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Abstract: Olfaction depends on lifelong production of sensory neurons from CXCR4 expressing
neurogenic stem cells. Signaling by CXCR4 depends on the concentration of CXCL12, CXCR4’s
principal ligand. Here, we use several genetic models to investigate how regulation of CXCL12 in
the olfactory stem cell niche adjusts neurogenesis. We identify subepithelial tissue and sustentacular
cells, the olfactory glia, as main CXCL12 sources. Lamina propria-derived CXCL12 accumulates
on quiescent gliogenic stem cells via heparan sulfate. Additionally, CXCL12 is secreted within the
olfactory epithelium by sustentacular cells. Both sustentacular-cell-derived and lamina propria-
derived CXCL12 are required for CXCR4 activation. ACKR3, a high-affinity CXCL12 scavenger, is
expressed by mature glial cells and titrates CXCL12. The accurate adjustment of CXCL12 by ACKR3 is
critical for CXCR4-dependent proliferation of neuronal stem cells and for proper lineage progression.
Overall, these findings establish precise regulation of CXCL12 by glia cells as a prerequisite for
CXCR4-dependent neurogenesis and identify ACKR3 as a scavenger influencing tissue homeostasis
beyond embryonic development.

Keywords: olfactory; stem cell; CXCR4; ACKR3; CXCR7; CXCL12; scavenging; heparan sulfate;
neurogenesis

1. Introduction

Stem cell niches provide a highly specialized micromilieu made up of the extracellular
matrix, cell–cell contacts, growth factors, and other small molecules to ensure maintenance,
self-renewal, and differentiation of stem cells [1]. Astrocytes are a crucial part of all adult
neurogenic niches, and they play an important role in instructing and regulating adult
neural stem cells. As well as glial cells, the extracellular matrix is equally important for the
development of new neurons from stem cells [2].

The stem cell niche in the olfactory epithelium (OE) generates new neurons throughout
life to regenerate continuously dying olfactory neurons [3–5]. It is composed of glia cells,
called sustentacular cells, and horizontal and globose basal stem cells. Globose basal
cells (GBCs) represent the actively proliferating neurogenic stem cells of the OE which are
essential to maintain the olfactory sense [6,7], but little is known about microenvironmental
cues regulating their proliferation and differentiation [8,9]. Horizontal basal cells (HBCs)
are quiescent reserve stem cells [10] that renew sustentacular cells [11]. Apart from that,
HBCs amplify inflammatory signaling via NF-κB, and thereby contribute to maintaining
local immune defense [12]. Supporting cells are radially oriented cells that traverse the OE
from the laminar propria to the apical surface and form structures that envelop the neuronal
cells. These cells provide structural support to olfactory neurons, act as phagocytes, and are
involved in the metabolism of external compounds. Moreover, the cells release molecules
involved in neuroprotection such as Neuropeptide Y [13], endocannabinoids [14], and
insulin [15].
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We recently identified C-X-C chemokine receptor 4 (CXCR4) as an essential regulator
of olfactory neurogenesis [16]. Functional CXCR4 signaling in tissues depends critically
on the level of its ligand, C-X-C motif chemokine ligand 12 CXCL12 [17]. CXCL12 is an
important paracrine mediator in a variety of stem cell niches, but little is known about how
CXCL12 is presented to stem cells and how its availability in niches is regulated. Given
the relevance of CXCL12 in regenerative, neoplastic, and inflammatory settings, a better
understanding of how CXCL12 is presented to stem cells may provide avenues to new
therapeutic strategies [18–20]. Local CXCL12 levels can be adjusted by atypical chemokine
receptor 3 (ACKR3)/formerly CXCR7. ACKR3 binds CXCL12 with high affinity [21,22]
and, after internalization of the ACKR3/CXCL12 complex, enables its intracellular degra-
dation [21,22]. This mechanism depends on continuous cycling of ACKR3 between the
cell membrane and the cytoplasm [23,24], a process tightly regulated by CXCL12-induced
ACKR3 phosphorylation [17,25]. Notably, ACKR3-mediated CXCL12 scavenging occurs
in cells undergoing active CXCL12/CXCR4 signaling and in CXCR4-negative cells. Most
chemokines, including CXCL12, are regulated by scavenging receptors as well as immobi-
lized glycosaminoglycans (GAG). It is necessary for the correct presentation and gradient
formation of chemokines in tissues and the circulation [26,27], e.g., presenting CXCL12 to-
wards hematopoietic progenitor cells in the bone marrow [28]. Despite their dispensability
for proper development, CXCL12/GAG interactions play a critical role in tissue regen-
eration, particularly in vascular growth after injury [29]. Conversely, ACKR3-mediated
scavenging has only been documented in mammals [30–33] and zebrafish [17,34,35] during
development. Currently, no research has examined how scavenging and GAG binding
work together to regulate CXCL12 function.

Here, we describe how sustentacular cells regulate CXCR4-dependent olfactory neu-
rogenesis by scavenging CXCL12 and by controlling CXCL12 expression. While CXCL12
binding to the extracellular matrix in HBCs is required for GBCs to get access to CXCL12,
glial ACKR3 scavenges CXCL12 and thereby regulates CXCR4 signaling in a non-cell
autonomous manner. Notably, ACKR3 and CXCR4 are strictly non-overlapping in the OE,
excluding the possibility that ACKR3 modulates CXCL12 signaling via heterodimerization
with CXCR4. The collective interaction of neuronal stem cells with glial cells and the extra-
cellular matrix is required for the generation of newly formed olfactory neurons during
adult neurogenesis.

2. Materials and Methods
2.1. Animal Breeding and Treatment

Animal experiments were conducted in accordance with the EC directive 86/609/Eu-
ropean Economic Community guidelines for animal experiments and were permitted by
the local government (Thüringer Landesamt für Lebensmittelsicherheit und Verbraucher-
schutz). Mice were kept under 12 h light/dark cycles with ad libitum access to food and
water. C57BL6/6J wild-type mice were originally purchased from Charles River Laborato-
ries (Sulzfeld, Germany) and sacrificed at P8, 6 weeks, and 8 weeks. Tg(Krt14-cre)1Amc
mice were purchased from Charles River Laboratories (Sulzfeld, Germany, #004782 [36]).
In these mice, the transgene is composed of a Cre recombinase gene under the control
of a Keratin 14 (Krt14) promoter. Krt14 is expressed in HBCs. Tg(Mpz-Cre)26Mes mice
were purchased from Charles River Laboratories (Sulzfeld, Germany); the Cre recombinase
gene is under the control of a mouse Mpz (myelin protein zero) promoter [37], and MPZ is
expressed in sustentacular cells. Expression of tdT was used to control for the expected
localization of promoter activation. ACKR3LoxP/LoxP [38] and CXCL12LoxP/LoxP mice [39]
were on a C57BL6/J background. Transgenic CXCL12-RFP mice, expressing CXCL12-RFP
under Cxcl12 promoter, were generated by Prof. R. J. Miller [40] and bred on a C57BL6/J
background. Monomeric red fluorescence protein 1 (mRFP1) was inserted at the end of
the CXCL12 coding sequence to generate a CXCL12-mRFP1 fusion construct in a CXCL12-
containing BAC clone (RP23–203H21) [40]. CXCL12-RFP-transgenic mice contain two to
five additional copies of functional Cxcl12 and have been used before as a model for Cxcl12
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overexpression [25]. HA-ACRK3-ST/A and HA-ACKR3 mouse models were described
recently [25]; an HA-tag was inserted in-frame with the ATG in exon 2 in order to produce
an HA-ACKR3 fusion protein. For the HA-ACKR3-ST/A mutant strain, the following
mutations were inserted into the wild-type exon 2 sequence: S335A, S347A, S350A, S355A,
T338A, T341A, T352A, and T361A. Transgenic Ackr3-GFP mice (bred on a C57BL6/J back-
ground) were received from the Gene Expression Nervous System Atlas project GENSAT;
eGFP is expressed in the cells when the CXCR7 promoter is active. The following mice were
generated in this study: Tg(Mpz-cre); Ackr3LoxP/LoxP; R26CAG-LSL-tdT mice in order to delete
Ackr3 in Mpz-expressing sustentacular cells. Tg(Krt14-cre); Cxcl12LoxP/LoxP; R26CAG-LSL-tdT

mice in order to delete Cxcl12 in Krt14-expressing HBCs. Tg(Mpz-cre); Cxcl12LoxP/LoxP;
R26CAG-LSL-tdT mice in order to delete Cxcl12 in Mpz-expressing sustentacular cells. All
genotypes generated are summarized in Table S3. For regeneration experiments, mice at an
age of 8 weeks were treated once with 50 mg/kg methimazole (Sigma-Aldrich, St. Louis,
MO, USA) or 0.9% sodium chloride as a control intraperitoneally and euthanized with an
overdose of isoflurane at 3, 14, or 28 days post-injection (dpi).

2.2. Immunofluorescence and Tissue Preparation

For all experiments, mice were directly decapitated (young mice, P8) or decapitated
after euthanasia with isoflurane (adult mice, 6–8 weeks). Whole heads (P8) or extracted OEs
(6–8 weeks, according to a modified protocol [41]) were fixed in 4% paraformaldehyde (PFA;
Carl Roth, Karlsruhe, Germany) for 24 h at 4 ◦C, cryopreserved in 30% sucrose and frozen
in 2-Methylbutane (Carl Roth, Karlsruhe, Germany) for immunofluorescence or directly
frozen in 2-Methylbutane for in situ hybridization. Tissues were fixed in tissue-freezing
medium (Leica Microsystems, Wetzlar, Germany) on a specimen disk and coronary sec-
tioned at 18 µm thickness. The sections were immunostained as previously described [16].
Used primary and secondary antibodies are listed in Tables S1 and S2; nuclear staining
was performed with Hoechst (Thermo Fisher Scientific, Waltham, MA, USA). Images were
obtained using a confocal laser scanning microscope with TCS SPE system (Leica DM2500.
Leica Microsystems, Wetzlar, Germany) or Zeiss LSM900 with Airy-Scan technology. For
quantification, 3 comparable regions of septum, ectoturbinate, and endoturbinate were stud-
ied using 3–5 mice per group. Cell counting and intensity measurement were performed in
LAS X (Leica Microsystems), ZEN 3.0 (Carl Zeiss Microscopy GmbH, Oberkochen, Ger-
many), and ImageJ. For image processing, Adobe Photoshop CS6 (Adobe Systems, CA,
USA) was employed.

2.3. Heparanase Treatment

Before staining, slides were washed 3 × 10 min in PBS (pH 7.4), followed by incubation
in heparanase-1 (5 µg/mL; Merck, Darmstadt, Germany, SAE0116) or PBS (as control, pH
5.6) for 24 h at 37 ◦C in a humid chamber. The next day, slides were washed 6 × 10 min in
ice-cold PBS to stop the reaction. Afterwards, slides were processed for immunofluorescent
staining as previously described.

2.4. Proximity Ligation Assay (PLA)

The use of PLA secondary antibodies derived against one host but conjugated to
two different DNA oligonucleotides (PLUS and MINUS) enables detection of individual
proteins. Due to the close proximity of PLA secondary antibodies when binding to single
primary antibodies, conjugated and matching DNA oligonucleotides can be ligated to
a circular DNA. Subsequent rolling circle amplification of the DNA and tagging with a
fluorescence-conjugated DNA probe enables signal amplification and detection of individ-
ual proteins. In detail, slides were treated according to the immunofluorescence protocol
using rabbit-derived anti-CXCL12 or anti-KRT5 antibodies and anti-rabbit PLA PLUS and
MINUS antibodies (Duolink In Situ PLA Probe Anti-Rabbit PLUS; Duolink In Situ PLA
Probe Anti-Rabbit MINUS, Sigma-Aldrich, St. Louis, MO, USA) as secondary antibodies.
Slides were washed in TBS and incubated with ligation mixture (Duolink In Situ Detection
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Reagents Orange, Sigma-Aldrich, St. Louis, MO, USA) for 1 h at 37 ◦C. Ligated PLUS and
MINUS strands were amplified in an isothermal rolling circle polymerase chain reaction
(100 min, 37 ◦C) and tagged by Cyanine-3-conjugated probes (Duolink In Situ Detection
Reagents Orange, Sigma-Aldrich, St. Louis, MO, USA). Additionally, PLA PLUS and
MINUS secondary antibody controls were performed without applying primary antibody.
Images were taken with a confocal laser scanning microscope Zeiss LSM900 (Carl Zeiss
Microscopy GmbH, Oberkochen, Germany) with Airy-Scan technology.

