine
ligand 12 (CXCL12), also known as stromal derived factor
1 (SDF-1), plays an important role in regulating the bone
marrow (BM) retention of hematopoietic stem and progenitor
cells, their maintenance and subsequent mobilization from the
BM niche [2–5]. CXCR4 is expressed in a variety of tissues
and cell types, including B cells, T-lymphocytes, monocytes,
neutrophils, endothelial cells, epithelial cells, and stromal cells
[6]. Global ablation of CXCL12 or CXCR4 is embryonic
lethal with abnormalities in bone and marrow formation, the
immune system, and cardiovascular development [7, 8].

The CXCR4 receptor is expressed on the surface of stem
cells and is functionally important for stem cell migration
[9]. Consistent with this, it has been demonstrated that the
CXCL12–CXCR4 pathway has crucial roles in the mobi-
lization, maintenance, and homing of stem cells [10, 11].
Notably, a recent study has shown that CXCR4 expression
in the bone marrow microenvironment is an important factor
for hematopoietic stem and progenitor cell maintenance and
regeneration [12].

The CXCL12–CXCR4 axis plays an important role at the
maternal–fetal interface in humans and other mammalian
species. The endometrium expresses CXCL12 and CXCR4,

and expression of both genes is upregulated in the decidua
during embryo implantation [13, 14]. The CXCL12 protein
is expressed in endometrial epithelial cells and is also highly
expressed in human endometrial stromal cells [14–16], and
its production is stimulated by estradiol in a time-dependent
and dose-dependent manner [15, 17]. The CXCR4 recep-
tor protein is localized in stromal cells, vascular endothelial
cells, and immune cells in the endometrium [14]. In humans,
CXCL12 has been shown to mediate recruitment of CXCR4-
expressing natural killer (NK) cells into the decidua [18, 19].
In mice, CXCL12 at the maternal–fetal interface increases the
migration of regulatory T (Treg) cells into the uterus during
pregnancy [20]. In addition, CXCL12 ligand and its CXCR4
receptor mediate migration of BM cells toward endometrial
stromal cells and myometrial stomal cells in vitro [15, 21],
suggesting a possible role of CXCL12 in recruiting stem cells
to the uterus. Using a 5-fluorouracil (5-FU)-based nongo-
nadotoxic bone marrow transplantation (BMT) [22], we have
shown in mice that BM-derived progenitor cells (BMDPCs)
are mobilized to the circulation in pregnancy, and get recruited
to the pregnant decidua where they become decidual stro-
mal cells and contribute functionally to successful embryo
implantation and decidualization [23]. These BMDPCs also
contribute to endothelial cells as part of decidual vasculature
in a process termed vasculogenesis [24], and to epithelial,
stromal, and endothelial endometrial compartments in the
involuting uterus during physiological postpartum remodel-
ing [25]. However, the molecular mechanisms responsible for
the recruitment of these nonhematopoietic BMDPCs to the
decidua during pregnancy are still unknown.
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Our objective was to test the hypothesis that the CXCL12–
CXCR4 axis mediates the recruitment of nonhematopoietic
BMDPCs to the uterus during implantation. For this end,
we created a nongonadotoxic BM transplant mouse model
harboring specific CXCR4 knockout in adult BM cells using
Cre-LoxP technology. Transgenic mice expressing Cre recom-
binase under the control of the tamoxifen-inducible promoter
in conjunction with floxed CXCR4 genes and GFP served
as BM donors into wild-type (WT) recipients to produce
inducible CXCR4 ablation specifically in BM cells. Here, we
report that CXCR4 expression in BMDPCs is necessary for
their recruitment to the pregnant decidua.

Materials and methods

Ethics statement

Mice were maintained in a controlled environment at the
Animal Facility of Yale School of Medicine with a 12-h light,
12-h dark cycle with ad libitum access to food and water. All
animal procedures were performed according to an approved
Yale University Institutional Animal Care and Use Committee
protocol (#07113).

Animals and mice generation

To generate tamoxifen-inducible CXCR4 knockout mice, we
used the Cre/LoxP tamoxifen-inducible system. All mice were
purchased from Jackson Laboratories (Bar Harbor, ME). All
animals had C57Bl/6 J background. Mice expressing the
Cre recombinase gene under the control of the tamoxifen-
inducible promoter (B6.Cg-Tg(CAG-Cre/Esr1∗)5Amc/J, stock
no. 004682) were bred with mice with floxed Cxcr4
alleles (B6.129P2-Cxcr4tm2Yzo/J, stock no. 008767). In the
CAG-Cre-Esr1 mice, the Cre recombinase is fused with
a mutated ligand-binding domain (LBD) of the estrogen
receptor (ER), which has a very high affinity for the synthetic
ER ligand tamoxifen (TM) but lacking in sensitivity to
endogenous estrogen [26, 27]. CXCR4flox/flox mice have
the CXCR4 floxed allele, in which exon 2 (2.2 kbp) is
flanked by two loxP sequences [8]. This breeding generated
TM-inducible CXCR4flox/flox mice (iCXCR4flox/flox), which
in turn were cross-bred with transgenic mice expressing
the GFP reporter gene under control of the ubiquitin C
promoter (C57BL/6-Tg(UBC-GFP)30Scha/J, stock number
004353) to generate iCXCR4flox/flox/GFP mice, enabling
to track BM cells originating from these mice. Upon
TM administration, TM binds to the Cre-recombinase
allowing its translocation to the nucleus where it causes
site-specific recombination of the LoxP sites resulting
in knockout of CXCR4 gene (Figure 1A). For animal
experiments, TM-inducible CXCR4flox/flox with GFP trans-
gene (Cre+CXCR4flox/flox/GFP) and their Cre-negative
Cxcr4flox/flox/GFP (Cre−CXCR4flox/flox/GFP) littermates
were used. After TM administration, Cre+CXCR4flox/flox/GFP
will be referred to as CXCR4KO, while Cre−Cxcr4flox/flox/GFP
will be referred to as WT controls. Bone marrow and
peripheral blood were obtained from CXCR4KO and WT
control mice to confirm knockout of CXCR4 by RT-PCR and
functional assays as detailed below.

