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Summary

The concentration of CXCL12/SDF-1 in the bloodstream is tightly regu-

lated, given its central role in leucocyte and stem/progenitor cell egress

from bone marrow and recruitment to sites of inflammation or injury.

The mechanism responsible for this regulation is unknown. Here we show

that both genetic deletion and pharmacological inhibition of CXCR7, a

high-affinity CXCL12 receptor, caused pronounced increases in plasma

CXCL12 levels. The rise in plasma CXCL12 levels was associated with an

impairment in the ability of leucocytes to migrate to a local source of

CXCL12. Using a set of complementary and highly sensitive techniques,

we found that CXCR7 protein is expressed at low levels in multiple

organs in both humans and mice. In humans, CXCR7 was detected pri-

marily on venule endothelium and arteriole smooth muscle cells. CXCR7

expression on venule endothelium was also documented in immunodefi-

cient mice and CXCR7+/lacZ mice. The vascular expression of CXCR7

therefore gives it immediate access to circulating CXCL12. These studies

suggest that endothelial CXCR7 regulates circulating CXCL12 levels and

that CXCR7 inhibitors might be used to block CXCL12-mediated cell

migration for therapeutic purposes.
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Introduction

The chemokine CXCL12/SDF-1 has been implicated in

many biological processes, including organ development,

angiogenesis and vasculogenesis, stem cell biology,

leucocyte trafficking, cancer, neurodegenerative disor-

ders, inflammatory disorders, atherosclerosis and HIV

pathology.1–9 CXCL12-mediated recruitment of leuco-

cytes and cancer cells from the bloodstream into tissues

is a fundamental process in inflammation and tumour

metastasis. The concentration of CXCL12 in the blood-

stream is tightly controlled, and elevations in plasma

CXCL12 levels as little as twofold have been reported

to initiate mobilization of pro-angiogenic progenitor

cells from the bone marrow to tumours and injured

tissues.10,11

CXCL12 binds to the receptor CXCR7 with even

higher affinity than the chemokine’s first-described

receptor CXCR4.12 Unlike CXCR4, which triggers cal-

cium mobilization and chemotaxis in response to

CXCL12, CXCR7 does not effectively mediate these

processes.12,13 In fact, the CXCR7-mediated cellular

responses to CXC12 are largely unknown, although

CXCL12 binding does trigger CXCR7 association with

b-arrestin 2 and CXCL12/CXCR7 internalization

in vitro.13–16 As such, CXCR7 has been described as an

atypical chemokine receptor.16–19 CXCR7 has also been

shown to associate with CXCR420,21 and regulate

CXCR4/CXCL12-mediated processes such as transendo-

thelial migration of human renal progenitors and tumour

cells13,22,23 and primordial germ cell migration during ze-

brafish development,24,25 reflecting a complex interplay

between CXCL12, CXCR4 and CXCR7.

Interestingly, treatment of mice with CXCR7-specific

compounds that inhibit CXCL12 binding in vitro results

in increased CXCL12 levels in the bloodstream.19,26 Wang

et al.19 observed a greater than twofold increase in

plasma CXCL12 after 2 days of treatment with the

CXCR7 inhibitor CCX754; the authors suggested that

CXCR7-expressing cells might act as a sink for CXCL12
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in spleen. Luker et al.26 observed an approximately 70%

increase in plasma CXCL12 levels after 1 week of treat-

ment with the CXCR7 inhibitor CCX771, an effect

ascribed by the authors to scavenging of plasma CXCL12

by CXCR7-expressing cells. These results are similar to

those obtained in CXCR7�/� zebrafish, which have ele-

vated levels of CXCL12.27,28

Despite over 20 years of research, the expression pro-

file of CXCR7 protein in healthy tissues is still unclear.

Initially identified in 1989, mRNA for CXCR7 (RDC1)

has been detected by Northern blotting in multiple tis-

sues in both dog and mouse.12,29,30 In these species,

CXCR7 mRNA is most abundant in heart and kidney,

and is also expressed in spleen, lung, brain, testis and

ovary, but not in liver or thymus. (CXCR7 mRNA

expression patterns in healthy human organs have not

been reported.) However, in contrast to the mRNA

expression patterns, CXCR7 protein was not detected in

healthy mouse organs, raising the possibility that CXCR7

is subject to post-transcriptional regulation.12 By immu-

nohistochemistry (IHC), CXCR7 protein has been

detected in human tonsil,31 brain,32 placenta,33 kidney34

and umbilical cord.18 However, the CXCR7 antibodies

used in some of these studies are not CXCR7-specific,35

and accordingly the IHC staining may be inauthentic.

We previously reported that CXCR7 protein was

expressed on transformed cells and tumour-associated

vasculature,12 as well as in various pathological settings

(e.g. rejecting renal transplant34 and inflamed joints36).