2.5. PLA Signal Density Heatmap Generation

PLA images were processed using ZEN 3.0 (blue edition) (Carl Zeiss Microscopy
GmbH, Oberkochen, Germany) software. The images of each z-stack were combined
into an orthogonal projection. For all images, the background was reduced equally by
adjusting the intensity values. PLA signal density heatmaps were generated using Fiji
(ImageJ 1.53c) [41], applying the Lookup Table “Red Hot” and a Gaussian Blur filter with a
Sigma radius of 20. For better orientation, the heatmap image was overlayed onto a high-
background image showing the nuclei generated by using the “remove outliers” function
of Fiji.

2.6. In Situ Hybridization

The fluorescent sense and antisense riboprobes for mouse Ackr3 (GI 109562 [31] and
mouse Cxcr4 (GI 109563 [42]) were labeled with digoxigenin-uridine triphosphate (DIG-
UTP, Perkin Elmer, MA, USA; for Ackr3) and fluorescein-12-UTP (Perkin Elmer, MA, USA,
for Cxcr4). For radioactive in situ hybridization, sense and antisense riboprobes for mouse
Cxcl12α (GI 12025675 [43]) were constructed using 35S-UTP (Perkin Elmer, MA, USA). Probe
transcription and prehybridization were performed as previously described [16]. Sections
were hybridized with 1 µg/mL fluorescent or radioactive riboprobe in hybridization
buffer for 20 h at 60 ◦C in a humid formamide chamber, followed by washing in 2 ×
Tri-sodium-citrate-dihydrate (SSC) and 1 × SSC. Afterwards, sections were incubated in
RNAse solution for 30 min at 42 ◦C and washed further in 1× and 0.2 × SSC.

For double fluorescent in situ hybridization, sections were incubated in blocking
buffer for 1 h, followed by Anti-DIG-alkaline phosphatase (AP) fab fragments (1:500;
Roche Deutschland Holding GmbH, Grenzach-Wyhlen, Germany; 11093274910) for 30 min.
After washing with maleic acid, sections were stained with TSA TM Plus Cyanine 3 (1:50;
NEL744001KT; Perkin Elmer, MA, USA) for 15 min in the dark to detect Ackr3 mRNA first.
In the second part, sections were washed twice in maleic acid, incubated in 3% H2O2 (in
maleic acid) for 1 h, and rinsed again in maleic acid. Afterwards, sections were incubated
in the second fab fragment cocktail (Anti-Fluorescein-AP fab fragments; 1:500; Roche
Deutschland Holding GmbH, Grenzach-Wyhlen, Germany; 11426338910) 30 min at RT,
washed with maleic acid, and stained with TSA TM Plus Fluorescein (1:50; NEL741E001KT;
Perkin Elmer, MA, USA) in order to detect Cxcr4 mRNA in the same slide. After washing
with maleic acid, sections were mounted with Fluoromount-GTM (Thermo Fisher Scientific
Germany Ltd. & Co. KG, Bonn, Germany). Images were performed using a confocal laser
scanning microscope with TCS SPE system (Leica DM2500, Leica Microsystems, Wetzlar,
Germany). For radioactive in situ hybridization, sections were dehydrated in isopropanol
after washing in SSC. Dried slides were dipped into NTB-Emulsion (42 ◦C; IBS-Integra
Biosciences AG, Zizers, CH; 10542844), dried for 24 h, and stored 4 weeks in the dark at 4 ◦C.
Afterwards, coated sections were developed in warm Kodak® Professional D-19 Developer
(45 ◦C; Kodak, NY, USA; 1464593) and fixed in Carestream® Kodak® Processing Chemicals
Kodak Fixer (Sigma Aldrich, MO, USA; P8307), counterstained with cresyl violet, and
mounted with Entellan (Sigma Aldrich, MO, USA) [16]. Dark and bright field images were
taken on a light microscope (Zeiss Axio Imager A1, Carl Zeiss, Oberkochen, Germany).
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2.7. Immunosorbent Assay (ELISA)

Mice were decapitated and skin and lower jaw were removed. Pharyngeal nasal lavage
protocol was adaped from [44]. A 24G catheter of a butterfly cannula (Braun, Melsungen,
Germany, 42540748) was inserted carefully into the nasopharynx and choanae. A single
dose of 700 µL ice-cold PBS was injected and mucus fluid was collected from the nostrils.
Samples were concentrated in Micro Float-A-Lyzer® Dialysis Device in Spectral/Gel™
Absorbent for 60 min. CXCL12 protein levels in mucus and OE samples were quantified
using RayBio® Mouse SDF-1α (CXCL12) ELISA Kit (RayBiotech, Peachtree Corners, GA,
USA, ELM-SDFα). Lactoferrin protein levels were measured using Mouse LTF/LF (Lacto-
ferrin) ELISA Kit (Elabscience®, Houston, TX, USA, E-EL-M0746). The ELISA assays were
performed as recommended in the manufacturers’ instructions. Color change was detected
on an iMark Microplate Reader (Biorad, CA, USA) at 450 nm wave length. ELISA assays
were performed with n = 5 and 3 independent runs.

2.8. RNA Sequencing and Transcriptomic Analysis

Main olfactory epithelium was collected from P8 WT and Mpz-Cre;Ackr3LoxP/LoxP

mice. Two epithelia were pooled for each of three samples from the same genotype.
RNA isolation was performed using Purelink RNA Mini Kit; RNA concentration and
purity was determined by NanoDrop Lite (Thermo Fisher Scientific Germany Ltd. & Co.
KG, Bonn, Germany). RNA integrity was controlled using denaturing agarose gel runs.
Transcriptional sequencing was performed on NovaSeq6000 systems by CeGaT GmbH
(Tübingen, Germany).

Un-normalized RNA read counts obtained from high-throughput RNA sequencing
were tested for differential expression using the R Bioconductor software package DE-
Seq2 [45]. The data set was processed following the provided standard workflow and
filtered for an adjusted p-value cutoff of 0.05. To determine the histological localization
and average expression, differentially expressed genes were identified in a published RNA
single-cell-sequencing data set GSE169011 [46]. Up- (FC > 1.2) and downregulated (FC < 0.8)
genes were further filtered for highest combinatory average expression in CXCR4-positive
GBCs and INPs in contrast to all other cell types. Visualization was performed using the
DotPlot function of the R software package Seurat V4 [47]. Gene ontology enrichment and
network analysis was accomplished using ShinyGO 0.76.3 [48] for GO biological processes
and an FDR cutoff of 0.05.

2.9. Statistical Analysis

Statistical analysis was performed in GraphPad Prism 5.01; data were represented
as mean ± SEM. Data were tested for normal distribution and homogeneity. Statistical
significance was set at * probability (p) < 0.05 and analyzed using One-Way ANOVA or
Two-Way ANOVA, and Bonferroni post-hoc test or Student’s t-test.

3. Results
3.1. ACKR3 Is Expressed in Glia Cells of the OE

CXCL12/CXCR4-mediated signaling is regulated by the atypical chemokine receptor 3
(ACKR3), which modulates the extracellular CXCL12 concentrations by internalization and
lysosomal degradation of CXCL12 [49]. In addition, CXCR4 signaling can be modulated
through the formation of ACKR3-CXCR4 heterodimers. Since CXCR4 regulates prolif-
eration and differentiation of GBCs [16], we investigated the role of ACKR3 for CXCR4
signaling in the OE. We started by analyzing young mice (postnatal day 8, P8), due to the
high rate of neurogenesis at this age. In situ hybridization revealed Ackr3 expression in the
sustentacular cell layer of P8 animals (Figure 1A). The expression pattern did not change
in adult animals. Co-hybridization of Ackr3 with a Cxcr4-specific riboprobe showed that
transcripts of both receptors do not co-localize. In compliance with the in situ hybridization
result, expression of GFP under the control of the Ackr3 promoter (Ackr3-GFP mice) showed
labeling of sustentacular cells. The GFP signal was detected in the apical cell bodies of
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sustentacular cells and in the basal processes of sustentacular cells (Figure 1B), which
span the complete epithelium (Figure 1D). Immunofluorescence labeling of ACKR3 and
CXCR4 confirmed presence of both receptors in different cell types. ACKR3 was localized
in the apical cytoplasm of sustentacular cells, whereas CXCR4 was localized in GBCs and
immature neurons (Figure 1C). The specificity of our ACKR3 staining was validated by
a virtually identical pattern being obtained by anti-hemagglutinin (HA) staining in mice
with knock-in alleles for HA epitope-tagged ACKR3 [25] (Figure 1E). High-power confocal
microscopy showed that ACKR3-positive processes of presumptive sustentacular cells
surrounded CXCR4-labeled dendrites and cell bodies (Figure 1F), ruling out that ACKR3
modulates CXCR4 by heterodimer formation. Together, these findings show the presence
of ACKR3 in CXCR4-negative sustentacular cells in the OE.

Figure 1. ACKR3 is not co-expressed with CXCR4 in the OE (A) Fluorescence in situ hybridization
of Ackr3 (green) with Cxcr4 (red) showing expression of Ackr3 in sustentacular cells of the OE (P8).
Cxcr4 and Ackr3 mRNAs are not co-expressed. (B) Expression of GFP under the control of the
Ackr3 promoter (Ackr3-GFP transgenic mice) confirms Ackr3 expression in sustentacular cells (P8).
(C) Immunofluorescence for ACKR3 (green) and CXCR4 (red) showing absence of co-localization
(P8). (D) Schematic overview of the cellular composition of the OE. Cell bodies of sustentacular
cells (SC, green) build the apical cell layer and the cells extend to the basal lamina. Cell bodies of
mature olfactory sensory neurons (OSN, orange) are located directly beneath the sustentacular cells;
OSNs extend an apical dendrite with sensory cilia, which are in contact with the mucus covering the
epithelium and an axon projecting through the lamina propria towards the olfactory bulb. The basal
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layer of the epithelium is composed of immature progenitors (IP, red) and globose basal cells (GBC,
red), the proliferating stem cells generating the sensory neurons. Below the GBC layer, quiescent
horizontal basal cells (HBCs, blue) are sitting on top of the basal lamina (thick black line). The lamina
propria below the basal lamina contains olfactory ensheathing cells (OEC, grey) and other cells.
(E) Knock-in mouse expressing HA-tagged ACKR3 (HA-ACKR3) labeled with anti-HA antibodies.
ACKR3 is expressed in sustentacular cells (P8). (F) High magnification pictures of single confocal
sections showing absence of co-localization of ACKR3 (green) and CXCR4 (red). Arrow points
towards a dendritic ending; IN are cell bodies of immature neurons. Dotted lines represent the basal
lamina. Scale bars 50 µm (A–D), 2 µm (E), 50 µm (F).

3.2. ACKR3 in Sustentacular Cells Regulates CXCR4 Activation

CXCL12 mostly localized to HBCs in WT mice with weak staining throughout the
epithelial layer (Figure 2A). In addition, horizontal sections through the cell bodies of
sustentacular cells revealed a weak CXCL12 signal in the cytoplasm (Figure 2B). To confirm
the presence of CXCL12 in the OE, and to test whether the chemokine is also present in
the nasal mucus, we next performed enzyme-linked immunosorbent assay (ELISA) for
CXCL12. Lactoferrin, a secreted iron-binding, antimicrobial protein in body secretions,
which is an important component of the non-specific immune system, served as positive
control (Figure 2C). We detected a high CXCL12 concentration in homogenates of the OE
and a low concentration in nasal lavage fluid. Lactoferrin was detected at a concentration
of ~1 µg/µL in the nasal mucus, which corresponds to concentrations reported for human
tears (2 µg/µL) and saliva (0.008 µg/µL) [50]. Taken together, these findings show that
CXCL12 is present in the OE and nasal mucus.