Genotyping

Total DNA was extracted from ear skin of mice using the
DNeasy blood and tissue kit (Qiagen) and Direct PCR lysis

reagent (Qiagen) according to the manufacturer’s protocol.
The genomic DNA was subjected to PCR with specific
primers to determine the genotype. PCR was also performed
to detect the deletion of the floxed CXCR4 gene [28] in
Cre+CXCR4flox/flox but not Cre−CXCR4flox/flox controls
following TM administration. The primers used for CXCR4
wild-type gene were: 5′-CCACCCAGGACAGTGTGACTCTAA-
3′ (forward) and 5′-GATGGGATTTCTGTATGAGGATTAGC-
3′ (reverse); CXCR4 floxed gene, 5′- CCTCGGAATGAAGAGATTATG-
3′ (forward) and 5′-GTCAGAATCCTCCAGTTTTCA-3′
(reverse); TM-inducible Cre transgene, 5′-CGTGATCTGCA-
ACTCCAGTC-3′ (forward) and 5′-AGGCAAATTTTGGTG-
TACGG-3′ (reverse); GFP transgene, 5′-AAGTTCATCAGC-
ACCACCG-3′ (forward) and 5′-TCCTTGAAGAAGATGG-
TGCG-3′ (reverse). A second set of CXCR4-specific primers
was used to detect deletion of the floxed allele following
Cre recombination: 5′-CACTACGCATGACTCGAAATG-3′
(forward) and 5′-CCTCGGAATGAAGAGATTATG-3′.

Experimental bone marrow transplantation model

Six-week-old female C57BL/6 J WT mice received 5-FU-based
nongonadotoxic BM conditioning before BMT as previously
described [22, 23]. A schematic of the experimental design
is shown in Figure 1B. Submyeloablation was performed by
intraperitoneal injections of 125 mg/kg 5-FU on day −6 and
day −1 before BMT, and three intraperitoneal injections of
50 μg/kg stem cell factor (SCF) (150 μg/kg total) at 21 and 9 h
before, and 3 h after the second 5-FU dose. Bone marrow was
extracted from 6 to 10-week-old Cre+CXCR4flox/flox/GFP
and Cre−CXCR4flox/flox/GFP (control) donor mice as previ-
ously described [22]. Briefly, BM cells were flushed from tibias
and femurs into cold sterile DMEM-F12 media, and filtered
through a 70 μm filter mesh to remove any tissue clumps and
bony spicules. Following filtration, the cells were washed by
centrifugation and resuspended in phosphate-buffered saline
(PBS) twice prior to injection. BMT was carried out by retro-
orbital injection of 20 × 106 unfractionated BM cells into
the WT recipient mice through the retro-orbital vein on day
0 after BM conditioning of the recipient mice as described
above. Toxicity was monitored daily with weight measure-
ments and general wellbeing assessment.

Following a 3-week recovery period, donor chimerism was
assessed using flow cytometry to detect GFP+ cells in periph-
eral blood obtained by venipuncture. Tamoxifen was subse-
quently administered by IP injection to BM-engrafted mice
at 75 mg/kg body weight for five consecutive days to induce
BM-specific CXCR4 knockout. CXCR4 knockout in trans-
planted BM cells was then determined 2 weeks following
the last tamoxifen dose by assaying peripheral blood for
Cxcr4 mRNA expression as described below. After successful
establishment of this animal model, female BMT recipients
were then bred for up to 1 week with 12- to 14-week-
old C57BL/6 fertile male mice (1:2 male to female ratio)
and checked at 8 a.m. daily for vaginal plugs. Upon vaginal
plug detection the female was separated from the male and
the morning of plug detection was considered embryonic
day 0.5 (E0.5). The E9.5 pregnant mice and nonpregnant
virgin controls (at estrus stage) were euthanized and blood,
BM, spleen, and uterine implantation sites and uterine horns
(nonpregnant) were collected for flow cytometry analysis of
single cells. In addition, uterine tissues were collected in 4%
paraformaldehyde for histology and immunohistochemistry.
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Figure 1. (A) A schematic describing the Cre-Lox system utilized in our model. In the CAG-Cre-Esr1 mice, the Cre recombinase is fused with a mutated
LBD of the ER, which has very high affinity to the synthetic ER ligand tamoxifen while lacking sensitivity to endogenous estrogen. Upon tamoxifen
administration, Cre recombinase translocates to the nucleus where it excises exon 2 of the CXCR4 gene flanked by the LoxP sites. (B) A schematic
of the experimental model. WT C57BL/6 J recipient female mice received nongonadotoxic submyeloablative BMT regimen using 5-FU injections on
day −6 and day −1 before BMT and SCF injections at −21 and −9 h prior to and +3 h after the second 5FU dose. Cre+CXCR4flox/flox/GFP+ (CXCR4KO)
or Cre−CXCR4flox/flox/GFP+ (WT) mice served as BM donors. BM engraftment was assayed by flow cytometry of peripheral blood on day 21 post-BMT.
Subsequently, engrafted female mice received intraperitoneal injection of Tamoxifen at 75 mg/kg body weight for five consecutive days. BMT recipients
were mated with fertile males on day 14 post-tamoxifen injections and timed pregnancies were established. Pregnant mice were sacrificed on E9.5
or as nonpregnant (controls). Blood, BM, spleen, and uterus were collected from pregnant and nonpregnant controls and analyzed using multicolor flow
cytometry, IHC, and IF. (C and D) Genotyping PCR results for detection of (C) Cre + and (D) CXCR4f/f and CXCR4 WT genes. (E) Genotyping PCR results
of Cre + CXCR4f/f and Cre-CXCR4f/f mice after tamoxifen injection demonstrating the recombined CXCR4 deleted gene construct in Cre + CXCR4f/f
mouse but not in Cre-CXCR4f/f control. (F and G) Relative CXCR4 mRNA expression levels normalized to GAPDH in control mice and CXCR4KO mice in
(F) peripheral blood and (G) bone marrow cells. n = 8 mice/group. (H) In vitro transwell migration assay of BM cells showing representative images of BM
cells from control mice and CXCR4KO mice migrated towards CXCL12 ligand at various concentrations (0, 30, or 100 ng/mL). (I) Quantitative summary of
transwell migration assay showing the chemotactic index of BM cells of control mice and CXCR4KO mice towards CXCL12 ligand at various concentrations.
In vitro data in H-I are representative of three independent experiments. Data in bar graphs are shown as mean ± SEM. ∗P < 0.01, ∗∗P < 0.001.
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Tamoxifen injection

Tamoxifen (Sigma-Aldrich) was dissolved in corn oil at a
concentration of 20 mg/mL. Tamoxifen was administered to
mice by intraperitoneal injection for five consecutive days
(75 mg/kg). Retro-orbital blood was obtained two weeks after
the last dose of tamoxifen to assay for Cxcr4 mRNA for
determination of Cxcr4 downregulation in peripheral blood
cells.

