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The CXCR7 chemokine receptor promotes B-cell retention in the splenic
marginal zone and serves as a sink for CXCL12
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The splenic marginal zone (MZ) is com-
prised of specialized populations of
B cells, dendritic cells, and macrophages
that are uniquely arrayed outside the white
pulp follicles to screen the blood for
bacterial and other particulate Ags.
Mechanisms responsible for MZ B-cell
formation, localization, retention, and

function are understood to include anti-
genic specificity, transcription factors, in-
tegrins, and surface receptors for soluble
ligands such as S1P. Here, we add to this
repertoire by demonstrating that the re-
ceptor for CXCL12, CXCR7, is expressed
on MZ but not on follicular B cells. Treat-
ment of mice with CXCR7 inhibitors led to

disruption of MZ architecture, reduced
numbers of MZ B cells, and altered granu-
locyte homeostasis associated with in-
creasing serum levels of CXCL12. CXCR7
thus appears to function as a scavenger
receptor for CXCL12 on MZ B cells.
(Blood. 2012;119(2):465-468)

Introduction

Localization and retention of B cells in the marginal zone (MZ)
depends on antigenic specificity,1,2 interactions between integrins
and their receptors,3 and signaling by the lysophospholipid, S1P,
through the S1P1 receptor.4 Although MZ B cells are considered
nonrecirculatory, exposure to cognate Ag or bacterial products
causes them to relocalize from the MZ to the splenic white pulp,4

providing for efficient delivery of captured Ags to follicular
dendritic cells.5

Although no direct evidence links chemokine involvement to
MZ B-cell localization and retention, the MZs are strikingly
reduced or absent in mice deficient in a series of factors that may
act downstream of chemokine receptors.6 Recent studies, however,
showed that transcripts for the chemokine receptor, CXCR7, were
expressed at much higher levels by mouse MZ than follicular (FO)
B cells.7-9 CXCR7 has variously been reported to function as the
primary receptor and scavenger for CXCL12,8,10,11 a modulator of
CXCR4 activity, or to act directly on different tumor types.11,12 This
prompted us to determine whether CXCR7 and its ligands,
CXCL11 and CXCL12,11,13 might influence MZ B-cell biology by
taking advantage of recently developed CXCR7-specific mAbs and
small molecule inhibitors. We found that CXCR7 was expressed on
MZ but not on FO B cells and that treatment with inhibitors
disrupted the normal organization of the MZ, altered MZ B-cell
numbers, and increased serum levels of CXCL12, resulting in
altered homeostasis of granulocytes.

Methods

Flow cytometry

Splenic single-cell suspensions were blocked with a Fc receptor–blocking
mAb, 2.4G2, and stained with fluorochrome-labeled Abs specific for B220,
CD19, CD23, CD21, Gr-1, CD3, CD11b, �L, �4, �1, and �4�7 (purchased

from BD Biosciences or eBioscience). In some experiments, cells were
stained with anti-CXCR7 mAb (11G8; provided by ChemoCentryx)
followed by FITC-conjugated secondary Ab. An isotype control Ab was
included as a negative control. The cells were analyzed by FACSCalibur or
LSRII (BD Biosciences), and the data were analyzed by FlowJo Version
7.5.5 software (TreeStar).