To examine if ACKR3 regulates the CXCL12 concentration in the OE, we developed a
myelin protein zero (MPZ) promoter-driven knockout mouse model of sustentacular cell
ACKR3 (Mpz-Cre;Ackr3LoxP/LoxP). Ackr3 mRNA and ACKR3 protein were abolished in the
OE of these mutants (Figure S1). This confirms Ackr3 ablation and shows that Ackr3 is nor-
mally expressed in sustentacular cells. Due to the fact that ACKR3 is canonically involved
in scavenging CXCL12, we examined CXCL12 levels in the OE of Mpz-Cre;Ackr3LoxP/LoxP

mice (P8). Localization of CXCL12 in HBCs was not altered in Mpz-Cre;Ackr3LoxP/LoxP

mice, but we noticed a slightly increased CXCL12 signal in the apical OE layers (Figure 2D),
which would be consistent with the hypothesis that ACKR3 in sustentacular cells acts as
scavenging receptor and regulates the CXCL12 concentration in the OE. A similar finding
was obtained in ACKR3-ST/A mice (Figure 2E), a model of impaired ACKR3-mediated
CXCL12 uptake due to alanine mutations in the highly conserved C-terminal 350SETE353

phosphorylation motif of ACKR3 [25].
Immunofluorescence stainings showed CXCL12 in the sustentacular and neuronal

layer of the OE, but the staining was relatively faint. To confirm the increase in the
epithelial CXCL12 signal in the OEs of Mpz-Cre;Ackr3LoxP/LoxP and ACKR3-ST/A mice,
we performed proximity ligation assay (PLA) [51], a technique that was used recently
to analyze the distribution of CXCL12 in the bone marrow [52]. For visualization, we
generated concentration heatmaps from PLA dot locations (Figures 2G and S2A,D). The
comparison between WT and Mpz-Cre;Ackr3LoxP/LoxP mice revealed a distinct increase in
the CXCL12 concentration in the apical part of the OE (Figure 2F,G). This is likely due to
absent CXCL12 scavenging, since the scavenging-impaired ACKR3-ST/A mutant exhibited
a similar effect on CXCL12 localization (Figure 2F,G). As a control, PLA labeling of CXCL12
in CXCL12-overexpressing mice also showed increased PLA signals (Figure S2C). We did
not find PLA signals in the HBC layer, most likely due to the well-known inhibition of DNA
polymerase (necessary for rolling circle amplification of PLA signals) by heparan sulfate
(HS) proteoglycans [53], which can be detected on HBCs ([54] and Figure S2B). Attempts
to remove HS from tissue sections by heparanase digestion unfortunately resulted in a
complete loss of the PLA signal. Taken together, increased amounts of CXCL12 in the apical
OE of ACKR3-deficient mice, together with ACKR3 localization in intracellular vesicular
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structures in the sustentacular cells, shows that ACKR3 plays a role in CXCL12 scavenging
in the OE.

Figure 2. ACKR3 regulates the amount of CXCL12 in the OE. (A) Localization of CXCL12 in HBCs
by standard IF in WT. (B) Horizontal section at the level of the sustentacular cell nuclei (not labeled,
large black spaces, some are marked by white asterisk). Some CXCL12 (green) is present in the
apical cytoplasm of the sustentacular cells expressing KRT8 (red). (C) Quantification of CXCL12
and lactoferrin (LTF) protein concentration in the OE and mucus samples of WT (6W) mice by
ELISA. CXCL12 protein is abundant in the OE and also detectable in the mucus (n = 3 independent
experiments, 4 animals per experiment, 3 technical replicates, error bars represent SEM). (D) In Mpz-
Cre;Ackr3LoxP/LoxP and (E) ACKR3-ST/A mice, some CXCL12 labeling can be observed in the apical
OE. (F) Schematic overview of CXCL12 (green) localization in sustentacular cells (SC) and HBCs in
the OE of WT and Ackr3-deficient mice. (G) OE sections of WT, Mpz-Cre;Ackr3LoxP/LoxP, and ACKR3-
ST/A mice stained for CXCL12, densities were calculated from PLA signals. The amount of CXCL12
is much higher in mice not expressing ACKR3 or expressing scavenging-defective ACKR3-ST/A.
Scale bars 20 µm (A,D,E,G); 10 µm (B).
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3.3. CXCL12 Scavenging by ACKR3 Regulates CXCR4 Signaling

Next, we investigated how CXCL12 scavenging by ACKR3 affects activation of CXCR4
and downstream signaling. CXCR4 activation can be detected with the anti-CXCR4 an-
tibody UMB-2 which recognizes the C-terminal CXCR4 epitope only when the 346SSS348

cluster is not phosphorylated [55]. Since phosphorylation occurs upon receptor stimulation,
the UMB-2 signal is lost in activated CXCR4. As expected, the overall UMB-2 signal was
markedly reduced in Mpz-Cre;Ackr3LoxP/LoxP and ACKR3-ST/A mice, indicating massive
phosphorylation and thereby activation of CXCR4 (Figure 3A). Higher magnification pic-
tures moreover showed different distribution of non-phosphorylated CXCR4 (Figure 3B).
In WT mice, non-phosphorylated CXCR4 was present on the plasma membrane and in
intracellular clusters. In ACKR3-ST/A and Mpz-Cre;Ackr3LoxP/LoxP, non-phosphorylated
receptors were no longer detectable on the cell surface, while the amount of intracellular
clusters increased. Formation of CXCR4 clusters is known to be associated with exposure
to high levels of CXCL12 [56,57]. Notably, CXCR4-positive spots were positioned close to
the γ-tubulin-labeled microtubule-organizing center (MTOC) and were only found in post-
mitotic neuronal progenitor cells, not in HBCs or dividing GBCs (Figure S3). In addition
to the differences in protein localization, total amounts determined by staining intensities
were altered in the same way (Figure 3C).

Figure 3. ACKR3 regulates CXCR4 signaling in olfactory stem cells. (A) Low-magnification overview
pictures of UMB-2 (CXCR4 non-phosphorylated) immunolabeling in WT, Mpz-Cre;Ackr3LoxP/LoxP,
and in ACKR3-ST/A mice (P8); shown are pictures taken with a stereomicroscope. (B) High-
resolution Airyscan microscopy of UMB-2 (CXCR4 non-phosphorylated) immunolabeling in ACKR3-
ST/A and in Mpz-Cre;Ackr3LoxP/LoxP mice (P8), showing that activation of CXCR4 in dendrites and
localization of non-phosphorylated CXCR4 depends on CXCL12 availability. CXCR4 in ACKR3-ST/A
mice and Mpz-Cre;Ackr3LoxP/LoxP was present mostly on intracellular clusters. Shown are projections
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of confocal sections (16 µm); dotted lines delineate the apical surface of the OE. (C) Quantification
of UMB-2 staining intensities in cryosections (n = 3 animals per group, Student’s t-test, error bars
represent SEM, * p < 0.05). (D) CXCR4 immunolabeling in the apical part of the OE shows reduced
labeling of dendrites of progenitor cells in ACKR3-ST/A and Mpz-Cre;Ackr3LoxP/LoxP mice. Shown
are projections of confocal sections of P8 mice; Airyscan microscopy, total thickness 16 µm, dotted
lines delineate the apical surface of the OE. (E) Quantification of CXCR4-positive cells in cryosections
(n = 3 animals per group, Student’s t-test, error bars represent SEM, * p < 0.05). (F) Immunolabeling
of phosphorylated S6 (pS6) in Mpz-Cre;Ackr3LoxP/LoxP mice and ACKR3-ST/A mice (P8), showing
reduced CXCR4 signaling. (G) Quantification of pS6 staining intensities in cryosections (n = 3 animals
per group, Student’s t-test, error bars represent SEM, * p < 0.05). Scale bars 500 µm (A); 20 µm (all
pictures in (B,D,F)).

Considering that excessive CXCL12 levels cause CXCR4 activation and degrada-
tion [16,30], we next examined CXCR4 expression in the OE. Both mutants,
Mpz-Cre;Ackr3LoxP/LoxP and ACKR3-STA mice, exhibited a reduction in the number of
CXCR4-positive cells (Figure 3D,E), as expected. Moreover, the distribution of CXCR4
was altered when ACKR3-mediated scavenging was inhibited. WT mice showed CXCR4
labeling on the plasma membrane of GBCs and some immediate neuronal progenitor cells
extend CXCR4-positive dendrites towards the surface of the epithelium, whereas dendritic
localization of CXCR4 was nearly abolished in ACKR3-deficient (ACKR3-ST/A and Mpz-
Cre;Ackr3LoxP/LoxP) animals (Figure 3D). Similar effects on the expression of CXCR4 were
present in adult animals. CXCL12 binding to CXCR4 inhibits adenylyl cyclase via Gαi [58]
and activates phosphoinositide-3 kinase (PI3K) via the Gβ/Gγ dimer [59]. PI3K activates
p70S6K (p70 ribosomal S6 kinase), a member of the S6K family of serine/threonine kinases,
which phosphorylates several residues of the S6 ribosomal protein. Consistent with CXCR4
downregulation, we observed reduced phosphorylation of S6 in the OE of Ackr3-deficient
mice (Figure 3F,G). Again, we saw a similar phenotype in ACKR3-ST/A mice, showing
that the absence of scavenging leads to downregulation of CXCR4 signaling (Figure 3F,G).
Altogether, our data establish that scavenging by ACKR3 regulates CXCL12 availability in
the OE.

3.4. CXCL12 Scavenging by ACKR3 Regulates Stem Cell Proliferation and Neurogenesis

In order to further analyze the impact of deficient CXCL12 scavenging in the OE, we
performed transcriptome analysis of mRNA from OE of P8 WT and Mpz-Cre;Ackr3LoxP/LoxP

mice. To identify the genes specifically regulated in CXCR4-positive GBCs and INPs, we
mapped the regulated genes to published single-cell sequencing data [46]. The mapping
matched 56 of the downregulated genes to GBCs and INPs (Figure 4A), while only two
of the upregulated genes were found in these cell types (Larp4, Uchl5). GO analysis of the
differentially expressed genes revealed that genes involved in cell proliferation or cell cycle
progression were enriched (Figure 4B,C). Moreover, network analysis demonstrated that
most identified GO terms are strongly connected (Figure 4C). Among the downregulated
genes is MKI67, an essential component of the perichromosomal layer and a marker for
the condensed chromosomes in mitotic cells. Staining of proliferating cells in the OE with
MKI67 antibodies confirmed this observation (Figure 4D,E), implying that the proliferation
of CXCR4+ GBCs is inhibited by high CXCL12 levels in the microenvironment. Altered
PI3K activity correlates well with altered cell proliferation. A reduction in cell proliferation
was confirmed by analyzing the expression of MCM2 (Minichromosome Maintenance 2), a
proliferation marker involved in the initiation of DNA replication (Figure 4F,G).



Cells 2023, 12, 2164 11 of 24

Figure 4. CXCL12 scavenging is required to regulate proliferation of stem cells. (A) Dot plot of the
differentially expressed genes in GBCs and INPs of WT and Mpz-Cre;Ackr3LoxP/LoxP mice (P8). For
each gene depicted, the size of the circle corresponds to the percentage of cells expressing the specific
gene and the color reflects the average expression level of the gene within those cells. Genes known
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to be involved in neurogenesis are marked in red. HBC: horizontal basal cell; GBC: globose basal
cell; INP: immediate neuronal precursor; iOSN: immature olfactory sensory neuron; OSN: olfactory
sensory neuron; MV: microvillar cell; SUS: sustentacular cell; BG: Bowman’s gland; OEC: olfactory
ensheathing cell; EC: ependymal cell; MC: myeloid cell; MP: macrophage; BC: B cell; TC: T cell;
NP: neutrophil. (B) GO analysis performed upon the genes whose expression in GBCs and INPs
differed between WT and Mpz-Cre;Ackr3LoxP/LoxP mice. Genes involved in cell proliferation represent
the most differentially expressed genes. (C) Network of differentially expressed genes showing all
pathways (nodes) are connected. Bigger nodes represent larger gene sets. Thicker edges represent
more overlapped genes. (D) Immunolabeling of KI67 in the OE of WT, Mpz-Cre;Ackr3LoxP/LoxP,
and ACKR3-ST/A mice. Scale bar 100 µm. (E) Quantification of the number of MKI67-positive
cells, n minimum of 3 animals per group, Student’s t-test, error bars represent SEM, * p < 0.05.
(F) Immunolabeling of MCM2 in the OE of WT, Mpz-Cre;Ackr3LoxP/LoxP, and ACKR3-ST/A mice.
Scale bar 20 µm. (G) Quantification of the number of MKI67-positive cells, n minimum of 3 animals
per group, Student’s t-test, error bars represent SEM, * p < 0.05.