Processing of blood, BM, spleen, and uterus
samples and flow cytometry analysis

Uterine implantation sites were extracted and fetal/placental
parts were removed from the uterus as previously described
[23]. In nonpregnant mice, one uterine horn was extracted for
flow cytometry processing. Uterine tissues were finely minced
and subsequently digested with a solution of Hanks balanced
salt solution (Life Technologies, Inc) containing collagenase
B (1 mg/mL; Roche Diagnostics), deoxyribonuclease I
(0.1 mg/mL; Sigma-Aldrich), and 1% penicillin/streptomycin
for 30–45 min at 37 ◦C. The cell suspension was filtered
through a 70 μm filter and centrifuged at 2000 rpm for 8 min
at 4 ◦C. The cell pellet was washed with PBS by centrifugation
at 2000 rpm for 5 min at 4 ◦C and then resuspended in
PBS with 2% fetal bovine serum (FBS) (FACS buffer). Bone
marrow was flushed from tibias and femur bones with
DMEM/F12 medium. The whole spleen was removed and
crushed using mortar and pestle to extract splenic cells.
Peripheral blood was obtained by retro-orbital venipuncture
and collected into EDTA-coated tubes on ice. All samples
were filtered using sterile 70 μm mesh and centrifuged at
2000 rpm at 4 ◦C for 5 min followed by red blood cell (RBC)
lysis for 10 min at room temperature in RBC lysis buffer as
per the manufacturer’s protocol (Mltenyi Biotec). The cell
suspensions were then washed two times by centrifugation
and resuspended in FACS buffer. Total extracted cells per
mouse were counted using a hemocytometer and 2 × 106

cells were resuspended in FACS buffer and incubated with
mouse Trustain FcX PLUS anti CD16/32 blocking (Biolegend)
for 10 min, followed by incubation with the appropriate
antibodies at room temperature for 30 min. The cells were
then washed three times with FACS buffer at 1500 rpm at
4 ◦C for 5 min and the pellet was resuspended in 500 μL
ice-cold PBS for flow cytometry analysis. Flow cytometry
was performed on LSRII Green (BD Biosciences). Gates
were applied to forward-scatter/side-scatter dot plots to
exclude nonviable cells and cell debris. Appropriate unstained
and antibody IgG isotype controls were used for setting
compensation and determining gates. Data were analyzed
using the software FlowJo V10 (FlowJo). Antibodies used in
flow cytometry analysis are listed in Supplementary Table S2.

Bone marrow MSC culture

BM cells were extracted from CXCR4iKO and control mice
after BM was flushed from tibia and femur bones with
DMEM/F12 medium and BM mesenchymal stem cells (MSC)
cell culture was established as previously described [24].
Briefly, extracted BM cells were filtered through 70 um
filter and centrifuged at 2000 rpm for 8 min at 4 ◦C, then
resuspended in MSC expansion medium containing Mesen-
Cult Basal Medium, MesenCult 10X Supplement, MesenPure,
L-Glutamine, 1% penicillin/streptomycin antibiotic (Mesen-
Cult Expansion Kit (Mouse), Stem Cell Technologies). Cells

were counted and 5 × 107 cells were plated in T-75 flask in
15 ml MesenCult medium. They were cultured at 37 ◦C under
5% CO2. After 1 week, cells were passaged and maintained
until second passage (P2). P2 cells were used for subsequent
flow cytometry characterization and RT-PCR.

Colony forming unit assay

BM cells were extracted from CXCR4iKO and control mice
as described above. Freshly isolated BM cells were plated in
2 mL of complete MesenCult Expansion Medium (Stem Cell
Technologies) per well of 6-well plate at a concentration of 5
× 105 cells/well. Cells were cultured at 37 ◦C, 5% CO2 for
a total of 14 days with half medium change performed after
7 days. After 14 days of culture, the medium was aspirated and
the cells were washed with PBS, fixed in 4% PFA for 30 min,
and washed with PBS two times. Cells were subsequently
stained with 0.5% crystal violet in methanol for 15 min at
room temperature followed by washing with distilled water
three times prior to visualization. Colonies within each well
were visualized and counted using Olympus BX-51 light
microscope (Olympus). A colony forming unit (CFU) was
defined as at least 40 cells. The assay was performed in
triplicate with three independent experiments.

CXCL12 Transwell migration assay

BM cells were extracted from CXCR4iKO and control mice
as described above. Migration assay to CXCL12 chemoat-
tractant gradient was performed using 24-well transwell
chemotaxis chamber inserts (pore size, 8 μm)(Corning
Costar). DMEM/F12 medium (600 μL) containing recom-
binant mouse CXCL12 at different concentrations (0, 30,
and 100 ng/mL) was placed in the lower chamber. A total
of 1 × 104 BM cells in 200 μL DMEM/F12 medium were
loaded into the upper chamber. They were then incubated for
4 h at 37 ◦C in 5% CO2. Following incubation, the upper
chambers were removed and the GFP + BM cells that had
migrated to the lower chamber were visualized using GFP
fluorescent camera and four high power field (HPF) random
images were acquired. For quantification, the number of
migrating cells in each HPF image was counted and averages
of 4 HPFs were calculated per well. Each assay was performed
in duplicate, and two independent experiments were carried
out. Chemotactic index was calculated as a percentage (%)
of the average number of migrated cells divided by the total
number of cells plated.