We also reported, using the best validated reagents avail-

able, the absence of CXCR7 protein expression in mouse

and human leucocytes.37

To study the process by which CXCR7 inhibitors

increase plasma CXCL12 levels in mice, and to identify

which CXCR7+ cells are responsible for this effect, we set

out to expand our previous analysis of CXCR7 protein

expression in mouse and human tissues. We used a set of

complementary techniques of enhanced sensitivity, which

included tyramide-based IHC, [125I]CXCL12 binding and

b-galactosidase expression in CXCR7+/lacZ mice. This new

and comprehensive analysis confirms our previous obser-

vations that solid tumours and tumour-associated vascu-

lature express much higher levels of CXCR7 than healthy

tissues, and therefore is easier to detect with less sensitive

IHC techniques. However, lower level CXCR7 protein

expression was seen in a large number of tissues, although

it was restricted to certain cell types, mostly venule endo-

thelial cells, vascular smooth muscle cells and selected

epithelial cells.

The results of this study indicate that CXCL12 levels in

the bloodstream may be regulated by CXCR7 expressed on

the vascular endothelium and that systemic pharmacologi-

cal inhibition of CXCR7 may be an effective way to modu-

late CXCL12 and the biological processes it controls.

Materials and methods

Antibodies and reagents

CXCR7 monoclonal antibody (mAb) 11G8, isotype con-

trol mAb IgG1 and recombinant CXCL11 and CXCL12

were purchased from R&D Systems (Minneapolis, MN).

AMD3100 was purchased from Sigma (St Louis, MO).

[125I]CXCL12 was purchased from PerkinElmer

(Waltham, MA). Mouse CXCL12 ELISA kits were pur-

chased from RayBiotech (Norcross, GA). The CXCR7-

specific compound CCX771 and the CXCR7-inactive con-

trol compound CCX704 were synthesized by the

ChemoCentryx Medicinal Chemistry Department and

have been described previously.13 The compounds were

maintained as 10-mM stock solutions in DMSO for in vi-

tro experiments and were formulated in 10% captisol for

in vivo experiments (subcutaneous dosing). CXCR7�/�

mice were generated at ChemoCentryx and have been

described previously.37 All animal procedures were

approved by the ChemoCentryx Institutional Animal Care

and Use Committee.

CXCL12 uptake assay

CXCL12 (final concentration 1 nM) was added to a flask

of human umbilical cord endothelial cells (HUVEC pas-

sage 3; Lonza, Inc., Allendale, NJ), after which CCX771

or CCX704 (final concentration 1 lM) was added to the

cells. At multiple time-points, an aliquot of the medium

was removed from the flask and frozen. After all of the

aliquots were collected, they were thawed and analysed

for CXCL12 levels using a CXCL12 ELISA kit (R&D Sys-

tems).

In vivo migration assay

Air pouches were created on the backs of BALB/c mice

by injection of 3 ml air on day 0 and 1 ml air on days 2,

4 and 5. On day 6, 30 mg/kg CCX771 or vehicle was

injected subcutaneously in a distal site and, 1 hr later,

1 ml PBS containing 30 µg CXCL12 was injected into the

air pouch. Twenty-four hours later, cells in the air pouch

were collected by rinsing the pouch with 4 ml PBS. Cells

were counted on a haematocytometer and analysed for

myeloid cells by flow cytometry with phycoerythrin-con-

jugated anti-mouse CD11b (BD Biosciences, San Jose,

CA) using standard techniques.

Cell isolation and organ homogenization

Cells were isolated from mouse organs by mechanical dis-

persion through a 70-lm nylon strainer. Organ homo-

genates were prepared by mincing the organs and
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homogenizing the pieces in PBS containing 10 mM EDTA

and complete protease inhibitors (Roche Applied Science,

Indianapolis, IN) using a Polytron PT3100 (Kinematica,

Bohemia, NY). Total protein content in the homogenates

was determined with the Coomassie Plus Protein Assay

Reagent (Thermo Fisher, Rockford, IL) according to the

manufacturer’s instructions.

[125I]CXCL12 binding assay

Cells (106 per well) or organ homogenates (200 lg per

well) were diluted in Hanks’ balanced salt solution con-

taining 0�1% BSA and transferred to 96-well plates

(100 ll per well) containing 5 ll per well recombinant

CXCL11 or CXCL12 (final concentration 100 nM) or

compounds CCX771 or AMD3100 (final concentration

10 lM). Then, 100 ll per well of cold buffer containing

0�025 lCi (1 nM) [125I]CXCL12 (PerkinElmer) was added

and the plates were shaken at 4° for 3 hr. Cells were

transferred onto polyethyleneimine-treated GF/B glass

fibre filters (PerkinElmer) with a cell harvester (Tomtec,

Hamden, CT) and washed with washing buffer (25 mM

HEPES, 500 mM NaCl, 1 mM CaCl2, 5 mM MgCl2, pH

7�1). Fifty microlitres per well of MicroScint-20 (Perkin-

Elmer) was added to the filters and counts/min were

measured on a Packard TopCount scintillation counter

(PerkinElmer). This assay is optimized for CXCR7 detec-

tion, using very low levels of [125I]CXCL12. Due to the

109 to 209 lower affinity of CXCL12 for CXCR4 than

for CXCR7,12 the binding assay does not yield an appre-

ciable CXCR4 signal.

Northern blotting

Multi-tissue human mRNA blots were purchased from

Ambion (Austin, TX). A CXCR7 riboprobe containing

the full human CXCR7 cDNA12 was generated with the

Strip-EZ RNA kit (Ambion), using [32P]UTP (Perkin-

Elmer). After pre-hybridization, blots were incubated

overnight at 68° in Ultrahyb (Ambion) containing

28 million counts/min CXCR7 riboprobe, then rinsed

sequentially with low- and high-stringency buffers (Ambi-

on) at 68°. Blots were exposed to Hyperfilm MP (GE

Healthcare, Piscataway, NJ) at �80° for 22 hr.