3.5. CXCL12 Availability Regulates CXCR4-Dependent Neurogenesis

Another important aspect revealed by transcriptome analysis is that half (27 of 55)
of the downregulated genes in GBCs of Mpz-Cre;Ackr3LoxP/LoxP mice are known to be
involved in neurogenesis (marked red in Figure 4A). For example, downregulated Mad1l1
(mitotic arrest deficient 1 like 1) contributes to morphogenesis during brain development
by regulating the integrity of the Golgi complex [60]. Interestingly, we detected an al-
tered morphology of the Golgi apparatus in olfactory neurons of mice with deficient
CXCL12 scavenging. We moreover found regulation of the REST corepressor 2 (Rcor2,
also CoREST), which plays a key role in epigenetic regulation of cortical development [61].
Interestingly, of the 55 downregulated transcripts detected in the Mpz-Cre;Ackr3LoxP/LoxP

OE, 13 (Hes6, Insm1, Rcor2, Ncapd2, Knch8, Gpc2, Cnpy, Sbk1, Hr, Fezf1, Thsd7b, Gng8,
Robo3) were concordantly downregulated in neuronal progenitor cells of (embryonic) Nes-
Cre;Rcor1LoxP/LoxP;Rcor2LoxP/LoxP mice [62]. Depletion of Rcor2 in neurogenic stem cells
results in reduced proliferation and downregulation of MKI67 [61], also downregulated in
the OE transcriptome of Mpz-Cre;Ackr3LoxP/LoxP mice (Figure 4). RCOR2 is well known
to recruit the lysine-specific histone demethylase 1A (Kdm1a, also LSD1) to regulatory
genomic regions, and LSD1 expression in GBCs and INPs plays a role for maturation of
OSNs [63,64]. Immunofluorescence staining showed that Mpz-Cre;Ackr3LoxP/LoxP mice
and ACKR3-ST/A mice showed increased staining of LSD1 (Figure 5A,E). We therefore
analyzed markers of neuronal differentiation. Growth-associated protein 43 (GAP43), a
marker for immature olfactory neurons and known to regulate neurite outgrowth [65], was
localized on the plasma membrane and clustered in the cell bodies of numerous immature
neurons present in P8 animals (Figure 5B). Mpz-Cre;Ackr3LoxP/LoxP and ACKR3-ST/A
mice showed reduced labeling (Figure 5B). The high density impedes exact counting of
immature neurons, but staining intensities in confocal pictures were significantly different
for ACKR3-ST/A mice (Figure 5F). The structurally related Myristoylated Alanine-Rich C
Kinase Substrate (MARCKS), also described as a marker of neuronal growth [66], showed
similar alterations in staining intensities depending on CXCL12 availability (Figure 5C,G).
The fact that the observed differences were very similar between Mpz-Cre;Ackr3LoxP/LoxP

and ACKR3-ST/A mice most likely reflects altered CXCR4 signaling, caused by changes
in the CXCL12 concentrations. Since both GAP43 and MARCKs are involved in dendrite
growth, altered dendritic localization of both shows that CXCR4-CXCL12 signaling alters
neuronal development. Due to an overall declining rate of neurogenesis during postnatal
development, reduced numbers of GAP43-positive immature neurons were observed in
8W old WT animals (Figure S4C). However, also adult Mpz-Cre;Ackr3LoxP/LoxP animals
showed a reduction in the number of GAP43-positive immature neurons compared to WT,
similar to P8 animals.
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Figure 5. Development of olfactory neurons depends on CXCL12. Immunolabeling of different
markers for neurogenesis in WT, Mpz-Cre;Cxcl12LoxP/LoxP, and ACKR3-ST/A mice (P8). (A) LSD1,
(B) GAP43, (C) MARCKS, and (D) OMP. (E) Quantification of the number of LSD1-positive neurons
in mice of different genotypes (P8). n.s. means “not significant”. (F) Quantification of the GAP43
intensities. (G) Quantification of the MARCKS intensities. (H) Quantification of the number of
OMP-positive neurons. All quantifications from n minimum of 3 animals per group, Student’s t-test,
error bars represent SEM, * p < 0.05. Scale bars 10 µm.

To complement the above observations, we analyzed the number of mature neurons by
staining of olfactory marker protein (OMP), a well-established marker of mature olfactory
neurons [67]. The number of OMP-positive cells was higher in mice with impaired CXCL12
scavenging (ACKR3-ST/A and Mpz-Cre;Ackr3LoxP/LoxP) (Figure 5D,H). In adult mice (8W),
we measured a slightly increased thickness of the layer of mature (OMP-positive) neurons in
Mpz-Cre;Ackr3LoxP/LoxP mice, but the difference was not significant. To this end, increased
concentrations of CXCL12 reduced the immature cell population and increased the OMP-
positive mature cell population during postnatal development. Tight regulation of CXCL12
is therefore important for sustained neurogenesis in the olfactory stem cell niche.

3.6. Cxcl12 Expression in Sustentacular Cells Is Necessary for Proper Regulation of Neurogenesis

After demonstrating ACKR3-mediated tight regulation of CXCL12 levels in the OE,
we sought to identify where Cxcl12 is expressed. The lamina propria of young mice (P8)
expressed large amounts of Cxcl12 mRNA, whereas Cxcl12 expression was somewhat lower
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in older mice (8W) (Figure 6A). In addition to the lamina propria, we detected Cxcl12
mRNA apically in the sustentacular cell layer in P8 animals. Given that CXCL12 levels in
the apical OE were found to be relevant for neurogenesis, we assessed if CXCL12 emanat-
ing from sustentacular cells exerts a functional impact on CXCR4 signaling. For targeted
Cxcl12 deletion, we generated Mpz-Cre;Cxcl12LoxP/LoxP mice. The localization of CXCL12
in HBCs was not altered in these mice, indicating that CXCL12 in HBCs is not derived from
sustentacular cells (Figure S4B). In addition, the CXCL12 immunofluorescence detection in
the apical portion of the OE was very similar (Figure S4B), which may be due to the fact that
a reduction in the scarce CXCL12 labeling in WT mice cannot be detected by immunofluo-
rescence labeling. Thus, we determined whether there was a reduction in the activation of
CXCR4. While CXCR4 was localized in cell bodies of basal cells and along the dendrites
of immature neurons in WT mice, Mpz-Cre;Cxcl12LoxP/LoxP mice showed an increase in
CXCR4 membrane localization, which was particularly obvious in the apical part of the OE
(Figure 6B). The number of CXCR4-positive cells was increased slightly, consistent with
reduced ligand-induced degradation, but the difference did not reach statistical significance
(Figure 6C). Markedly increased labeling with the UMB-2 antibody in mutant mice then
confirmed that CXCL12 deletion in the sustentacular cells of Mpz-Cre;Cxcl12LoxP/LoxP mice
resulted in reduced CXCL12–CXCR4 signaling (Figure 6D–F). UMB-2 positive punctae
were hardly ever observed, indicating that their presence depended on CXCL12. Lack
of CXCL12 secretion from sustentacular cells led to particularly strong labeling of apical
dendrites (Figure 6E). In addition, confocal microscopy of horizontal sections through
the layer of the dendritic knobs revealed little labeling of CXCR4 or non-phosphorylated
CXCR4 in WT mice, but abundant labeling in Mpz-Cre;Cxcl12LoxP/LoxP mice (Figure 6G).
Since MPZ is weakly expressed in ensheathing cells of the lamina propria, we performed
Cxcl12 in situ hybridization in Mpz-Cre;Cxcl12LoxP/LoxP mice and found that Cxcl12 was
still expressed in the lamina propria (Figure S4A). Thus, increased CXCR4 labeling in the
OE of Mpz-Cre;Cxcl12LoxP/LoxP mice is not due to extraepithelial Cxcl12 deletion. Together,
these results show that sustentacular-cell-derived CXCL12 contributes to CXCR4 activation
in the stem cell niche and the apical dendrites of INPs and iOSNs.

3.7. CXCL12 Detected in HBCs Is Derived from the Lamina Propria

In addition to sustentacular cells, a large amount of Cxcl12 mRNA was synthesized in
the lamina propria of P8 and adult (8W) animals (Figures 6A and 7A). Moreover, histological
assessment by in situ hybridization revealed a massive expansion of Cxcl12 mRNA in the
lamina propria 3 days after injury of the OE by intraperitoneal methimazole injection [68],
coinciding with marked activation and proliferation of HBCs (Figure 7B). However, CXCL12
protein was detected in activated HBCs building the OE (Figure 7C,D). At steady state,
CXCL12 protein co-localized with the HBC marker intercellular adhesion molecule 1
(ICAM1), but not with the sustentacular cell marker Keratin 8 (KRT8) in the basal part of
the OE (Figure 7D).

We therefore aimed to test if CXCL12 originating from the lamina propria gains access
to the OE and might thus explain the CXCL12 signal on Cxcl12-negative HBCs. CXCL12 is
displayed on cell surfaces in association with heparan sulfate (HS), part of the extracellular
domain of syndecans. Syndecans are highly conserved type I transmembrane proteoglycans
that are present on the basolateral surface of the OE [54]. Moreover, Syndecan 1 (SDC1) was
abundant at the early phase of methamizol-induced neurogenesis (Figure 7E), coinciding
with CXCL12 accumulation in activated HBCs. Moreover, CXCL12 in HBCs co-localized
with HS and with SDC1, indicating that CXCL12 is indeed present in the extracellular
matrix of HBCs (Figure 7E).
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Figure 6. Cxcl12 expressed in sustentacular cells activates CXCR4. (A) Dark field micrographs of the
olfactory mucosa of P8, P28, and P56 old mice after in situ hybridization with 35S-labeled probes
for Cxcl12. Highly sensitive detection reveals minor expression of Cxcl12 in the sustentacular cell
layer (in the apical layer, AL) and strong expression in the lamina propria (LP). Dotted lines demark
the apical border of the OE, which is covered by mucus, and the basal lamina. CXCL12 sense probe
did not show a signal (not shown). (B) Confocal images of coronal OE sections stained against
CXCR4 protein; Mpz-Cre;Cxcl12LoxP/LoxP mice showed somewhat increased membrane labeling
compared to WT mice. (C) Quantification of CXCR4-positive cells in cryosections (n = 3 animals
per group, Student’s t-test, error bars represent SEM, * p < 0.05). n.s. means “not significant”.
(D) Low-magnification overview pictures of UMB-2 (CXCR4 non-phosphorylated) immunolabeling
in WT and Mpz-Cre;Cxcl12LoxP/LoxP mice (P8); shown are pictures taken with a stereomicroscope.
(E) High-resolution Airyscan microscopy of UMB-2 (CXCR4 non-phosphorylated) immunolabeling
in Mpz-Cre;Cxcl12LoxP/LoxP mice (P8) showing that activation of CXCR4 in dendrites and localization
of non-phosphorylated CXCR4 depends on CXCL12 availability. Shown are projections of confocal
sections (16 µm); dotted lines delineate the apical surface of the OE. (F) Quantification of UMB-2
staining intensities in cryosections (n = 3 animals per group, Student’s t-test, error bars represent SEM,
* p < 0.05). (G) Horizontal confocal sections through the layer of dendritic knobs. The number of
knobs that are positive for CXCR4 (red) or non-phosphorylated CXCR4 (green) is increased labeling in
Mpz-Cre;Cxcl12LoxP/LoxP mice showing dependence on CXCL12. (H) Schematic overview of CXCL12
(green) localization in sustentacular cells (SC) and HBCs of the OE of WT and Mpz-Cre;Cxcl12LoxP/LoxP

mice. Scale bars 50 µm (A); 20 µm (B,C); 500 µm (D); 2 µm (G).
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Figure 7. CXCL12 in HBCs is derived from the lamina propria. (A) Expression of Cxcl12 during 
injury-induced neurogenesis. Confocal microscopy of the OE of P56 old mice (P56) after in situ 
hybridization with 35S-labeled probe for Cxcl12; shown are epithelia 3, 14, and 28 days after 
methimazole injection. Cxcl12 mRNA expression in the LP is markedly increased at 3 days. Cxcl12 
sense probe does not show a signal. (B) CXCL12 immunofluorescence during regeneration (3 dpi) 
showing presence of the protein in the OE, which consists solely of activated HBCs at this time point. 
(C) Quantification of CXCL12-positive cells in the OE after immunostaining (n = 3 animals per 
group, Student’s t-test, error bars represent SEM, * p < 0.05). (D) Co-localization of CXCL12 (green) 
with ICAM1 (red) in HBCs, but no apparent co-localization of CXCL12 with the sustentacular cell 
marker KRT8 in the basal olfactory mucosa. (E) SCD1 immunofluorescence during regeneration (3 
dpi) showing presence of the protein throughout the OE consisting of activated HBCs. (F) Co-

Figure 7. CXCL12 in HBCs is derived from the lamina propria. (A) Expression of Cxcl12 during injury-
induced neurogenesis. Confocal microscopy of the OE of P56 old mice (P56) after in situ hybridization
with 35S-labeled probe for Cxcl12; shown are epithelia 3, 14, and 28 days after methimazole injection.
Cxcl12 mRNA expression in the LP is markedly increased at 3 days. Cxcl12 sense probe does not
show a signal. (B) CXCL12 immunofluorescence during regeneration (3 dpi) showing presence of the
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protein in the OE, which consists solely of activated HBCs at this time point. (C) Quantification of
CXCL12-positive cells in the OE after immunostaining (n = 3 animals per group, Student’s t-test,
error bars represent SEM, * p < 0.05). (D) Co-localization of CXCL12 (green) with ICAM1 (red) in
HBCs, but no apparent co-localization of CXCL12 with the sustentacular cell marker KRT8 in the
basal olfactory mucosa. (E) SCD1 immunofluorescence during regeneration (3 dpi) showing presence
of the protein throughout the OE consisting of activated HBCs. (F) Co-localization of CXCL12 (green)
with HS (red) and SDC1 (white) in HBCs of P8 mice. (G) Localization of CXCL12 in the OE from WT,
Krt14-Cre;Cxcl12LoxP/LoxP, and Mpz-Cre;Cxcl12LoxP/LoxP mice (2M). CXCL12 localization was not
very different in mice of the different genotypes, showing that CXCL12 in HBCs is not synthesized in
the OE, but derived from cells in the lamina propria. (H) Quantification of CXCL12 staining shown
in (F). n.s. means “not significant”. Scale bars (A) 50 µm; (D,E) 10 µm; (C,G) 20 µm.