RNA extraction and quantitative real-time
polymerase chain reaction

Total RNA from peripheral blood, fresh BM cells or cultured
BM cells was extracted by disrupting the cells with 300 μl
RLT buffer containing β-mercaptoethanol followed by pro-
cessing using the RNeasy Mini kit (Qiagen) according to the
manufacturer’s protocol. This was followed by treatment with
DNase using the TURBO DNA-free kit (Life Technologies).
For each sample, 500 ng of total RNA was reverse-transcribed
with the iScript cDNA synthesis kit (Bio-Rad) according to
the manufacturer’s instructions. qPCR was performed using
iQ SYBR Green Supermix (BioRad) on a Bio-Rad CFX96
thermocycler using the gene-specific primer pairs listed in
Supplementary Table S1. Gene expression was analyzed on
duplicate samples, and the Ct values were normalized to the
internal control GAPDH housekeeping gene. The reaction

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac029#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac029#supplementary-data
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products were confirmed by 1.5% agarose gel electrophore-
sis and visualized by UV light after staining with ethidium
bromide.

Immunohistochemistry and immunofluorescence

Uterine tissues were fixed in 4% paraformaldehyde and
embedded in paraffin. Five-micrometer tissue sections were
mounted on slides, followed by deparaffinization and
rehydration. Slides were then boiled in sodium citrate (pH 6.0)
for antigen retrieval. For immunohistochemistry, sections
were blocked with 5% rabbit serum followed by incubating
with primary goat anti-GFP antibody (1:1000, Abcam,
CA) overnight at 4 ◦C. Sections were then incubated with
biotinylated secondary antibody (1:200, Vector Laboratories)
for 1 h. Detection was performed using ABC Vectastain
Elite reagents with DAB plus H2O2 (Vector Laboratories).
Tissue sections were counterstained with hematoxylin (Sigma-
Aldrich). Images of stained sections were obtained using an
Olympus BX-51 microscope (Olympus).

For immunofluorescence, blocking was done in 10% don-
key serum for 1 h at room temperature. The slides were
then incubated in the appropriate concentration of primary
antibody overnight at 4 ◦C. The next morning the slides
were washed and incubated with fluoroscein 488-conjugated
DBA lectin, Alexa Fluor 568-conjugated donkey anti-goat
and Alexa Fluor 647 donkey anti-rat (Life Technologies, San
Francisco, CA) at room temperature for 1 h. Afterwards,
Vectashield fluorescent mounting media with 4′,6-diamidino-
2-phenylindole (DAPI) (Vector Laboratories) was applied for
mounting and visualization of nuclear staining. Immunoreac-
tion with amplification but without primary and/or secondary
antibodies served as negative controls. Images were then
taken using laser scanning confocal microscope (LSM 880
with Airyscan, Carl Zeiss) and analyzed using ZEN software.
Primary and secondary antibodies and their respective con-
centrations used are listed in Supplementary Table S1.

Statistical analysis

All WT and CXCR4 KO mice were age matched. Graph-
Pad Prism 8 software (GraphPad Software, La Jolla, CA) was
used for statistical analysis. Data were assessed for normal
distribution with a Shapiro–Wilk normality test. Normally
distributed data were analyzed using the Student unpaired
two-tailed t test for the comparison of two groups, and
one-way ANOVA with Tukey multiple comparison test for
multiple group comparison. If data were not normally dis-
tributed, or if distribution could not be determined due to
small sample size, data were analyzed using a Mann–Whitney
U test. P < 0.05 was considered statistically significant. All
data are reported as mean ± SEM.

Results

Establishment and validation of BM-specific CXCR4
knockout model

To study the role of CXCR4 in BM cells in the recruitment of
BM-derived nonhematopoietic progenitor cells to the uterus
both during pregnancy and in the nonpregnant state, we
generated mice that have inducible CXCR4 knockout using
the Cre-LoxP system. We used tamoxifen-inducible knockout
system to induce the knockout (CXCR4KO) in adulthood
since CXCR4 knockout results in embryonic lethality [29,
30]. The CXCR4KO mice also harbor the GFP transgene

allowing us to track the transplanted BM cells. Genotyping of
the Cre/ESR1 transgene and CXCR4flox/flox gene are shown
in Figure 1C and D. All experiments were initiated follow-
ing 14-day washout period from the last dose of tamoxifen
administration. Successful ablation of CXCR4 gene following
tamoxifen administration in Cre+CXCR4flox/flox/GFP+ mice
(generating CXCR4KO mice) was confirmed by the presence
of the deleted CXCR4 KO-only product (Figure 1E). We vali-
dated the tamoxifen-inducible CXCR4 deletion in CXCR4KO
mice in peripheral blood cells and BM cells by quantitative
RT-PCR showing >90% reduction in Cxcr4 mRNA expres-
sion in CXCR4KO mice compared to the control group
(Figure 1F and G). Body weight was not affected by CXCR4
ablation (data not shown). As further functional validation
of CXCR4 KO, we examined the chemotactic behavior of
BM cells in response to CXCL12. Freshly isolated BM cells
from CXCR4KO and WT control mice (both expressing GFP)
were cultured in transwell plates and treated with varying
concentrations of CXCL12 to induce migration, and GFP-
labeled cells on the underneath surface of the membrane
were quantified (Figure 1H and I). CXCL12 resulted in 1.4-
fold (P < 0.05) and 1.9-fold (P < 0.01) increase in chemo-
tactic index of BM cells at concentrations of 30 ng/ml and
100 ng/mL CXCL12, respectively, in the control BM cells. In
contrast, no increase in chemotaxis was observed in BM cells
from CXCR4KO mice at 30 and 100 ng/mL concentrations
of CXCL12, indicating that the ability of BM cells to migrate
in response to CXCL12 stimulus is abolished in CXCR4
knockout compared to control WT mice (Figure 1H and I).
Collectively, these data confirmed a successful construction of
a CXCR4 knockout mouse , which can be utilized for further
analyses.