In situ detection of b-galactosidase

To detect b-galactosidase, organs from CXCR7+/lacZ

mice37 were excised and immersed for 1 hr in PBS con-

taining 3% paraformaldehyde (Sigma). Organs were

rinsed in PBS for 10 min and then immersed in b-galac-
tosidase detection reagent (Millipore, Billerica, MA). The

following day, the organs were rinsed in water for 10 min

and then fixed overnight in 10% neutral-buffered forma-

lin (Sigma). The organs were dehydrated and embedded

in paraffin, after which 5-lm sections were cut, deparaffi-

nized and hydrated by conventional methods. Some sec-

tions were counterstained with Neutral Red (Sigma).

Sections were rinsed with water, dried and coverslipped

with Permount (Sigma).

Immunohistochemistry

Mouse organs were fixed in 10% neutral-buffered forma-

lin (Sigma), dehydrated and embedded in paraffin by

conventional methods, and then 5-lm sections were cut

and transferred to glass slides. Formalin-fixed, paraffin-

embedded sections of human tissues were purchased from

Biochain (Newark, CA). Sections were deparaffinized with

xylenes and hydrated through graded alcohols by conven-

tional methods. For standard IHC, sections were rinsed

in water and immersed in Tris-buffered saline (TBS) con-

taining 1% BSA (Sigma) for 10 min. Sections were incu-

bated for 1 hr in antibody diluent (Dako, Carpinteria,

CA) containing 10 lg/ml CXCR7 mAb 11G8 or mouse

IgG1 isotype control antibody. Sections were rinsed in

TBS-Tween and incubated for 30 min in TBS containing

biotinylated anti-mouse IgG (Jackson Immunoresearch,

West Grove, PA). Sections were rinsed in TBST and incu-

bated for 20 min in TBS containing streptavidin-conju-

gated alkaline phosphatase (Dako). Sections were rinsed

in TBS-Tween and stained with Fuchsin+ reagent (Dako).

Sections were rinsed with water, counterstained with

Mayer’s haematoxylin (Sigma), rinsed with water and

coverslipped with Faramount (Dako). In the sensitive

IHC protocol, tissue sections were rinsed in water, incu-

bated for 20 min in 10 mM citric acid, 0�05% Tween-20

pH 6 at 98° and slow-cooled to room temperature for

30 min. Sections were rinsed in TBST and stained with

11G8 or isotype control antibody at 2 lg/ml using the

Catalyzed Signal Amplification system (Dako), which

employs a tyramide-based amplification step. Sections

were rinsed, counterstained and coverslipped as described

above. Histological evaluation of stained images was per-

formed by Lifespan Biosciences (Seattle, WA). For fluo-

rescence IHC, CB17 SCID mouse spleen was immersed in

Cryomatrix (Thermo Fisher) and frozen by immersion in

partially frozen isopentane (Sigma). Five-micrometer sec-

tions were cut, transferred to glass slides, air-dried, fixed

for 10 min in acetone (Sigma), air-dried and immersed

in TBS for 5 min. Sections were immersed in TBS con-

taining 1% BSA, 0�1% Triton X-100 and 0�05% Tween-20

(all from Sigma) for 30 min. 11G8 or isotype control

antibody (10 lg/ml) was mixed with mouse sinusoidal

endothelial cell clone IBL-9/2 (a gift of Peter Balogh, Uni-

versity of P�ecs, Hungary) and the mixtures were added to

the sections and incubated for 1 hr at room temperature.

Sections were rinsed in TBST and incubated for 30 min

in TBS containing a mixture of Alexa Fluor 488-conju-

gated anti-rat IgG and Alexa Fluor 555-conjugated
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anti-mouse IgG (Invitrogen, Carlsbad, CA; each diluted

1 : 500). Sections were rinsed in PBS and incubated with

DAPI (Invitrogen) for 15 min. Sections were rinsed in

PBS, transferred to water and coverslipped with Gel-

Mount (VWR, West Chester, PA).