To verify that CXCL12 on HBCs was not derived from low-level expression in HBCs
themselves, we knocked out Cxcl12 in HBCs using Keratin 14 (Krt14)-Cre, which medi-
ates genetic recombination in HBCs and sustentacular cells, but not in GBCs or neurons
(Figure S5A). Immunolabeling showed that CXCL12 was still present in HBCs of Krt14-
Cre;Cxcl12LoxP/LoxP mice and did not show obvious differences in labeling intensities
compared to controls (Figure 7F,G). Moreover, CXCL12 on HBCs was not altered in Mpz-
Cre;Cxcl12LoxP/LoxP mice (Figure 6), proving that HBC CXCL12 is not derived from susten-
tacular cells. As a result of these findings, it appears that the CXCL12 signal on HBCs is
neither caused by low-level Cxcl12 expression in HBCs nor derived from the basal processes
of sustentacular cells. With Cxcl12 expression absent in the other intraepithelial cell types,
this leaves the lamina propria as the most likely CXCL12 source for HBCs and suggests
that Cxcl12-negative HBCs accumulated CXCL12.

3.8. CXCL12 Accumulates in the Extracellular Matrix Surrounding HBCs

Next, we aimed to test by a genetic approach whether CXCL12 accumulation in HBCs
indeed depends on HS. Since knock-out of enzymes that generate HS is embryonically
lethal, we used mice with deficiency in α-l-iduronidase (IDUA), a lysosomal enzyme that
hydrolyses alpha-L-iduronosidic linkages. Reduced lysosomal degradation then leads to
accumulation of HS and dermatan sulfates and presents as Hurler disease (Mucopolysac-
charidosis I, MPSI-H) [69]. The bone marrow of Idua-deficient mice contains significant
amounts of HS in the extracellular matrix, elevated CXCL12 levels, and homing defects of
CXCR4-positive hematopoietic stem cells [70]. We therefore anticipated CXCL12–CXCR4
signaling to be increased in the OE of Idua-deficient mice. Considering that heparan sul-
fate accumulates over the lifetime, we analyzed adult (8W) animals instead of the P8
animals on which most other experiments were carried out due to high neurogenesis
rates. We first stained for CXCL12 and found only a slight, non-significant increase in
the CXCL12 signal in Idua−/− mice (Figure 8A,B). Absence of a detectable difference in
CXCL12 immunofluorescence staining does not rule out an effect of HS in CXCL12 ac-
cumulation. We therefore further examined if the increase in HS in Idua−/− mice was
associated with CXCL12 accumulation by analyzing CXCR4 activation with the UMB-2
antibody. As expected, we detected markedly weaker labeling with the UMB-2 antibody in
Idua−/− mice, indicating over-activation of CXCR4 (Figure 8C,F). Since activated CXCR4
is internalized and subjected to lysosomal degradation, sites of active CXCR4 signaling
often exhibit a decrease in CXCR4. Consistently, the OE of Idua−/− mice also presented
with clearly reduced CXCR4 expression (Figure 8C,F). Increased CXCR4 signaling was
substantiated by showing a reduced number of GAP43-positive immature neurons in
Idua−/− mice (Figure 8D,G), which was similar to 8W old Mpz-Cre;Ackr3LoxP/LoxP mice,
but distinct from Mzp-Cre;Cxcl12LoxP/LoxP mice. These results show that the number of
immature neurons was consistently decreased when CXCL12 levels were higher. The
differences in the number of mature neurons were smaller, but mice with increased CXCL12
(Idua−/−, Mpz-Cre;Ackr3LoxP/LoxP) were significantly different from mice with reduced
CXCL12 (Mpz-Cre;Cxcl12LoxP/LoxP) (Figure 8H). Collectively, our findings indicate that
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extracellular-matrix components surrounding HBCs play a role in CXCL12 presentation in
the olfactory stem cell niche (Figure 8E).

Cells 2023, 12, x 20 of 26 
 

 

 
Figure 8. CXCL12 in HBCs is associated with HS. (A) Co-localization of CXCL12 (green) and SDC1 
(red) in adult (8W) WT (A) and Idua-/- mice (B). (C) Immunostaining for the CXCL12 receptor 
CXCR4 (white) and UMB-2 (non-phosphorylated CXCR4, green) in the OE of WT mice and Idua-/- 
mice, showing that the amount of CXCR4 on the plasma membrane is reduced. (D) 
Immunofluorescence staining showing reduced number of GAP43-positive cells in Idua-/- mice. (E) 
Schematic overview of CXCL12 (green) localization in horizontal basal cells (HBC) of the OE of WT 
and Idua-/- mice. Quantification of immunofluorescence stainings showing (F) reduced number of 
CXCR4- and UMB-2 positive cells in Idua-/- mice, (G) reduced number of GAP43-positive immature 
neurons in Idua-/- mice, (H) number of OMP-positive OSNs in Idua-/-, Mpz-Cre;Ackr3LoxP/LoxP, and Mpz-
Cre;Cxcl12LoxP/LoxP mice (n = 3 animals per group, Student’s t-test, error bars represent SEM, * p < 
0.05). Scale bars (A,B): 20 µm, (C,D): 20 µm. 

4. Discussion 
Understanding stem cell niches is crucial to gain deeper insight into tissue 

homeostasis and regeneration. We show here how new neurons in the olfactory 
epithelium arise from the collective interactions of glial cells and the extracellular matrix. 
Tight regulation of the CXCL12 concentration by sustentacular cells is required to form 
the appropriate environment for the development of olfactory neurons. In the 

Figure 8. CXCL12 in HBCs is associated with HS. (A) Co-localization of CXCL12 (green) and SDC1
(red) in adult (8W) WT (A) and Idua−/− mice (B). (C) Immunostaining for the CXCL12 receptor
CXCR4 (white) and UMB-2 (non-phosphorylated CXCR4, green) in the OE of WT mice and Idua−/−

mice, showing that the amount of CXCR4 on the plasma membrane is reduced. (D) Immunofluo-
rescence staining showing reduced number of GAP43-positive cells in Idua−/− mice. (E) Schematic
overview of CXCL12 (green) localization in horizontal basal cells (HBC) of the OE of WT and Idua−/−

mice. Quantification of immunofluorescence stainings showing (F) reduced number of CXCR4-
and UMB-2 positive cells in Idua−/− mice, (G) reduced number of GAP43-positive immature neu-
rons in Idua−/− mice, (H) number of OMP-positive OSNs in Idua−/−, Mpz-Cre;Ackr3LoxP/LoxP, and
Mpz-Cre;Cxcl12LoxP/LoxP mice (n = 3 animals per group, Student’s t-test, error bars represent SEM,
* p < 0.05). Scale bars (A,B): 20 µm, (C,D): 20 µm.
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4. Discussion

Understanding stem cell niches is crucial to gain deeper insight into tissue homeostasis
and regeneration. We show here how new neurons in the olfactory epithelium arise from
the collective interactions of glial cells and the extracellular matrix. Tight regulation
of the CXCL12 concentration by sustentacular cells is required to form the appropriate
environment for the development of olfactory neurons. In the sustentacular cells, ACKR3
expression fine-tunes CXCL12 availability, constituting the first description of ACKR3-
mediated scavenging in the post-developmental phase. We complement these findings by
showing that HS-dependent accumulation of CXCL12 in HBCs is required for presentation
of CXCL12 in the olfactory stem cell niche.

Cells of the lamina propria are responsible for a significant portion of CXCL12 in
the olfactory mucosa, based on in situ hybridization. Lamina propria-derived CXCL12
could be synthesized by olfactory glia, the olfactory ensheathing cells [71], but also from
other cells in the lamina propria such as fibroblasts, mesenchymal stem cells, or cells
from the Bowman glands. MPZ is a myelin sheet protein of peripheral nerves which is
expressed by olfactory ensheathing cells, although olfactory axons are not myelinated.
Deletion of Cxcl12 with Mpz-Cre did not completely abolish Cxcl12 mRNA expression in
the lamina propria, indicating that other cells also express Cxcl12. In situ hybridization
cannot rule out some effect on the expression level, but CXCL12 accumulation on HBCs
was not altered, suggesting that the amount of lamina propria-derived CXCL12 is not
critical for OE CXCL12 supply. Although CXCL12 expression in astrocytes is increased
during demyelination [72,73], olfactory neurons are not myelinated, and we were not able
to detect substantial differences in the structure of axon bundles and glomeruli.

Matrix components provide localizing niche elements that can influence stem cell
pools, and HS binding is important for the proper in vivo function of CXCL12 [29]. Here,
we provide evidence that glycosaminoglycans presented by HBCs are crucial elements in
chemokine presentation in the OE. Within the Idua−/− mouse with excess HS in extracellular
locations [70], over-stimulation of CXCR4 in the stem cell niche leads to increased differen-
tiation of cells of the neuronal linage. The situation is somewhat reminiscent of the bone
marrow, where HS-bound CXCL12 regulates CXCR4-dependent signaling in hematopoietic
stem and progenitor cells [28,70]. HBCs are reserve stem cells, which are quiescent and
contribute little to the normal cell turnover during homeostatic neurogenesis [74]. During
chronic inflammation, HBCs release cytokines and chemokines such as CCL19, CCL20,
and CXCL10 to regulate inflammatory cell recruitment and local proliferation [12]. We
identify here a previously unrecognized role of HBCs in orchestrating neurogenesis by
accumulation of CXCL12 from the lamina propria.

CXCL12 is also expressed within the epithelium by sustentacular cells in addition to
being taken up from the lamina propria. Expression of chemokines adds a new function
for sustentacular cells, which are known to phagocytose dead and dying cells [75] and to
eliminate noxious substances from the mucus [76,77]. More recently, sustentacular cells
have been established as main site of SARS-CoV-2 infection [78]. Interestingly, infection-
associated gene expression changes in sustentacular cells appear to reflect a response to
inflammatory signaling, including upregulation of chemokines [79,80]. We show here that
sustentacular cells release chemokines not only in response to (viral) infections, but also
constitutively to regulate stem cell fate and tissue morphogenesis.

Different cell types continuously produce CXCL12 [81], a crucial chemokine in many
homeostatic processes. Nevertheless, CXCL12 activity is regulated and tightly controlled.
We demonstrate here the regulation of chemokine availability in the olfactory stem cell
niche by ACKR3-mediated scavenging. Deletion of ACKR3 in sustentacular cells resulted in
marked CXCR4 internalization, much like the situation in CXCL12-overexpressing mice [16].
In addition, CXCR4 internalization was very similar in mice with Ackr3 knock-out in susten-
tacular cells and in phosphorylation-deficient HA-ACKR3-ST/A mice, verifying deficient
scavenging as an underlying cause. In the developing nervous system, Ackr3 deletion
causes overstimulation and loss of CXCR4 in a cell-autonomous manner [30–33]. In the OE,
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ACKR3 expression is restricted to glia cells, thereby acting in a non-cell-autonomous man-
ner on neuronal stem cells. Not least, we describe here the first post-developmental process
involving ACKR3-mediated CXCL12 scavenging. Remarkably, the effects of Ackr3 deletion,
resulting in increased CXCL12 concentrations, and Cxcl12 deletion in sustentacular cells
were polar opposites. Both influence CXCR4 expression in stem cells; Ackr3 deletion leads
to reduced, and Cxcl12 deletion leads to enhanced, CXCR4 abundance on the membranes
of stem and progenitor cells.