CXCR4 ablation affects recruitment of bone
marrow-derived cells to the pregnant uterus

After validating the efficiency of the CXCR4 knockout in
our mouse model, we wished to investigate the effects of
CXCR4 knockout in BM cells on recruitment of BMDCs
to the pregnant uterus. First, we characterized the numbers
and properties of BM MSCs in CXCR4KO mice. Freshly
isolated BM from CXCR4KO and WT control mice was
extracted and cultured adherently in MSC media. Multicolor
flow cytometry of cultured BM cells revealed no difference in
the percentage of cells expressing established MSC markers
(Sca-1+CD29+CD44+) but negative for the hematopoietic
marker CD45 (CD45−) between CXCR4KO and control mice
(Figure 2A), suggesting that there is no numerical difference
in BM MSCs following CXCR4 KO. Moreover, CFU assay
showed that BM MSCs from CXCR4KO mice have signif-
icantly higher clonogenic capacity compared with control
mice, as demonstrated by their greater ability to form colonies
(Figure 2C and D). In addition, gene expression of stem cell
markers Oct4, Nanog and Sox2 as well as Cxcl12, and
BM MSC-specific marker Hoxa11 [31] were not different in
cultured MSCs after CXCR4 knockout (Figure 2E).

To investigate the potential role of CXCR4 in recruitment
of BMDCs to the pregnant decidua, we established chimeric
mice with BM-specific CXCR4 KO by nongonadotoxic
submyeloablation followed by transplantation of BM cells
from Cre+CXCR4fl/fl mice into WT recipients, with subse-
quent tamoxifen administration (Figure 1B). The CXCR4KO
mice also harbor the GFP transgene allowing to track the

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac029#supplementary-data
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Figure 2. (A) Multicolor flow cytometry analysis of cultured BM cells from CXCR4KO and control mice. Live cells were gated on Sca-1+ and CD45– to
exclude hematopoietic cells, and were further gated on CD29+ and CD44+ to identify BM MSCs. Representative flow cytometry plots of cultured BM
cells are shown. (B) Quantitative summary of percentage of CD29+/CD44+/Sca1+/CD45– BM MSCs in CXCR4KO and control mice. Data shown in (A)
and (B) are the mean of n = 4 mice/group. (C) CFU assay showing representative images of colony development in cultured BM cells of CXCR4KO and
control mice. (D) Quantitative summary of CFU numbers per well in CXCR4KO and control mice. ∗P < 0.01, n = 4 mice/group. (E) Quantitative summary
of mRNA expression of Cxcl12, Nanog, Oct4, Sox2, and Hoxa11 in cultured MSCs of CXCR4KO and control mice. CFU assays and quantitative real-time
polymerase chain reaction assays were performed in duplicate and data are the averages of two independent experiments. Data in bar graphs are
shown as mean ± SEM.

transplanted BM cells. For BMT, we utilized our previ-
ously described 5-FU-based nongonadotoxic submyeloab-
lation BMT regimen which maintains fertility in the mice
[22–24]. Since CXCR4 is essential for engraftment and

retention of BM cells in the BM [4], tamoxifen administration
to induce CXCR4 KO was designed to be after and not prior
to BM transplantation to facilitate normal engraftment of
donor BM. Successful donor BM engraftment was confirmed
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Figure 3. (A) Flow cytometry analysis showing GFP+ cells in bone marrow, peripheral blood, spleen, nonpregnant uterus, and decidua (E9.5) of
CXCR4KO and WT control mice. Live cells were gated on GFP to calculate the percentage of BMDCs (GFP+). Representative flow cytometry plots are
shown. (B and C) Quantitative summaries of percentage of GFP+ cells present in bone marrow, spleen, blood, and uterus in (B) WT control and (C)
CXCR4KO mice in both pregnant (E9.5) and nonpregnant samples. (D) Quantitative summary of the ratio of GFP+ cell frequency in bone marrow,
spleen, and uterus relative to peripheral blood in control and CXCR4KO mice in both pregnant (E9.5) and nonpregnant samples. n = 6 mice/group,
∗P < 0.05, ∗∗P < 0.01. Data in bar graphs are shown as mean ± SEM.

by flow cytometry analysis of peripheral blood on day 21
post-BMT (Supplementary Figure S1), consistent with our
previous experience using this model [24]. WT recipients of
BM from Cre−CXCR4fl/fl donor mice followed by tamoxifen
administration served as controls and are hereby referred
to as WT. Two weeks following tamoxifen administration,
peripheral blood from the mice was assayed for Cxcr4
mRNA expression and confirmed partial downregulation
(∼44%) of Cxcr4 in CXCR4KO mice as compared to WT
(Supplementary Figure S1). After mating and establishing
timed pregnancies, we analyzed the pregnant decidua or
nonpregnant uterus, BM, peripheral blood, and spleen either
on E9.5 or on nonpregnant (estrus) timepoints by flow
cytometry for quantitating GFP+ BMDCs in the tissues.
The percentage of GFP+ cells was strikingly lower in BM
of CXCR4KO mice as compared to other organs examined as
well as compared to control mice (Figure 3A–C), consistent
with the known role of CXCR4 expression on BM cells in
their retention within the BM niche. A significant increase
in the percentage of GFP+ cells was noted in the uterine
implantation site as compared to the nonpregnant uterus in
WT (2.7-fold) and to a lesser extent in CXCR4KO (1.8-fold)
mice (Figure 3A–C). This pregnancy-induced increase was
specific to the uterus tissue and was not observed in BM,
peripheral blood and spleen tissues of either experimental
groups (Figure 3A–C). Notably, the ratio of GFP+ cell

frequency in BM relative to peripheral blood was lower
in CXCR4KO compared to controls in both pregnant and
nonpregnant mice (Figure 3D). The ratio of GFP+ cell
frequency in uterine tissue relative to peripheral blood was
also lower in CXCR4KO compared to controls specifically
in pregnant mice but not in nonpregnant mice (Figure 3D),
indicating decreased recruitment of BMDCs to the uterus
in pregnancy in CXCR4KO mice. In contrast, the ratio
of GFP+ cell frequency in spleen and nonpregnant uterus
relative to peripheral blood was not different in CXCR4KO
compared to controls in either pregnant and nonpregnant
mice (Figure 3D). Immunostaining of histological uterine
sections with GFP antibody were consistent with our flow
cytometry data, demonstrating overall decreased numbers
of GFP+ BMDCs in CXCR4KO uteri in both pregnant
(E8.5) and nonpregnant states (Figure 4A and B). In the
nonpregnant uterus, GFP+ BMDCs were primarily localized
in the endometrial stroma and to a lesser extent in the
myometrium. No GFP+ cells were found in endometrial
luminal or glandular epithelium. In pregnancy, GFP+ BMDCs
were specifically concentrated in the maternal decidua on
the mesometrial side and absent from the embryonic tissues
(embryo, trophoblast) (Figure 4B). GFP+ BMDCs were
mostly localized in the stroma within the mesometrial area of
the implantation site (Figure 4B). We did not observe any dif-
ferences in the number of implantations and resorptions in the