Results

Regulation of CXCL12 levels by CXCR7 in vitro and
in vivo

Human umbilical cord venous endothelial cells express

CXCR7, as demonstrated by their [125I]CXCL12 binding

pattern, in which the tracer can only be displaced by

excess CXCL11, CXCL12 or the CXCR7-specific molecule

CCX771, but not by the CXCR7-inactive chemical ana-

logue CCX704 or the CXCR4 antagonist AMD310013

(Fig. 1a). Addition of CXCL12 to a flask of human

umbilical cord venous endothelial cells resulted in a rapid

removal of the chemokine from the medium, consistent

with previous reports that CXCR7 binds to and internal-

izes CXCL12 (Fig. 1b). CCX771, but not CCX704, inhib-

ited the removal of CXCL12 (Fig. 1b). To analyse this

effect in vivo, the regulation of plasma CXCL12 by

CXCR7 was evaluated in two ways. First, plasma CXCL12

levels were compared between CXCR7+/+, CXCR7+/� and

CXCR7�/� mice. Mean plasma CXCL12 levels were

421 � 42, 796 � 43, and 2393 � 226 pg/ml, respectively

(Fig. 1c). Secondly, CXCR7+/+ mice were treated for 1 hr

with CCX771 (Fig. 1d). Mean plasma CXCL12 levels were

422 � 19 pg/ml in vehicle-treated mice (n = 3) and

1674 � 102 pg/ml CXCL12 in CCX771-treated mice

(n = 9). Hence, genetic deletion or pharmacological inhi-

bition of CXCR7 resulted in fourfold to fivefold increases

in plasma CXCL12 levels. Similar effects with several

selective CXCR7 inhibitors, including CCX771, have been

seen in mice, rats and dogs (data not shown). Hence,

CXCR7 regulates plasma CXCL12 levels.
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Figure 1. Regulation of CXCL12 levels by CXCR7 in vitro and in vivo. (a) Binding of [125I]CXCL12 to human umbilical cord venous endothelial

cells (HUVECs) in the absence (TB = total bound) or presence of various inhibitors. Binding was inhibited by CXCL12, CXCL11 and the CXCR7

inhibitor CCX771, but not by the structurally related but inactive compound CCX704 or the CXCR4 antagonist AMD3100 (*P < 0�05 versus TB;

one-way analysis of variance (ANOVA) with Tukey’s post tests), indicating that HUVECs express CXCR7. The experiment was repeated twice. (b)

Amount of CXCL12 in the culture medium of HUVECs at multiple time-points after addition of CXCL12 and either CCX771, CCX704 or a

vehicle control. Only CCX771 blocked the removal of CXCL12 by the HUVEC cells (*P < 0�05 versus CCX704; two way ANOVA with repeated

measures and Tukey’s post tests). The experiment was repeated twice. (c) CXCL12 levels in plasma of CXCR7+/+, CXCR7+/� and CXCR7�/� mice

(10 age-matched mice each, comprising five males and five females). The mice were littermates, born from CXCR7+/� parents and sampled at a

variety of ages (12–35 weeks). CXCL12 levels were elevated in CXCR7�/� mice (*P < 0�05 versus CXCR7+/+ mice; two-way ANOVA with Tukey’s

post tests). (d) CXCL12 levels in plasma of 10-week-old female C3H/HeJ mice treated with 30 mg/kg of CCX771 (nine mice) or vehicle control

(three mice), sampled 1-hr post-dosing. CCX771 increased plasma CXCL12 levels (*P < 0�05 versus vehicle; Student’s t-test). The experiment

was repeated twice. Error bars indicate SEM.
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Regulation of leucocyte migration by CXCR7 in vivo

We next investigated whether the increase in plasma

CXCL12 levels induced by CCX771 correlated with

altered leucocyte migration in vivo. Towards this end, we

employed an air pouch model in which CXCL12 was

injected into the air pouches of CCX771-treated or vehi-

cle-treated mice. Twenty-four hours after CXCL12 injec-

tion, cells that had migrated into the air pouch were

counted and analysed by flow cytometry (Fig. 2).

CCX771 caused a decrease in the number of CD11b+

myeloid cells, a cell type previously shown to migrate to

air pouches containing CXCL12.38 Hence, pharmacologi-

cal inhibition of CXCR7 can regulate CXCL12-mediated

migration of leucocytes in vivo.

Evaluation of CXCR7 expression in mice

Competitive [125I]CXCL12 binding assay

To investigate the mechanism by which CXCR7 regulates

plasma CXCL12 levels, we sought to determine where

CXCR7 protein is expressed. Towards this end, we first

analysed a subset of organs in healthy mice using a com-

petitive [125I]CXCL12 binding assay. In this assay, CXCR7

is identified by the ability of CXCR7-specific compounds

(such as CCX771) and the other CXCR7 chemokine

ligand CXCL11, but not the CXCR4-specific antagonist

AMD3100, to inhibit the binding of [125I]CXCL12 to cells

or cell membranes. In one of our previous studies, we

performed the competitive [125I]CXCL12 binding assay

on cells isolated from mouse heart, liver and lung by

mechanical dispersion and observed no CXCR7-specific

[125I]CXCL12 binding to these cells.12 To look for

CXCR7 protein inside these cells, as well as cells (e.g.

endothelial cells) that may have been excluded using the

dispersion method, we homogenized whole organs from

multiple strains of mice (C57BL/6, BALB/c, C3H/Hej and

129S) as well as CXCR7�/� mice. Homogenates of wild-

type mouse heart, kidney, lung and spleen, but not liver,

displayed the CXCR7 profile in the competitive [125I]

CXCL12 binding assay (Fig. 3). In contrast, homogenates

of the CXCR7�/� mouse organs did not display the

CXCR7 binding profile, confirming the specificity of the

assay (Fig. 3). Hence, CXCR7 protein is indeed expressed

in these organs in healthy mice.