By increasing the amount of extracellular CXCL12 in the apical part of the OE, ab-
sence of ACKR3 leads to altered CXCR4 signaling in stem cells and neuronal progenitor
cells. CXCR4-dependent proliferation of stem cells seemed to involve RCOR2 (CoREST)
downregulation. The CoREST complex acts as a repressor of gene expression and regulates
neuronal gene expression, thereby interfering with neuronal differentiation via REST (RE1
silencing transcription factor) [82]. We also observed an increase in LSD1, an RCOR binding
partner, in GBCs and INPs. Recruitment of LSD1 to specific genomic regions is known
to play a role in the maturation of OSNs [63,64], and we saw an increased maturation of
neuronal progenitors in Ackr3-deficient mice. Thereby, ACKR3 indirectly influences CXCR4
signaling by titrating the amount of the CXCR4 ligand CXCL12.

CXCL12 as extrinsic signal in the olfactory niche regulates the development of neuronal
progeny and thereby the process of adult neurogenesis. The fact that more CXCL12
decreases the number of immature neurons, and concurrently increases the number of
mature olfactory neurons, indicates that it serves to set the tempo of adult neurogenesis
and facilitates cellular development. Neurogenesis in the intact and damaged OE requires
a tight level of regulation to avoid imbalances in tissue size or composition, which are
actually rare given the low numbers of neuroblastoma-like forms of cancer in the nose. The
rate of olfactory neurogenesis might therefore be tied to the regulation CXCL12.

Larger or smaller than normal numbers of OSNs may also change odor perception,
which would have to be investigated in a follow-up study. Through the use of mice of
many different genotypes (summarized in Table S3), this study shows tight regulation of
CXCL12 during olfactory neurogenesis; however, this study is limited by the number of
animals included per genotype.

5. Conclusions

Our results show that optimization of the ligand concentration is not only required for
directional cell migration, but also plays a role in the differentiation of stem cells. In the
olfactory niche, CXCL12 is an extrinsic signal that regulates the development of neuronal
progeny and sets the pace of adult neurogenesis. There is a striking precision in the timing
of olfactory neurogenesis, as evidenced by the sparseness of neuroblastoma-like cancers.
CXCR4-expressing proliferative GBCs may be particularly sensitive to increased CXCL12
levels, requiring non-cell-autonomous ACKR3-mediated scavenging to ensure continuous
CXCL12 responsiveness. We thereby provide the first clear example of a role for ACKR3-
mediated CXCL12 scavenging in tissue homeostasis beyond developmental processes. Not
least, a better understanding of the neurogenic niche within the OE may help to establish
proper in vitro conditions to optimize growth and expansion of olfactory-tissue-derived
stem cells in culture. CXCL12-producing olfactory ensheathing cells may hold promise in
cell-based therapies for spinal cord injuries, as might CXCR4-expressing neuronal stem cells
for treating neurodegenerative conditions. The lack of success with these approaches in
clinical trials may be attributed to the lack of a favorable microenvironment after transplan-
tation, with CXCL12 being an example of a neurotrophic molecule that needs a balanced
concentration for optimal signaling.



Cells 2023, 12, 2164 21 of 24

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells12172164/s1, Figure S1: Generation of Ackr3 knock-out in
sustentacular cells of the OE, Figure S2: Control of PLA experiments, Figure S3: Co-localization of
CXCR4 with γ-tubulin, Figure S4: Control experiments for Figure 6, Figure S5: TdTomato immunoflu-
orescence in WT and Krt14-Cre;R26CAG-LSL-tdT, Table S1: Primary Antibodies, Table S2: Secondary
Antibodies, Table S3: List of genotypes used in this study.

Author Contributions: Conceptualization, E.M.N.; methodology, A.D., K.S. and E.M.N.; validation,
A.D., K.S. and E.M.N.; formal analysis, A.D., K.S. and E.M.N.; investigation, A.D., K.S., J.K. and
E.M.N.; resources, E.M.N. and R.S.; data curation, A.D.; writing—original draft preparation, A.D.,
K.S. and E.M.N.; writing—review and editing, all authors; visualization, A.D., K.S. and E.M.N.;
supervision, E.M.N.; project administration, E.M.N.; funding acquisition, E.M.N. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Deutsche Forschungsgemeinschaft (DFG), grant number
NE755/6-1.

Institutional Review Board Statement: The animal study protocol was approved by the local gov-
ernment (Thüringer Landesamt für Lebensmittelsicherheit und Verbraucherschutz) in accordance
with the EC directive 86/609/European Economic Community guidelines for animal experiments.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are included in the manuscript.

Acknowledgments: We thank Christine Anders, Helga Bechmann, and Stefan Bechmann for excellent
technical assistance. Dagmar Schütz (Dept. Pharmacology, Jena University Hospital) provided mice.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Scadden, D.T. The stem-cell niche as an entity of action. Nature 2006, 441, 1075–1079. [CrossRef] [PubMed]
2. Cope, E.C.; Gould, E. Adult Neurogenesis, Glia, and the Extracellular Matrix. Cell Stem Cell 2019, 24, 690–705. [CrossRef]

[PubMed]
3. Mackay-Sim, A.; Kittel, P. Cell dynamics in the adult mouse olfactory epithelium: A quantitative autoradiographic study. J.

Neurosci. Off. J. Soc. Neurosci. 1991, 11, 979–984. [CrossRef] [PubMed]
4. Graziadei, P.P.; Graziadei, G.A. Neurogenesis and neuron regeneration in the olfactory system of mammals. I. Morphological

aspects of differentiation and structural organization of the olfactory sensory neurons. J. Neurocytol. 1979, 8, 1–18. [CrossRef]
[PubMed]

5. Schwob, J.E.; Youngentob, S.L.; Mezza, R.C. Reconstitution of the rat olfactory epithelium after methyl bromide-induced lesion. J.
Comp. Neurol. 1995, 359, 15–37. [CrossRef]

6. Schwob, J.E.; Huard, J.M.; Luskin, M.B.; Youngentob, S.L. Retroviral lineage studies of the rat olfactory epithelium. Chem. Senses
1994, 19, 671–682. [CrossRef]

7. Schwob, J.E.; Jang, W.; Holbrook, E.H.; Lin, B.; Herrick, D.B.; Peterson, J.N.; Hewitt Coleman, J. Stem and progenitor cells of the
mammalian olfactory epithelium: Taking poietic license. J. Comp. Neurol. 2017, 525, 1034–1054. [CrossRef] [PubMed]

8. Jia, C.; Oliver, J.; Gilmer, D.; Lovins, C.; Rodriguez-Gil, D.J.; Hagg, T. Inhibition of focal adhesion kinase increases adult olfactory
stem cell self-renewal and neuroregeneration through ciliary neurotrophic factor. Stem Cell Res. 2020, 49, 102061. [CrossRef]

9. Demirler, M.C.; Sakizli, U.; Bali, B.; Kocagöz, Y.; Eski, S.E.; Ergönen, A.; Alkiraz, A.S.; Bayramli, X.; Hassenklöver, T.; Manzini, I.;
et al. Purinergic signalling selectively modulates maintenance but not repair neurogenesis in the zebrafish olfactory epithelium.
FEBS J. 2020, 287, 2699–2722. [CrossRef]

10. Leung, C.T.; Coulombe, P.A.; Reed, R.R. Contribution of olfactory neural stem cells to tissue maintenance and regeneration. Nat.
Neurosci. 2007, 10, 720–726. [CrossRef]

11. Gadye, L.; Das, D.; Sanchez, M.A.; Street, K.; Baudhuin, A.; Wagner, A.; Cole, M.B.; Choi, Y.G.; Yosef, N.; Purdom, E.; et al. Injury
Activates Transient Olfactory Stem Cell States with Diverse Lineage Capacities. Cell Stem Cell 2017, 21, 775–790.e779. [CrossRef]

12. Chen, M.; Reed, R.R.; Lane, A.P. Chronic Inflammation Directs an Olfactory Stem Cell Functional Switch from Neuroregeneration
to Immune Defense. Cell Stem Cell 2019, 25, 501–513.e505. [CrossRef]

13. Hansel, D.E.; Eipper, B.A.; Ronnett, G.V. Neuropeptide Y functions as a neuroproliferative factor. Nature 2001, 410, 940–944.
[CrossRef] [PubMed]

14. Breunig, E.; Manzini, I.; Piscitelli, F.; Gutermann, B.; Di Marzo, V.; Schild, D.; Czesnik, D. The endocannabinoid 2-arachidonoyl-
glycerol controls odor sensitivity in larvae of Xenopus laevis. J. Neurosci. Off. J. Soc. Neurosci. 2010, 30, 8965–8973. [CrossRef]

https://www.mdpi.com/article/10.3390/cells12172164/s1
https://www.mdpi.com/article/10.3390/cells12172164/s1
https://doi.org/10.1038/nature04957
https://www.ncbi.nlm.nih.gov/pubmed/16810242
https://doi.org/10.1016/j.stem.2019.03.023
https://www.ncbi.nlm.nih.gov/pubmed/31051133
https://doi.org/10.1523/JNEUROSCI.11-04-00979.1991
https://www.ncbi.nlm.nih.gov/pubmed/2010818
https://doi.org/10.1007/BF01206454
https://www.ncbi.nlm.nih.gov/pubmed/438867
https://doi.org/10.1002/cne.903590103
https://doi.org/10.1093/chemse/19.6.671
https://doi.org/10.1002/cne.24105
https://www.ncbi.nlm.nih.gov/pubmed/27560601
https://doi.org/10.1016/j.scr.2020.102061
https://doi.org/10.1111/febs.15170
https://doi.org/10.1038/nn1882
https://doi.org/10.1016/j.stem.2017.10.014
https://doi.org/10.1016/j.stem.2019.08.011
https://doi.org/10.1038/35073601
https://www.ncbi.nlm.nih.gov/pubmed/11309620
https://doi.org/10.1523/JNEUROSCI.4030-09.2010


Cells 2023, 12, 2164 22 of 24

15. Lacroix, M.C.; Badonnel, K.; Meunier, N.; Tan, F.; Schlegel-Le Poupon, C.; Durieux, D.; Monnerie, R.; Baly, C.; Congar, P.; Salesse,
R.; et al. Expression of insulin system in the olfactory epithelium: First approaches to its role and regulation. J. Neuroendocr. 2008,
20, 1176–1190. [CrossRef]

16. Senf, K.; Karius, J.; Stumm, R.; Neuhaus, E.M. Chemokine signaling is required for homeostatic and injury-induced neurogenesis
in the olfactory epithelium. Stem Cells 2021, 39, 617–635. [CrossRef] [PubMed]

17. Lau, S.; Feitzinger, A.; Venkiteswaran, G.; Wang, J.; Lewellis, S.W.; Koplinski, C.A.; Peterson, F.C.; Volkman, B.F.; Meier-
Schellersheim, M.; Knaut, H. A negative-feedback loop maintains optimal chemokine concentrations for directional cell migration.
Nat. Cell Biol. 2020, 22, 266–273. [CrossRef] [PubMed]

18. Shi, K.; Li, H.; Chang, T.; He, W.; Kong, Y.; Qi, C.; Li, R.; Huang, H.; Zhu, Z.; Zheng, P.; et al. Bone marrow hematopoiesis drives
multiple sclerosis progression. Cell 2022, 185, 2234–2247. [CrossRef]

19. López-Gil, J.C.; Martin-Hijano, L.; Hermann, P.C.; Sainz, B., Jr. The CXCL12 Crossroads in Cancer Stem Cells and Their Niche.
Cancers 2021, 13, 469. [CrossRef]

20. Maeda, Y.; Yonemochi, Y.; Nakajyo, Y.; Hidaka, H.; Ikeda, T.; Ando, Y. CXCL12 and osteopontin from bone marrow-derived
mesenchymal stromal cells improve muscle regeneration. Sci. Rep. 2017, 7, 3305. [CrossRef]

21. Balabanian, K.; Lagane, B.; Infantino, S.; Chow, K.Y.; Harriague, J.; Moepps, B.; Arenzana-Seisdedos, F.; Thelen, M.; Bachelerie, F.
The chemokine SDF-1/CXCL12 binds to and signals through the orphan receptor RDC1 in T lymphocytes. J. Biol. Chem. 2005,
280, 35760–35766. [CrossRef] [PubMed]

22. Burns, J.M.; Summers, B.C.; Wang, Y.; Melikian, A.; Berahovich, R.; Miao, Z.; Penfold, M.E.; Sunshine, M.J.; Littman, D.R.; Kuo,
C.J.; et al. A novel chemokine receptor for SDF-1 and I-TAC involved in cell survival, cell adhesion, and tumor development. J.
Exp. Med. 2006, 203, 2201–2213. [CrossRef]

23. Koenen, J.; Bachelerie, F.; Balabanian, K.; Schlecht-Louf, G.; Gallego, C. Atypical Chemokine Receptor 3 (ACKR3): A Compre-
hensive Overview of its Expression and Potential Roles in the Immune System. Mol. Pharmacol. 2019, 96, 809–818. [CrossRef]
[PubMed]