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac029#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioac029#supplementary-data
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Figure 4. Immunohistochemistry images of uterine tissue sections from
CXCR4KO and control mice. (A) Immunostaining images of nonpregnant
uterine tissue sections of control and CXCR4KO stained with GFP
antibody (brown). The bottom panel (20×) is a magnification of the
dashed area in the upper panel (4×). Scale bar, 200 μm. (B)
Immunostaining images of implantation site (E8.5) sections of control
and CXCR4KO stained with GFP antibody (brown). The bottom panel
(10x) is a magnification of the dashed area in the upper panel (2.5×).
Note the concentration of GFP+ BMDCs in the mesometrial (M) area
compared to the scant presence in the antimesometrial (AM) area. L,
lumen; GC, giant cell layer; E, embryo. Scale bar, 400 μm.

CXCR4KO mice as compared to WT control mice (data not
shown).

CXCR4 mediates recruitment of bone
marrow-derived nonhematopoietic cells
to the pregnant uterus

To investigate whether recruitment of nonhematopoietic
and hematopoietic cells to the pregnant uterus is similarly
affected by knockout of CXCR4 in BM, we analyzed
single uterine cells by flow cytometry using antibody to
CD45 (panleukocyte marker). Flow cytometry analysis
demonstrated an increase in both hematopoietic (CD45+) and
nonhematopoietic (CD45–) GFP+ BMDCs in control mice
comparing nonpregnant uterus to pregnancy implantation
site (Figure 5A and B). In contrast, in CXCR4KO mice there

was an increase in hematopoietic BMDCs in the uterus
in pregnancy compared to the nonpregnant uterus, while
there was no increase in nonhematopoietic BMDCs in the
pregnant uterus compared to nonpregnant (Figure 5A and C).
We confirmed this finding using immunofluorescence
colocalization analysis. Since NK cells are the most abundant
hematopoietic population in the implantation site, peaking
on E8.5–E9.5 [32], we performed co-staining of GFP together
with CD45 (panleukocyte) and DBA (Dolichos biflorus
lectin) lectin, a specific marker of NK cells. DBA lectin is
the commonly used marker for mouse uterine NK cells as it
stains both cytoplasmic granules as well as the cell membrane,
thus identifying also immature, agranular NK cells [33].
Moreover, DBA lectin is consistently found on BM-derived
NK cells that have homed to the uterus [33]. Immunostaining
demonstrated that in both control mice and CXCR4KO mice,
most GFP+ BMDCs were CD45+ and DBA+, indicating
that they were BM-derived NK cells (Figure 6A and B).
A minority of GFP+ cells were positive for the CD45+
hematopoietic marker but negative for DBA, indicative of
non-NK immune cells. In control mice, immunofluorescence
colocalization also showed the presence of GFP+/CD45–
/DBA– cells, indicative of BM-derived nonhematopoietic cells.
Notably, these nonhematopoietic GFP+ cells were not found
in implantation sites of CXCR4KO mice (Figure 6A and B).

CXCR4 ablation differentially affects recruitment
of immune cell population subsets to the pregnant
uterus

To determine the effects of CXCR4 knockout on the dynam-
ics of various BM-derived hematopoietic immune cell sub-
sets, we performed multicolor flow cytometry analysis of
bone marrow, spleen, peripheral blood and implantation site
(E9.5) tissues. Single live cells were gated on GFP+ and
CD45+ hematopoietic cells (Figure 7A). Among hematopoi-
etic BMDCs, there was a decrease in the proportion of myeloid
cell populations in the spleen, peripheral blood and implan-
tation site of CXCR4KO as compared to controls animals
(Figure 7B–E). The percentages of neutrophil and monocyte
subsets out of total hematopoietic BMDCs were decreased in
implantation site, spleen and peripheral blood but were unaf-
fected in BM of CXCR4KO mice versus WT controls. The per-
centage of macrophages out of total hematopoietic BMDCs
were also decreased in the implantation site of CXCR4KO
mice compared to controls (Figure 7D). Moreover, significant
alterations were observed in proportions of lymphoid cell
populations in CXCR4KO animals. The proportion of T cells
out of total hematopoietic cells were increased in spleen and
peripheral blood but unchanged in BM and implantation
site of CXCR4KO mice vs. controls (Figure 7B–E). The per-
centage of NK cell subset out of total hematopoietic cells
was increased in the implantation site and BM but decreased
in spleen and peripheral blood in CXCR4KO vs. control
mice (Figure 7B–E). When immune cell frequencies at the
implantation site, spleen, and bone marrow were assessed as
a ratio relative to their frequency in the peripheral blood, it
revealed a striking increase in the ratio of NK cells at the
implantation site relative to blood (24-fold) in CXCR4KO
mice as compared to control mice (1-fold) and to all other
tissues (Figure 7F), suggesting that CXCR4 is not required
for recruitment and accumulation of BM-derived NK cells
in the implantation site. In addition, there was a higher
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Figure 5. (A) Flow cytometry analysis of nonpregnant uterus and decidua (E9.5) from control and CXCR4KO mice. Live cells were gated on GFP and
CD45 to identify GFP+CD45+ hematopoietic BMDCs and GFP+CD45− nonhematopoietic BMDCs. Representative flow cytometry plots are shown. (B
and C) Quantitative summary of percentage of GFP+CD45+ hematopoietic BMDCs and (C) GFP+ CD45– nonhematopoietic BMDCs in nonpregnant
uterus and implantation site (E9.5) of (B) control and (C) CXCR4KO mice. n = 6 mice/group, ∗P < 0.05, ∗∗P < 0.01. Data in bar graphs are shown as mean
± SEM.

ratio of neutrophils relative to blood in the BM (10-fold) of
CXCR4KO mice vs. controls (Figure 7F).