Immunohistochemistry

To determine which cells express CXCR7 protein in

healthy mouse organs, we performed IHC initially using

conventional methods. We used CXCR7 mAb 11G8

because other CXCR7 antibodies either do not work or

are non-specific in IHC.35 Since 11G8 is a mouse mAb

and therefore requires detection with an anti-mouse IgG

secondary antibody, we analysed immunodeficient mice

in order to avoid detection of endogenous IgG. Of all tis-

sues analysed, only spleen was consistently stained by

11G8 (Fig. 4a). The splenic cells were identified as venous

sinusoidal endothelial cells by virtue of co-staining with

IBL-9/2, an antibody specific for mouse splenic sinusoidal

endothelial cells (Fig. 4b).39

Given the expression of CXCR7 mRNA in multiple

organs12,29 and CXCR7 protein in mouse heart, kidney

and lung (Fig. 3), the lack of CXCR7 staining by conven-

tional IHC was notable. To determine whether healthy

tissues express levels of CXCR7 protein too low to be

detected by conventional IHC methods, we performed a

sensitive IHC procedure including antigen retrieval and

tyramide-based signal amplification. Direct comparison of

the two methods confirmed the superior sensitivity of the

sensitive method in normal mouse tissues (Fig. 5a). Some

neoplastic tissues, which are readily stained by 11G8 by

conventional IHC methods,40 presumably due to rela-

tively high levels of CXCR7 protein, do not require the

sensitive IHC method (Fig. 5a). Using the sensitive IHC

method, 11G8 staining was detected in healthy (but

immunodeficient) mouse organs previously not stained

using the conventional IHC method, including heart, kid-

ney and lung (Fig. 5b). In heart, 11G8 stained endothelial

cells lining the atria, valves and some coronary vessels. In

lung, 11G8 stained endothelial cells lining a subset of ven-

ules. In kidney, 11G8 stained medullary and papillary

tubules and a subset of cortical tubules. In kidney

glomeruli, 11G8 stained parietal epithelium and, variably,
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Number of CD11b+ myeloid cells recruited to CXCL12-containing

air pouches of 10-week-old male BALB/c mice injected subcutane-

ously 1 hr earlier with 30 mg/kg of the CXCR7 inhibitor CCX771 or
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(CXCL12 + CCX771) mice. The experiment was repeated three

times. Error bars indicate SEM.
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podocytes and/or endothelial cells. 11G8 did not stain

mouse liver, consistent with the competitive binding assay

(Fig. 3) and Northern blotting,12,29 even when tested

against multiple mouse strains (data not shown). 11G8

did not stain lymphatic endothelium (see Supplementary

material, Fig. S1).

To perform IHC for CXCR7 on immunocompetent

mice, we used a biotinylated conjugate of 11G8 and elim-

inated the biotinylated anti-mouse IgG secondary anti-

body. Skipping this step eliminates the ‘mouse-on-mouse’

problem, but also decreases the sensitivity of the IHC

procedure because the secondary antibody is polyclonal.

When we made this change, only the relatively high

CXCR7-expressing cells (splenic sinusoidal endothelium

and kidney tubules) were stained (Fig. 5c).

Corroboration of CXCR7 expression

To look for CXCR7 expression in situ without the use of

antibodies, we analysed tissue sections from CXCR7+/lacZ
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Figure 3. Comparison of CXCR7+/+ and

CXCR7�/� mice in the competitive [125I]

CXCL12 binding assay. Homogenates from

wild-type and CXCR7�/� organs were tested in

a competitive [125I]CXCL12 binding assay.

Wild-type but not CXCR7�/� mouse heart,

kidney, lung and spleen displayed the CXCR7

profile, in that [125I]CXCL12 binding to these

organs was inhibited by CXCL12, CXCL11 and

the CXCR7 inhibitor CCX771, but not by the

CXCR4 antagonist AMD3100 (*P < 0�05 ver-

sus TB; one-way analysis of variance with

Tukey’s post tests). Homogenates from wild-

type and CXCR7�/� mouse liver failed to dis-

play the CXCR7 profile. The experiment was

repeated twice. Error bars indicate SEM.
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mice for b-galactosidase enzymatic activity. b-galactosi-
dase was detected in multiple organs, including heart,

kidney, lung and spleen, but not in the liver (Fig. 6). The

b-galactosidase patterns were nearly identical to the

mouse 11G8 staining patterns (Fig. 5). In the heart, b-
galactosidase was expressed by endothelial cells lining

coronary and cardiac vessels. In the kidney, b-galactosi-
dase was expressed by epithelial cells in a subset of

tubules and podocytes and/or endothelial cells in glome-

ruli. In the lung, b-galactosidase was expressed by endo-

thelial cells lining a subset of venules. In the spleen, b-
galactosidase was expressed by venous sinusoidal endothe-

lial cells. Leucocytes, including splenic marginal zone B

cells, did not express b-galactosidase.

Evaluation of CXCR7 expression in humans

Northern blotting

To assess CXCR7 in healthy human organs, we first

analysed CXCR7 mRNA levels by Northern blotting.

Northern blots have been published for mouse and dog

but not human CXCR7. In the human Northern blot,

CXCR7 mRNA was expressed in many human organs

(Fig. 7), in a pattern similar to the published mouse

CXCR7 Northern blots.12,29 Unlike the mouse Northern

blots, however, the human Northern blots contained

abundant CXCR7 mRNA in liver but low levels in kid-

ney (Fig. 7).

Immunohistochemistry

Using conventional IHC methods on multiple healthy

human tissues, mAb 11G8 stained only splenic sinusoidal

endothelial cells (data not shown), as observed in mouse.