24. Naumann, U.; Cameroni, E.; Pruenster, M.; Mahabaleshwar, H.; Raz, E.; Zerwes, H.G.; Rot, A.; Thelen, M. CXCR7 functions as a
scavenger for CXCL12 and CXCL11. PLoS ONE 2010, 5, e9175. [CrossRef]

25. Saaber, F.; Schutz, D.; Miess, E.; Abe, P.; Desikan, S.; Ashok Kumar, P.; Balk, S.; Huang, K.; Beaulieu, J.M.; Schulz, S.; et al. ACKR3
Regulation of Neuronal Migration Requires ACKR3 Phosphorylation, but Not beta-Arrestin. Cell Rep. 2019, 26, 1473–1488.e1479.
[CrossRef] [PubMed]

26. Yan, Y.; Su, J.; Zhang, Z. The CXCL12/CXCR4/ACKR3 Response Axis in Chronic Neurodegenerative Disorders of the Central
Nervous System: Therapeutic Target and Biomarker. Cell. Mol. Neurobiol. 2021, 42, 2147–2156. [CrossRef]

27. Handel, T.M.; Johnson, Z.; Crown, S.E.; Lau, E.K.; Sweeney, M.; Proudfoot, A.E. Regulation of protein function by
glycosaminoglycans—As exemplified by chemokines. Annu. Rev. Biochem. 2005, 74, 385–410. [CrossRef]

28. Netelenbos, T.; van den Born, J.; Kessler, F.L.; Zweegman, S.; Merle, P.A.; van Oostveen, J.W.; Zwaginga, J.J.; Huijgens, P.C.;
Dräger, A.M. Proteoglycans on bone marrow endothelial cells bind and present SDF-1 towards hematopoietic progenitor cells.
Leukemia 2003, 17, 175–184. [CrossRef]

29. Rueda, P.; Richart, A.; Récalde, A.; Gasse, P.; Vilar, J.; Guérin, C.; Lortat-Jacob, H.; Vieira, P.; Baleux, F.; Chretien, F.; et al.
Homeostatic and tissue reparation defaults in mice carrying selective genetic invalidation of CXCL12/proteoglycan interactions.
Circulation 2012, 126, 1882–1895. [CrossRef]

30. Abe, P.; Mueller, W.; Schutz, D.; MacKay, F.; Thelen, M.; Zhang, P.; Stumm, R. CXCR7 prevents excessive CXCL12-mediated
downregulation of CXCR4 in migrating cortical interneurons. Development 2014, 141, 1857–1863. [CrossRef]

31. Sánchez-Alcañiz, J.A.; Haege, S.; Mueller, W.; Pla, R.; Mackay, F.; Schulz, S.; López-Bendito, G.; Stumm, R.; Marín, O. Cxcr7
Controls Neuronal Migration by Regulating Chemokine Responsiveness. Neuron 2011, 69, 77–90. [CrossRef]

32. Memi, F.; Abe, P.; Cariboni, A.; MacKay, F.; Parnavelas, J.G.; Stumm, R. CXC chemokine receptor 7 (CXCR7) affects the migration
of GnRH neurons by regulating CXCL12 availability. J. Neurosci. Off. J. Soc. Neurosci. 2013, 33, 17527–17537. [CrossRef] [PubMed]

33. Zhu, Y.; Hirata, T.; Mackay, F.; Murakami, F. Chemokine receptor CXCR7 non-cell-autonomously controls pontine neuronal
migration and nucleus formation. Sci. Rep. 2020, 10, 11830. [CrossRef]

34. Lewellis, S.W.; Nagelberg, D.; Subedi, A.; Staton, A.; LeBlanc, M.; Giraldez, A.; Knaut, H. Precise SDF1-mediated cell guidance is
achieved through ligand clearance and microRNA-mediated decay. J. Cell Biol. 2013, 200, 337–355. [CrossRef]

35. Donà, E.; Barry, J.D.; Valentin, G.; Quirin, C.; Khmelinskii, A.; Kunze, A.; Durdu, S.; Newton, L.R.; Fernandez-Minan, A.; Huber,
W.; et al. Directional tissue migration through a self-generated chemokine gradient. Nature 2013, 503, 285–289. [CrossRef]
[PubMed]

36. Dassule, H.R.; Lewis, P.; Bei, M.; Maas, R.; McMahon, A.P. Sonic hedgehog regulates growth and morphogenesis of the tooth.
Development 2000, 127, 4775–4785. [CrossRef]

37. Feltri, M.L.; D’Antonio, M.; Previtali, S.; Fasolini, M.; Messing, A.; Wrabetz, L. P0-Cre transgenic mice for inactivation of adhesion
molecules in Schwann cells. Ann. N. Y. Acad. Sci. 1999, 883, 116–123. [CrossRef]

38. Sierro, F.; Biben, C.; Martinez-Munoz, L.; Mellado, M.; Ransohoff, R.M.; Li, M.; Woehl, B.; Leung, H.; Groom, J.; Batten, M.; et al.
Disrupted cardiac development but normal hematopoiesis in mice deficient in the second CXCL12/SDF-1 receptor, CXCR7. Proc.
Natl. Acad. Sci. USA 2007, 104, 14759–14764. [CrossRef]

https://doi.org/10.1111/j.1365-2826.2008.01777.x
https://doi.org/10.1002/stem.3338
https://www.ncbi.nlm.nih.gov/pubmed/33470495
https://doi.org/10.1038/s41556-020-0465-4
https://www.ncbi.nlm.nih.gov/pubmed/32042179
https://doi.org/10.1016/j.cell.2022.05.020
https://doi.org/10.3390/cancers13030469
https://doi.org/10.1038/s41598-017-02928-1
https://doi.org/10.1074/jbc.M508234200
https://www.ncbi.nlm.nih.gov/pubmed/16107333
https://doi.org/10.1084/jem.20052144
https://doi.org/10.1124/mol.118.115329
https://www.ncbi.nlm.nih.gov/pubmed/31040166
https://doi.org/10.1371/journal.pone.0009175
https://doi.org/10.1016/j.celrep.2019.01.049
https://www.ncbi.nlm.nih.gov/pubmed/30726732
https://doi.org/10.1007/s10571-021-01115-1
https://doi.org/10.1146/annurev.biochem.72.121801.161747
https://doi.org/10.1038/sj.leu.2402738
https://doi.org/10.1161/CIRCULATIONAHA.112.113290
https://doi.org/10.1242/dev.104224
https://doi.org/10.1016/j.neuron.2010.12.006
https://doi.org/10.1523/JNEUROSCI.0857-13.2013
https://www.ncbi.nlm.nih.gov/pubmed/24174685
https://doi.org/10.1038/s41598-020-68852-z
https://doi.org/10.1083/jcb.201207099
https://doi.org/10.1038/nature12635
https://www.ncbi.nlm.nih.gov/pubmed/24067609
https://doi.org/10.1242/dev.127.22.4775
https://doi.org/10.1111/j.1749-6632.1999.tb08574.x
https://doi.org/10.1073/pnas.0702229104


Cells 2023, 12, 2164 23 of 24

39. Tzeng, Y.S.; Li, H.; Kang, Y.L.; Chen, W.C.; Cheng, W.C.; Lai, D.M. Loss of Cxcl12/Sdf-1 in adult mice decreases the quiescent
state of hematopoietic stem/progenitor cells and alters the pattern of hematopoietic regeneration after myelosuppression. Blood
2011, 117, 429–439. [CrossRef] [PubMed]

40. Bhattacharyya, B.J.; Banisadr, G.; Jung, H.; Ren, D.; Cronshaw, D.G.; Zou, Y.; Miller, R.J. The Chemokine Stromal Cell-Derived
Factor-1 Regulates GABAergic Inputs to Neural Progenitors in the Postnatal Dentate Gyrus. J. Neurosci. 2008, 28, 6720–6730.
[CrossRef]

41. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef] [PubMed]

42. Stumm, R.K.; Zhou, C.; Ara, T.; Lazarini, F.; Dubois-Dalcq, M.; Nagasawa, T.; Hollt, V.; Schulz, S. CXCR4 regulates interneuron
migration in the developing neocortex. J. Neurosci. Off. J. Soc. Neurosci. 2003, 23, 5123–5130. [CrossRef]

43. Tashiro, K.; Tada, H.; Heilker, R.; Shirozu, M.; Nakano, T.; Honjo, T. Signal sequence trap: A cloning strategy for secreted proteins
and type I membrane proteins. Science 1993, 261, 600–603. [CrossRef] [PubMed]

44. Cho, S.H.; Oh, S.Y.; Zhu, Z.; Lee, J.; Lane, A.P. Spontaneous eosinophilic nasal inflammation in a genetically-mutant mouse:
Comparative study with an allergic inflammation model. PLoS ONE 2012, 7, e35114. [CrossRef] [PubMed]

45. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef] [PubMed]

46. Wang, I.H.; Murray, E.; Andrews, G.; Jiang, H.C.; Park, S.J.; Donnard, E.; Durán-Laforet, V.; Bear, D.M.; Faust, T.E.; Garber, M.;
et al. Spatial transcriptomic reconstruction of the mouse olfactory glomerular map suggests principles of odor processing. Nat.
Neurosci. 2022, 25, 484–492. [CrossRef]

47. Hao, Y.; Hao, S.; Andersen-Nissen, E.; Mauck, W.M., 3rd; Zheng, S.; Butler, A.; Lee, M.J.; Wilk, A.J.; Darby, C.; Zager, M.; et al.
Integrated analysis of multimodal single-cell data. Cell 2021, 184, 3573–3587.e3529. [CrossRef]

48. Ge, S.X.; Jung, D.; Yao, R.; Shiny, G.O. a graphical gene-set enrichment tool for animals and plants. Bioinformatics 2019, 36,
2628–2629. [CrossRef]

49. Boldajipour, B.; Mahabaleshwar, H.; Kardash, E.; Reichman-Fried, M.; Blaser, H.; Minina, S.; Wilson, D.; Xu, Q.; Raz, E. Control of
chemokine-guided cell migration by ligand sequestration. Cell 2008, 132, 463–473. [CrossRef]

50. Berlutti, F.; Pilloni, A.; Pietropaoli, M.; Polimeni, A.; Valenti, P. Lactoferrin and oral diseases: Current status and perspective in
periodontitis. Ann. Stomatol. 2011, 2, 10–18.

51. Fredriksson, S.; Gullberg, M.; Jarvius, J.; Olsson, C.; Pietras, K.; Gústafsdóttir, S.M.; Ostman, A.; Landegren, U. Protein detection
using proximity-dependent DNA ligation assays. Nat. Biotechnol. 2002, 20, 473–477. [CrossRef]

52. Kunz, L.; Schroeder, T. A 3D Tissue-wide Digital Imaging Pipeline for Quantitation of Secreted Molecules Shows Absence of
CXCL12 Gradients in Bone Marrow. Cell Stem Cell 2019, 25, 846–854.e844. [CrossRef]

53. Schaffrath, D.; Stuhlsatz, H.W.; Greiling, H. Interactions of glycosaminoglycans with DNA and RNA synthesizing enzymes
in vitro. Hoppe Seylers Z. Physiol. Chem. 1976, 357, 499–508. [CrossRef] [PubMed]

54. Milho, R.; Frederico, B.; Efstathiou, S.; Stevenson, P.G. A Heparan-Dependent Herpesvirus Targets the Olfactory Neuroepithelium
for Host Entry. PLoS Pathog. 2012, 8, e1002986. [CrossRef]

55. Mueller, W.; Schutz, D.; Nagel, F.; Schulz, S.; Stumm, R. Hierarchical organization of multi-site phosphorylation at the CXCR4 C
terminus. PLoS ONE 2013, 8, e64975. [CrossRef]

56. Lapidot, T.; Kollet, O. The essential roles of the chemokine SDF-1 and its receptor CXCR4 in human stem cell homing and
repopulation of transplanted immune-deficient NOD/SCID and NOD/SCID/B2m(null) mice. Leukemia 2002, 16, 1992–2003.
[CrossRef]

57. Mimura-Yamamoto, Y.; Shinohara, H.; Kashiwagi, T.; Sato, T.; Shioda, S.; Seki, T. Dynamics and function of CXCR4 in formation
of the granule cell layer during hippocampal development. Sci. Rep. 2017, 7, 5647. [CrossRef]

58. Gerits, N.; Kostenko, S.; Shiryaev, A.; Johannessen, M.; Moens, U. Relations between the mitogen-activated protein kinase and the
cAMP-dependent protein kinase pathways: Comradeship and hostility. Cell. Signal. 2008, 20, 1592–1607. [CrossRef] [PubMed]