Discussion

Adult BMDPCs have been shown to migrate to the uterus in
both human [34–36] and mouse [22–24, 35, 37–40] and con-
tribute to various nonhematopoietic cells of the endometrium
including stromal, endothelial and epithelial compartments.
Despite their identification in endometrial homeostasis, the
role of these cells in highly dynamic physiological repro-
ductive processes such as pregnancy and postpartum has
remained unknown until recently [23–25]. Nonhematopoietic
BM progenitors are mobilized to the circulation in pregnancy
and recruited to the pregnant uterus where they give rise to
decidual stromal cells, playing an important functional role
in decidualization and pregnancy maintenance [23, 41]. Our
study demonstrates an essential role for CXCR4 signaling in
pregnancy-induced recruitment of nonhematopoietic BMD-
PCs to the decidua.

In the present study, we observed that the migration of
BM-derived hematopoietic cells and nonhematopoietic cells
to the uterus was significantly increased upon pregnancy in
WT mice, consistent with our prior observations [23–25]. In
contrast, the pregnancy-induced recruitment of BM-derived
nonhematopoietic cells to the uterus was abolished while the
recruitment of hematopoietic cells was also decreased when
CXCR4 receptor was genetically ablated in BM cells. The
CXCL12–CXCR4 axis is well established as playing a key
role in recruitment of BM-derived stem cells [7, 42]. The
expression of CXCL12 increases in response to tissue injury in

various organs where it recruits MSCs to the damaged areas
facilitating tissue repair [43–45]. Expression of CXCR4 recep-
tor on the surface of BM MSCs has been shown to mediate
their recruitment into areas of tissue injury in the setting of
ischemic myocardial and brain injury and acute kidney injury
[46–48]. Previously, CXCL12 ligand and its CXCR4 receptor
have been shown to be important in mediating migration of
BMDPCs towards endometrial stromal cells and myometrial
stromal cells in vitro [15, 21, 49]. In addition, the CXCL12
ligand can increase while the CXCR4 antagonist AMD3100
can decrease the recruitment of BMDPCs to the uterus in
vivo in a mouse uterine injury (Asherman’s) model, with
an increase in BMDPCs recruitment correlated to improved
pregnancy outcome [50]. The results of the current study are
consistent with these studies, pointing to an essential role
of CXCR4 in mediating recruitment of nonhematopoietic
BMDPCs to the decidua during pregnancy.

Loss of CXCR4 signaling in BM MSCs by genetic ablation
in our study resulted in increased CFU ability but had no
appreciable effects on the absolute number of BM-MSCs
propagated in adherent culture. This is consistent with a prior
mouse study showing that CXCR4 gene ablation in mature
osteoblasts similarly led to increased number of colony-
forming units in BM stromal cell cultures, that was associated
with decreased bone mass and alterations in bone structure
[51].

In this study, the number of transplanted donor-derived
BM cells (GFP+) was profoundly lower in the BM niche of
mice with CXCR4KO BMT as compared to WT. Although a
decrease in donor-derived BM cells was observed in other
organs (spleen, blood, implantation site) in CXCR4KO
mice, donor-derived BM cells were most severely reduced
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Figure 6. (A) Immunofluorescence of E9.5 decidua tissue sections (mesometrial) showing colocalization of CD45 pan-leukocyte marker (white), GFP
marker of transplanted BMDCs (green), and DBA marker of NK cells (red) in control and CXCR4KO mice. Sections were counterstained with DAPI for
nuclear staining (blue). White arrows point to nonhematopoietic GFP+ BMDCs that are negative for either CD45 or DBA markers. Yellow arrows point to
GFP + CD45 + DBA+ BM-derived NK cells. Purple arrows point to GFP + CD45 + DBA– BM-derived non-NK immune cells. Note that nonhematopoietic
GFP+ BMDCs (GFP + CD4 – DBA–) are found in control mice (white arrows) but not in CXCR4KO mice, where all GFP+ BMDCs are hematopoietic
(CD45+ and/or DBA+). Low magnification picture scale bar, 200 μm. High magnification picture scale bar, 50 μm. (B) Quantitative summary of
percentage of DBA+ (NK), DBA– CD45+ (immune non-NK) and DBA-CD45- (nonhematopoietic) BMDCs out of total GFP+ cells in the implantation site
(E9.5) of control and CXCR4KO mice. n = 4 mice/group, ∗∗P < 0.01. Data in bar graphs are shown as mean ± SEM.

in the BM. Since BM cell transplantation occurred prior
to tamoxifen induction of genetic CXCR4 ablation, and
initial donor BM cell engraftment was the same in both
groups, the rapid decrease in donor-derived cells in the BM
following CXCR4 ablation likely reflects rapid egress from
the BM, consistent with the role of CXCR4 in retention of
BM hematopoietic stem/progenitor cell within the BM niche
[4]. Indeed, prolonged (>2 weeks) pharmacologic blockade of
CXCR4 signaling leads to increased mobilization of stem cells
from the BM [52]. Moreover, the mice with CXCR4KO BMT
exhibited abnormally reduced proportions of certain donor-
derived hematopoietic cells in hematopoietic organs including

the spleen and peripheral blood with a decrease in myeloid
(granulocyte, monocyte) and NK cell subpopulations. This is
consistent with prior studies showing that CXCR4 in
hematopoietic cells is essential for long-term lymphoid and
myeloid reconstitution. Irradiated mice reconstituted with
CXCR4-null fetal liver have reduced numbers of monocytic
cells and granulocytic cells in hematopoietic organs [53, 54].
In addition, mice with conditional deletion of CXCR4 in
adulthood have been shown to have decreased numbers of NK
progenitor cells and mature NK cells in bone marrow, spleen
and peripheral blood [55]. In contrast to myeloid and NK cell
subpopulations that were decreased in hematopoietic organs