Using the sensitive IHC method, mAb 11G8 stained

venule endothelium in many of the organs analysed

(Fig. 8; Table S1). In arterioles, 11G8 usually stained the

vascular smooth muscle cells but not the endothelial cells

(see Supplementary material, Fig. S2). 11G8 also stained

sinusoidal endothelial cells in spleen and lymph nodes

but not in bone marrow or liver, and stained endothelial

cells lining the heart and its valves but not large arteries

or veins. Capillary endothelium was noted in a minor

subset of organs. 11G8 did not stain lymphatic endothe-

lium (see Supplementary material, Fig. S3).

11G8 also stained other cell types (Fig. 8). In kidney,

11G8 stained medullary tubules but did not stain glome-

ruli, in contrast to glomerular expression in mice

(Fig. 5b). In liver, 11G8 stained patches of hepatocytes

close to portal tracts. In placenta, 11G8 strongly stained

trophoblast cells. 11G8 also stained a variety of other cell

types, but only in a small number of organs (see Supple-

mentary material, Table S1). Of note, 11G8 did not stain

lymphocytes in any organ, including splenic marginal

zone B cells. Some macrophages in a subset of non-

lymphoid tissues were stained by 11G8; however, some of

these macrophages were also stained by the isotype con-

trol mAb, raising the possibility that 11G8 staining of

macrophages was non-specific. Indeed, 11G8 and the iso-

type control mAb strongly stained mast cells in multiple

tissues (data not shown).

Discussion

In this study we addressed the regulation of CXCL12

levels in the bloodstream by CXCR7 and how manipula-

tion of this receptor can impact leucocyte migration

in vivo. Previous studies using CXCR7 gene deletion or

CXCR7-specific inhibitors have indicated that CXCL12

Isotype

(a)

(b)

CXCR7

CXCR7

IBL-9/2

Overlay

Figure 4. Analysis of CXCR7 protein in mouse spleen by conven-

tional immunohistochemistry (IHC). (a) SCID mouse spleen sec-

tions were stained by conventional IHC methods with the CXCR7

monoclonal antibody (mAb) 11G8 or an isotype control mAb. 11G8

stained vessels in the red pulp. Red colour: 11G8 staining. Blue col-

our: nucleus counterstaining. Original magnification 2009. (b) SCID

mouse spleen sections were co-stained with 11G8 and IBL-9/2, an

antibody specific for splenic sinusoidal endothelial cells. An overlay

of each antibody’s staining pattern confirms that 11G8 stained sinu-

soidal endothelial cells. Original magnification 4009.
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binding to and internalization by CXCR7 regulates

CXCL12 levels in vivo, both in tissues26–28 and the

bloodstream.19,26 However, to date no one has provided

a suitable hypothesis for how or where this in vivo regu-

lation takes place. Although we and others have detected

CXCR7 in neoplastic tissues, there have been no thor-

ough analyses of CXCR7 protein expression in healthy

tissues. In addition, several published analyses of CXCR7

protein expression in individual tissues are not particu-

larly informative given the questionable specificity of the

Mouse kidney

Conventional
IHC

Sensitive
IHC

Squamous cell carcinoma

Isotype
(a)

(b)

(c)

CXCR7

Isotype

Heart Cortex

Medulla

Papilla

Lung

Spleen

Spleen

Kidney

CXCR7

Isotype CXCR7

Isotype CXCR7

Isotype CXCR7

Figure 5. Analysis of CXCR7 protein in mouse

organs by the sensitive immunohistochemistry

(IHC) method. (a) Sections from SCID mouse

organs and human carcinomas were evaluated

for 11G8 staining by conventional and sensitive

IHC methods. By conventional IHC, 11G8

stained tumours but not normal tissues (red

colour: 11G8 staining; blue colour: nucleus

counterstaining). With the sensitive IHC

method, 11G8 stained both normal tissues and

tumours (brown colour: 11G8 staining; blue

colour: nucleus counterstaining). Original

magnification 2009. (b) Mouse SCID tissue

sections were stained with 11G8 by the sensi-

tive IHC method. Left images: 11G8, but not

the isotype control mAb, stained endothelial

cells of heart cardiac vessels, lung venules and

spleen sinusoids. Right images: 11G8, but not

the isotype control mAb, stained epithelial cells

in a subset of tubules in kidney cortex,

medulla and papilla. 11G8 also stained parietal

epithelial cells and podocytes and/or endothe-

lial cells in kidney glomeruli (top right image).

Brown colour: 11G8 staining; blue colour:

nucleus counterstaining. Original magnification

4009. (c) Wild-type c57BL/6 mouse tissue

sections were stained with biotin-conjugated

11G8 by the sensitive IHC method. Biotiny-

lated 11G8, but not the biotinylated isotype

control mAb, stained epithelial cells in a subset

of kidney tubules and splenic sinusoidal

endothelial cells. Original magnification 4009.

Heart Kidney Lung Spleen

Figure 6. Analysis of b-galactosidase expression in CXCR7+/lacZ mice. Tissue sections from CXCR7+/lacZ mice were evaluated for lacZ expression

with an in situ enzymatic assay. b-galactosidase activity was detected in endothelial cells of coronary and cardiac vessels, lung venules and spleen

venous sinusoids, as well as kidney glomeruli and tubules. Blue colour: b-galactosidase. Red colour (kidney and lung): nucleus counterstaining.