59. Wang, J.F.; Park, I.W.; Groopman, J.E. Stromal cell-derived factor-1alpha stimulates tyrosine phosphorylation of multiple focal
adhesion proteins and induces migration of hematopoietic progenitor cells: Roles of phosphoinositide-3 kinase and protein
kinase C. Blood 2000, 95, 2505–2513. [CrossRef]

60. Goo, B.S.; Mun, D.J.; Kim, S.; Nhung, T.T.M.; Lee, S.B.; Woo, Y.; Kim, S.J.; Suh, B.K.; Park, S.J.; Lee, H.E.; et al. Schizophrenia-
associated Mitotic Arrest Deficient-1 (MAD1) regulates the polarity of migrating neurons in the developing neocortex. Mol.
Psychiatry 2023, 28, 856–870. [CrossRef] [PubMed]

61. Wang, Y.; Wu, Q.; Yang, P.; Wang, C.; Liu, J.; Ding, W.; Liu, W.; Bai, Y.; Yang, Y.; Wang, H.; et al. LSD1 co-repressor Rcor2
orchestrates neurogenesis in the developing mouse brain. Nat. Commun. 2016, 7, 10481. [CrossRef] [PubMed]

62. Monaghan, C.E.; Nechiporuk, T.; Jeng, S.; McWeeney, S.K.; Wang, J.; Rosenfeld, M.G.; Mandel, G. REST corepressors RCOR1 and
RCOR2 and the repressor INSM1 regulate the proliferation-differentiation balance in the developing brain. Proc. Natl. Acad. Sci.
USA 2017, 114, e406–e415. [CrossRef]

63. Coleman, J.H.; Lin, B.; Schwob, J.E. Dissecting LSD1-Dependent Neuronal Maturation in the Olfactory Epithelium. J. Comp.
Neurol. 2017, 525, 3391–3413. [CrossRef]

64. Krolewski, R.C.; Packard, A.; Schwob, J.E. Global expression profiling of globose basal cells and neurogenic progression within
the olfactory epithelium. J. Comp. Neurol. 2013, 521, 833–859. [CrossRef]

https://doi.org/10.1182/blood-2010-01-266833
https://www.ncbi.nlm.nih.gov/pubmed/20833981
https://doi.org/10.1523/JNEUROSCI.1677-08.2008
https://doi.org/10.1038/nmeth.2019
https://www.ncbi.nlm.nih.gov/pubmed/22743772
https://doi.org/10.1523/JNEUROSCI.23-12-05123.2003
https://doi.org/10.1126/science.8342023
https://www.ncbi.nlm.nih.gov/pubmed/8342023
https://doi.org/10.1371/journal.pone.0035114
https://www.ncbi.nlm.nih.gov/pubmed/22509389
https://doi.org/10.1186/s13059-014-0550-8
https://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1038/s41593-022-01030-8
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.1093/bioinformatics/btz931
https://doi.org/10.1016/j.cell.2007.12.034
https://doi.org/10.1038/nbt0502-473
https://doi.org/10.1016/j.stem.2019.10.003
https://doi.org/10.1515/bchm2.1976.357.1.499
https://www.ncbi.nlm.nih.gov/pubmed/61158
https://doi.org/10.1371/journal.ppat.1002986
https://doi.org/10.1371/journal.pone.0064975
https://doi.org/10.1038/sj.leu.2402684
https://doi.org/10.1038/s41598-017-05738-7
https://doi.org/10.1016/j.cellsig.2008.02.022
https://www.ncbi.nlm.nih.gov/pubmed/18423978
https://doi.org/10.1182/blood.V95.8.2505
https://doi.org/10.1038/s41380-022-01856-5
https://www.ncbi.nlm.nih.gov/pubmed/36357673
https://doi.org/10.1038/ncomms10481
https://www.ncbi.nlm.nih.gov/pubmed/26795843
https://doi.org/10.1073/pnas.1620230114
https://doi.org/10.1002/cne.24259
https://doi.org/10.1002/cne.23204


Cells 2023, 12, 2164 24 of 24

65. Gauthier-Kemper, A.; Igaev, M.; Sündermann, F.; Janning, D.; Brühmann, J.; Moschner, K.; Reyher, H.J.; Junge, W.; Glebov, K.;
Walter, J.; et al. Interplay between phosphorylation and palmitoylation mediates plasma membrane targeting and sorting of
GAP43. Mol. Biol. Cell 2014, 25, 3284–3299. [CrossRef] [PubMed]

66. McNamara, R.K.; Lenox, R.H. Distribution of the protein kinase C substrates MARCKS and MRP in the postnatal developing rat
brain. J. Comp. Neurol. 1998, 397, 337–356. [CrossRef]

67. Hartman, B.K.; Margolis, F.L. Immunofluorescence localization of the olfactory marker protein. Brain Res. 1975, 96, 176–180.
[CrossRef]

68. Brittebo, E.B. Metabolism-dependent toxicity of methimazole in the olfactory nasal mucosa. Pharm. Toxicol. 1995, 76, 76–79.
[CrossRef]

69. Muenzer, J.; Wraith, J.E.; Clarke, L.A.; Mucopolysaccharidosis, I. management and treatment guidelines. Pediatrics 2009, 123,
19–29. [CrossRef]

70. Watson, H.A.; Holley, R.J.; Langford-Smith, K.J.; Wilkinson, F.L.; van Kuppevelt, T.H.; Wynn, R.F.; Wraith, J.E.; Merry, C.L.; Bigger,
B.W. Heparan sulfate inhibits hematopoietic stem and progenitor cell migration and engraftment in mucopolysaccharidosis I. J.
Biol. Chem. 2014, 289, 36194–36203. [CrossRef]

71. Jiang, C.; Wang, X.; Jiang, Y.; Chen, Z.; Zhang, Y.; Hao, D.; Yang, H. The Anti-inflammation Property of Olfactory Ensheathing
Cells in Neural Regeneration After Spinal Cord Injury. Mol. Neurobiol. 2022, 59, 6447–6459. [CrossRef] [PubMed]

72. Patel, J.R.; McCandless, E.E.; Dorsey, D.; Klein, R.S. CXCR4 promotes differentiation of oligodendrocyte progenitors and
remyelination. Proc. Natl. Acad. Sci. USA 2010, 107, 11062–11067. [CrossRef] [PubMed]

73. Calderon, T.M.; Eugenin, E.A.; Lopez, L.; Kumar, S.S.; Hesselgesser, J.; Raine, C.S.; Berman, J.W. A role for CXCL12 (SDF-1alpha)
in the pathogenesis of multiple sclerosis: Regulation of CXCL12 expression in astrocytes by soluble myelin basic protein. J.
Neuroimmunol. 2006, 177, 27–39. [CrossRef] [PubMed]

74. Packard, A.; Schnittke, N.; Romano, R.A.; Sinha, S.; Schwob, J.E. DeltaNp63 regulates stem cell dynamics in the mammalian
olfactory epithelium. J. Neurosci. Off. J. Soc. Neurosci. 2011, 31, 8748–8759. [CrossRef] [PubMed]

75. Suzuki, Y.; Takeda, M.; Farbman, A.I. Supporting cells as phagocytes in the olfactory epithelium after bulbectomy. J. Comp. Neurol.
1996, 376, 509–517. [CrossRef]

76. Thiebaud, N.; Veloso Da Silva, S.; Jakob, I.; Sicard, G.; Chevalier, J.; Ménétrier, F.; Berdeaux, O.; Artur, Y.; Heydel, J.M.; Le Bon,
A.M. Odorant metabolism catalyzed by olfactory mucosal enzymes influences peripheral olfactory responses in rats. PLoS ONE
2013, 8, e59547. [CrossRef]

77. Neiers, F.; Jarriault, D.; Menetrier, F.; Briand, L.; Heydel, J.-M. The odorant metabolizing enzyme UGT2A1: Immunolocalization
and impact of the modulation of its activity on the olfactory response. PLoS ONE 2021, 16, e0249029. [CrossRef] [PubMed]

78. Brann, D.H.; Tsukahara, T.; Weinreb, C.; Lipovsek, M.; Van den Berge, K.; Gong, B.; Chance, R.; Macaulay, I.C.; Chou, H.J.;
Fletcher, R.B.; et al. Non-neuronal expression of SARS-CoV-2 entry genes in the olfactory system suggests mechanisms underlying
COVID-19-associated anosmia. Sci. Adv. 2020, 6, eabc5801. [CrossRef]

79. Finlay, J.B.; Brann, D.H.; Abi Hachem, R.; Jang, D.W.; Oliva, A.D.; Ko, T.; Gupta, R.; Wellford, S.A.; Moseman, E.A.; Jang, S.S.;
et al. Persistent post-COVID-19 smell loss is associated with immune cell infiltration and altered gene expression in olfactory
epithelium. Sci. Transl. Med. 2022, 14, eadd0484. [CrossRef]

80. Zazhytska, M.; Kodra, A.; Hoagland, D.A.; Frere, J.; Fullard, J.F.; Shayya, H.; McArthur, N.G.; Moeller, R.; Uhl, S.; Omer, A.D.;
et al. Non-cell-autonomous disruption of nuclear architecture as a potential cause of COVID-19-induced anosmia. Cell 2022, 185,
1052–1064.e1012. [CrossRef]

81. Janssens, R.; Struyf, S.; Proost, P. The unique structural and functional features of CXCL12. Cell Mol. Immunol. 2018, 15, 299–311.
[CrossRef]

82. Ballas, N.; Battaglioli, E.; Atouf, F.; Andres, M.E.; Chenoweth, J.; Anderson, M.E.; Burger, C.; Moniwa, M.; Davie, J.R.; Bowers,
W.J.; et al. Regulation of neuronal traits by a novel transcriptional complex. Neuron 2001, 31, 353–365. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1091/mbc.e13-12-0737
https://www.ncbi.nlm.nih.gov/pubmed/25165142
https://doi.org/10.1002/(SICI)1096-9861(19980803)397:3&lt;337::AID-CNE3&gt;3.0.CO;2-3
https://doi.org/10.1016/0006-8993(75)90593-4
https://doi.org/10.1111/j.1600-0773.1995.tb00107.x
https://doi.org/10.1542/peds.2008-0416
https://doi.org/10.1074/jbc.M114.599944
https://doi.org/10.1007/s12035-022-02983-4
https://www.ncbi.nlm.nih.gov/pubmed/35962300
https://doi.org/10.1073/pnas.1006301107
https://www.ncbi.nlm.nih.gov/pubmed/20534485
https://doi.org/10.1016/j.jneuroim.2006.05.003
https://www.ncbi.nlm.nih.gov/pubmed/16782208
https://doi.org/10.1523/JNEUROSCI.0681-11.2011
https://www.ncbi.nlm.nih.gov/pubmed/21677159
https://doi.org/10.1002/(SICI)1096-9861(19961223)376:4&lt;509::AID-CNE1&gt;3.0.CO;2-5
https://doi.org/10.1371/journal.pone.0059547
https://doi.org/10.1371/journal.pone.0249029
https://www.ncbi.nlm.nih.gov/pubmed/33765098
https://doi.org/10.1126/sciadv.abc5801
https://doi.org/10.1126/scitranslmed.add0484
https://doi.org/10.1016/j.cell.2022.01.024
https://doi.org/10.1038/cmi.2017.107
https://doi.org/10.1016/S0896-6273(01)00371-3

	Introduction 
	Materials and Methods 
	Animal Breeding and Treatment 
	Immunofluorescence and Tissue Preparation 
	Heparanase Treatment 
	Proximity Ligation Assay (PLA) 
	PLA Signal Density Heatmap Generation 
	In Situ Hybridization 
	Immunosorbent Assay (ELISA) 
	RNA Sequencing and Transcriptomic Analysis 
	Statistical Analysis 

	Results 
	ACKR3 Is Expressed in Glia Cells of the OE 
	ACKR3 in Sustentacular Cells Regulates CXCR4 Activation 
	CXCL12 Scavenging by ACKR3 Regulates CXCR4 Signaling 
	CXCL12 Scavenging by ACKR3 Regulates Stem Cell Proliferation and Neurogenesis 
	CXCL12 Availability Regulates CXCR4-Dependent Neurogenesis 
	Cxcl12 Expression in Sustentacular Cells Is Necessary for Proper Regulation of Neurogenesis 
	CXCL12 Detected in HBCs Is Derived from the Lamina Propria 
	CXCL12 Accumulates in the Extracellular Matrix Surrounding HBCs 

	Discussion 
	Conclusions 
	References