1094 CXCR4 mediates recruitment of nonhematopoietic and immune cells, 2022, Vol. 106, No. 6

Figure 7. Multicolor flow cytometry analysis of GFP+ BM-derived hematopoietic cells in nonpregnant and pregnant (E9.5) mice tissues. (A) Gating
strategy for flow cytometry analysis of GFP+ cells in implantation site (E9.5) of control and CXCR4KO mice. Live cells were gated on CD45+ and GFP+
to analyze the hematopoietic BMDC population. NK cells were positive for Nk1.1 (NK) but negative for CD3 (T cell) markers, while T cells were
CD3+ NK1.1–. Cells were further gated as NK1.1–CD3– to analyze myeloid cells. The markers CD11b, Ly6G, and F4/80 were used to identify
granulocytes (Ly6G+ CD11b+ F4/80–), macrophages (F4/80+ CD11b+ Ly6G–), and monocytes (CD11b+ F4/80– Ly6G–). Representative flow cytometry
plots of single cells from E9.5 decidual tissue are shown. (B–E) Quantitative summary of the distribution of various immune cell subsets (neutrophils,
macrophages, monocytes, T cells, and NK cells) in GFP+ CD45+ hematopoietic BMDCs of control and CXCR4KO mice in (B) bone marrow, (C) spleen,
(D) implantation site, and (E) peripheral blood. (F) Quantitative summary of ratio of immune cell frequency (NK cells, T cells, monocytes, and
granulocytes) in tissue (decidua, BM, or spleen) relative to peripheral blood in control and CXCR4KO mice. Data shown are the mean of n = 6
mice/group; ∗P < 0.05, ∗∗P < 0.01. Data in bar graphs are shown as mean ± SEM.

in our study, T cells were conserved and were proportionately
increased. This is also consistent with prior studies showing
that CXCR4 deletion does not impair T-cell precursors and
does not influence localization of T lymphocytes in secondary
lymphoid organs [54, 55].

We observed a striking increase in the ratio of NK cells
at the implantation site relative to peripheral blood (24-
fold) in CXCR4KO mice as compared to control mice (1-
fold) and to all other tissues examined. Previous studies have
shown that successful transition of the cycling endometrium
to a pregnancy state requires selective elimination of

proinflammatory senescent decidual cells by activated uterine
NK cells [56]. Recurrent pregnancy loss, however, is character-
ized by a deficiency in endometrial MSCs and increased decid-
ual cell senescence [57–59]. Therefore, it is very plausible that
the vast relative increase in decidual NK cells in CXCR4KO
mice represents a compensatory response to the BMDPC
deficiency.

The role of CXCL12/CXCR4 pathway in embryo implanta-
tion and placentation is implicated by several lines of evidence.
The CXCR4 receptor and its CXCL12 ligand have been
shown to be upregulated in the endometrium of humans,



Y.-Y. Fang et al., 2022, Vol. 106, No. 6 1095

sheep and pigs during early pregnancy [13, 14, 60]. The
CXCL12 ligand is highly expressed in endometrial epithe-
lial and stromal cells [14–16], while its CXCR4 receptor
is localized in stromal cells, vascular endothelial cells, and
immune cells in the endometrium [14], as also revealed by
recent single-cell transcriptomic data of human endometrium
and maternal-fetal interface [61, 62]. Moreover, single-cell
RNA-seq data showed that CXCL14 is the most abundant
chemokine expressed in the human endometrium. Interest-
ingly, CXCL14 is a positive allosteric modulator of CXCR4
that synergizes with CXCL12 [63, 64], and thus may play
an important role in local amplification of CXCL12-CXCR4
pathway-mediated effects. CXCR4 also has essential roles in
the cross-talk between trophoblast cells, maternal decidual
cells and maternal immune cells by recruiting immune cells
into the decidua and stimulating trophoblast proliferation and
invasion [18, 19, 65]. CXCL12 can bind CXCR4 on decidual
cells leading to increased activity of matrix metalloproteases
(MMP) 2 and 9 [66], both of which are critical determi-
nants for trophoblast migration and invasion [67]. Moreover,
CXCL12 derived from embryonic tissue has been recently
shown by Koo et al. to have beneficial effects on endometrial
receptivity and embryo implantation [68]. Embryonic-derived
CXCL12 led to increased embryo attachment and angio-
genesis in-vitro, and intrauterine administration of CXCL12
resulted in increased expression of endometrial receptivity
markers (integrin β3, Osteopontin) and embryo implanta-
tion in vivo [68]. In addition, a recent randomized, placebo-
controlled pilot trial demonstrated that sitagliptin, an oral
antidiabetic drug and DPP4 inhibitor that increases CXCL12
bioavailability, is effective in increasing the number of clono-
genic MSCs in the endometrium and attenuating the pro-
senescent decidual response in patients with recurrent preg-
nancy loss [69].Activation of CXCR4 by CXCL12 promotes
CD4+ T cell survival [70], and also induces the recruit-
ment of CXCR4+ T regulatory cells (CD4 + CD25+) to
the pregnant uterus and prevents embryo loss in mice [20],
suggesting that the CXCL12-CXCR4 system is involved in
immune cell trafficking into the uterus to aid in establishment
and maintenance of maternal tolerance to the semiallogenic
fetus. Our study extends the role of CXCR4 to trafficking of
nonhematopoietic BMDPCs into the uterus in pregnancy. Ulti-
mately, the secretion of CXCL12 by decidual cells may serve
as a mechanism to regulate proper trafficking of exogenous
BM-derived immune and nonimmune cell populations to the
decidua which, in turn, support implantation and pregnancy
maintenance. Since our mouse model was a chimeric, we
could not comment on the functional effects of inhibiting
CXCR4 expression on BMDPCs in terms of implantation
and pregnancy. However, BMDPC have been shown to have
a functional role in supporting implantation and pregnancy
maintenance [23], and it would be interesting to further
explore the specific role of CXCR4 inhibition in BMDPCs on
pregnancy outcome.

In conclusion, our results indicate that CXCR4 is essential
for recruitment of BM-derived nonhematopoietic progenitor
cells to the pregnant uterus. Genetic ablation of CXCR4
signaling in BM cells affects accumulation of myeloid cell
populations but not NK cells in the pregnant uterus. These
findings provide important insights into the regulation of
BMDPCs trafficking into the uterus during pregnancy, that
may have an important role in implantation and pregnancy
maintenance.
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