Original magnification 100–4009.
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antibodies used.35 To address this, we used a combina-

tion of tools, including Northern blotting, tyramide-

based IHC, a competitive [125I]CXCL12 binding assay,

and b-galactosidase detection in CXCR7+/lacZ mice to

probe healthy human and mouse tissues for expression

of CXCR7.

We previously postulated that, because CXCR7 protein

was not detected on cells isolated by mechanical disper-

sion from healthy mouse organs, the CXCR7 mRNA

found in these organs was not being translated. However,

endothelial cells and other interstitial cells do not disperse

readily, and therefore the previous analyses may not have

included all of the cells in the organs. Using the tools

described herein, we now show that CXCR7 mRNA is

often translated into protein. However, the levels of

CXCR7 protein expressed by non-neoplastic cells seem to

be very low, as CXCR7 is rarely detected by conventional

IHC methods. In fact, the only cell type in normal

human and mouse tissues that is consistently stained by

the CXCR7-specific mAb 11G8 using conventional IHC is
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Figure 7. Analysis of CXCR7 mRNA in human

tissues by Northern blotting. Two multi-organ

mRNA blots were probed for CXCR7 mRNA.

CXCR7 mRNA was detected in many human

tissues. The blots were then stripped and

probed for b-actin mRNA as a loading control.

Spleen

Atrium

Kidney cortex Liver Liver Placenta

Tricuspid valve
Corpus

callosum
Medulla

oblongata

Isotype

11G8

Isotype

11G8

Isotype

11G8

Lymph node Lung Oesophagus

Figure 8. Analysis of CXCR7 protein in

human tissues by the sensitive immunohisto-

chemistry (IHC) method. Human tissue arrays

were stained with 11G8 by the sensitive IHC

method. 11G8, but not the isotype control

monoclonal antibody (mAb), stained endothe-

lial cells and/or vascular smooth muscle cells

of small vessels in most tissues. 11G8 also

stained kidney tubules, liver hepatocytes and

placenta trophoblast. In some cases, both 11G8

and the isotype control mAb stained other

structures non-specifically (i.e. connective tis-

sue and macrophages within the tricuspid valve

leaflet). Brown colour: 11G8 staining; blue col-

our: nucleus counterstaining. Original magnifi-

cation 2009 and 4009.
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the splenic venous sinusoidal endothelial cell. In contrast,

the mAb readily stains tumour cells and tumour-associ-

ated vasculature by conventional IHC.40 Using a sensitive

IHC method incorporating antigen retrieval and a tyra-

mide-based amplification step, CXCR7 was detected on

various cell types in multiple organs.

In mice, CXCR7 protein was detected in heart, kidney,

lung and spleen. Homogenates of these organs from wild-

type but not CXCR7�/� mice displayed the CXCR7 pro-

file in the competitive [125I]CXCL12 binding assay. The

CXCR7 binding profile was not detected on intact cells

isolated by mechanical dispersion, in agreement with pre-

vious observations,12 indicating that CXCR7 protein may

be located intracellularly and/or that the CXCR7+ cells

(such as endothelial cells) are excluded during the disper-

sion procedure. Using the sensitive IHC method on tis-

sues from immunodeficient mice (immunocompetent

mice could not be used due to artefactual detection of

endogenous IgG), we detected CXCR7 protein in each of

these four organs: in heart, endothelial cells lining cardiac

and coronary blood vessels; in kidney, epithelial cells in

tubules as well as epithelial cells, podocytes and/or endo-

thelial cells in glomeruli; in lung, endothelial cells in a

subset of venules; and in spleen, venous sinusoidal endo-

thelial cells. Interestingly, CXCR7 was not detected on

lymphatic or capillary endothelium or pericytes in these

organs in mice. In genetically modified CXCR7+/lacZ mice,

in which the mouse CXCR7 promoter drives lacZ expres-

sion, b-galactosidase was expressed by the same cells that

were stained by IHC, except that b-galactosidase expres-

sion in glomeruli was stronger in endothelial cells/podo-

cytes than in parietal epithelial cells. CXCR7 protein was

not detected in mouse liver, which lacks CXCR7

mRNA,12 by any of the three methods.

Since CXCR7 expression can be modulated by Toll-

like receptor signalling and inflammatory mediators,41,42

it is possible that the CXCR7 expression patterns we

noted in immunodeficient mice might be different in

immunocompetent mice. When we performed the sensi-

tive IHC method on tissues from immunocompetent

mice using a biotinylated conjugate of CXCR7 mAb

11G8, and omitted the biotinylated anti-mouse IgG sec-

ondary antibody, only splenic sinusoids and kidney

tubules were stained. The lack of staining of venules was

probably the result of the decreased sensitivity of the

amended IHC procedure, because the omitted secondary

antibody is polyclonal.

In healthy human tissues, CXCR7 protein was detected

in the same cells in kidney, heart, lung and spleen as in

mice, except that human glomeruli were not stained.

Unlike mouse liver, human liver was stained by 11G8,

primarily on endothelial cells of central and portal veins,

but also on patches of hepatocytes. The expression of

CXCR7 in human liver might result from increased path-

ogen exposure in humans versus mice kept in pathogen-

free conditions. In humans, CXCR7 protein was detected

on endothelial cells in a subset of venules in many

organs, including appendix, brain, colon, oesophagus, gall

bladder, lymph node, ovary, placenta, prostate, small

intestine, stomach, testis, thymus, tonsil and uterus.

CXCR7 protein was not detected on lymphatic endothe-

lium, but was detected on capillary endothelium in a

smaller subset of organs. Interestingly, CXCR7 protein

was detected in vascular smooth muscle cells lining arteri-

oles in many organs; these cells may be related to

CXCR7+ pericytes which surround tumour-associated

blood vessels.40 Finally, CXCR7 protein was detected in

several other cell types, although non-vascular staining

was restricted to relatively few tissues (see Table S1). The

expression of CXCR7 in kidney medullary tubules,

especially at the cortico-medullary junction, may be

because these areas are normally hypoxic,43 as CXCR7 is

up-regulated in regions of hypoxia.44–47

In this study we provide data that the chemokine

receptor CXCR7 regulates the levels of chemokine

CXCL12 in the bloodstream. Compared with wild-type

littermates, CXCR7�/� mice exhibited fivefold higher

levels of plasma CXCL12, and CXCR7+/� mice exhibited

twofold higher levels of plasma CXCL12. Elevation in

chemokine levels has been noted in other chemokine

receptor knockout mice.48,49 In addition, treatment of

wild-type mice with the CXCR7 antagonist CCX771

resulted in a fourfold increase in the plasma levels of

CXCL12, in agreement with other studies.19,26 We also

observed that CCX771 blocks the uptake of CXCL12 by

CXCR7+ endothelial cells in culture, resulting in higher

levels of CXCL12 in the culture medium. Finally, we

demonstrated that the CCX771-mediated increase in

plasma CXCL12 levels in vivo correlated with an inhibi-

tion of leucocyte migration to a local site of CXCL12.

Although CXCR7 inhibitors can directly regulate

chemotaxis of CXCR4+ CXCR7+ tumour cells to CXCL12

in vitro,13 it is unlikely that CCX771 inhibited the in vivo

leucocyte migration to CXCL12 directly, because leuco-

cytes do not express detectable CXCR7 protein.37 Instead,

the inhibition of leucocyte migration to the local site of

CXCL12 may have been caused by the elevation in

plasma CXCL12 levels, which has already been shown to

affect leucocyte migration in vivo.38

There are a number of ways in which plasma CXCL12

levels might be increased as a result of CXCR7 inhibi-

tion/deletion, including direct displacement of CXCL12

bound to vascular CXCR7, inhibition of CXCR7-medi-

ated removal of CXCL12 from the bloodstream, and

increased production of CXCL12. Displacement of recep-

tor-bound chemokines has been invoked50 to explain the

increased plasma levels of such chemokines following

administration of a receptor antagonist. While we have

not assessed the displacement mechanism directly, we

think it is unlikely to be a major contributor in the case
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of CXCL12/CXCR7, mainly because the plasma half-life

of CXCL12 is approximately 1 hr;38 displacement of

CXCR7-bound CXCL12, in the absence of any other

effects, should produce a brief spike in CXCL12 levels,

not the sustained increase that we and others describe. At

this time, we believe that the most likely explanation for

these findings is that genetic deletion or pharmacological

antagonism of CXCR7 interferes with its ability to bind

to and internalize CXCL12. In support of this explana-

tion (and against the direct displacement model),

increased CXCL12 plasma levels are seen only when

CCX771 plasma levels are high enough to engage ≥ 90%

of the CXCR7 molecules – the same concentration of

CCX771 required to block CXCR7-mediated CXCL12

uptake in cell culture (data not shown).

DARC and D6 are, like CXCR7, atypical chemokine

receptors expressed primarily on endothelium that func-

tion to scavenge chemokines from the vessel lumen.51,52

The expression of CXCR7 on blood but not lymphatic

vessels suggests that CXCR7 is more like DARC, which is

expressed on blood vessels, than D6, which is expressed

on lymphatics. However, both CXCR7 and D6 are also

expressed on placental trophoblasts. Since trophoblast-

bearing D6 facilitates fetal survival by reducing levels of

maternal pro-inflammatory chemokines,53,54 it is an

intriguing possibility that trophoblast-bearing CXCR7

scavenges maternal CXCL12 during pregnancy.

In summary, we describe here the expression of CXCR7

protein on vascular endothelium in a large number of

human and mouse tissues, providing a direct mechanism

for this receptor to control the systemic levels of CXCL12.

As CXCL12 regulates a number of important biological

processes, we anticipate that CCX771 and other CXCR7

inhibitors might have profound biological and therapeutic

effects. It is possible that some of the pharmacological

effects already described for CCX771 and other CXCR7

ligands in experimental disease models36,55,56 result from

systemic regulation of CXCL12/CXCR4-mediated leuco-

cyte homing.
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Figure S1. CXCR7 is detected on mouse venule but

not capillary or lymphatic endothelium.

Figure S2. CXCR7 is detected on human vascular

smooth muscle.

Figure S3. CXCR7 is not detected on human lymphatic

endothelium.

Table S1. Immunohistochemical staining of human tis-

sue arrays by 11G8a,b.
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