Animals, treatment, serum CXCL12, and histologic analysis

FVB and B6 mice (2-6 months old) were purchased from The Jackson
Laboratory. FVB mice have unusually large MZs,14 whereas B6 mice are
functionally deficient in CXCL11 because of a deletion in the coding
sequence.15 Mice were injected subcutaneously with CXCR7 antagonists
CCX754 (100 mg/kg twice daily) or CCX771 (30 mg/kg daily; provided by
ChemoCentryx) for 2-7 days. The specificity, half-life, and effect of the
inhibitors have been reported previously.11,16,17 Control mice were injected
with equal volumes of vehicles (10% Captisol). The spleens were analyzed
by flow cytometry and confocal microscopy, as described previously, with
the use of labeled mAb to IgM, metallophilic macrophages (MOMA-1), and
marginal sinus epithelial cells (MAdCAM-1).18 The slides were imaged at
20°C with the use of �10 and �20 oil-immersion lenses on a Leica SP2
4-chanel confocal microscope. Images were subsequently processed using
Adobe Photoshop. Serum levels of CXCL12 were quantified by ELISA
(Mouse CXCL12/SDF-1�; Quantikine ELISA kit; R&D Systems) and
CCX754 levels by ChemoCentryx. All animal studies were performed
under protocols of LIP-4 and LIP-6 approved by National Institute of
Allergy and Infectious Diseases Institutional Animal Care and Use
Committee.

Results and discussion

CXCR7 is differentially expressed on subsets of B lineage cells

Although previous studies indicated that CXCR7 transcripts and
protein were expressed by a variety of lymphoid and nonlymphoid
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cell types in mice and humans,8,9,19 recent analyses performed with
the CXCR7-specific mAb 11G8 and other Abs showed that CXCR7
protein is not expressed by human peripheral blood T or B cells,
natural killer cells, or monocytes or by mouse peripheral blood
leukocytes.20 Nonetheless, earlier reports of high levels of CXCR7
transcripts in mouse MZ B cells and their precursors8,9 prompted us
to reexamine this issue with the use of mAb 11G8 in flow
cytometric studies of spleen cells from FVB and B6 mice. We
found that CXCR7 was expressed by MZ B cells but little, if at all,
by other B-cell subsets or non-B cells (Figure 1A).

Inhibition of CXCR7 results in disruption of MZ structure and
reduced populations of MZ B cells

Treatment of FVB mice with specific high-affinity small molecule
antagonists of CXCR7 (CCX754 and CCX771) caused significant
reduction of MZ B cells as early as 1 day after injection with
reductions persisting through 7 days of treatment (Figure 1B-C;
supplemental Figure 1, available on the Blood Web site; see the
Supplemental Materials link at the top of the online article). The

reductions in MZ B cells correlated with high concentrations of
serum CCX754 (supplemental Figure 2). Confocal images of
spleens from treated mice showed segmental losses in the continu-
ity and numbers of B cells occupying the MZ (Figure 1D arrow-
heads in top right panel) and fragmentation into the red pulp
(Figure 1D bottom panel; supplemental Figure 3A-B). Reductions
in MZ B cells were associated with reductions in ER-TR9� MZ
macrophages (supplemental Figure 3B), consistent with previous
documentations of their codependence for residence in the MZ.21

Similar changes in the proportions of MZ B cells were seen in
spleens of both FVB (Figure 1E) and B6 (supplemental Figure 4)
mice. Because B6 mice are functionally deficient in CXCL11,15 the
effects of CXCR7 blockade seen in both strains can be attributed
specifically to inhibition of CXCL12 ligation. Effects of the
inhibitors on MZ B-cell numbers could not be attributed to
apoptosis because increased cell death was not observed among
purified MZ B cells treated in vitro with a series of CXCR7
inhibitors: CCX771, CCX754, CCX733, and CCX704 (data not
shown). We also ruled out the possibility that observed changes in

Figure 1. Analysis of CXCR7 expression and function
in MZ B cells. (A) Splenocytes were analyzed for expres-
sion of CXCR7 by indicated cell population by flow
cytometry. Non-B indicates CD19� cells; FO, follicular
B cells; MZ, MZ B cells; Tr, transitional B cells (refer to
panel B for gating schemes). (B) The percentages of
splenic B-cell subsets in mice treated with CCX754 or
vehicle for 2 days. The numbers indicate percentages of
cells falling in each gate. (C) Changes in the indicated cell
subsets after CCX754 treatment for 2 days. Data repre-
sent 3 independent experiments, totaling 9 mice (means
� SEM). (D) Splenic frozen sections of indicated mice
were stained with fluorescent Abs (indicated). The tri-
angles in the right panel indicate disorganized MZ B-cell
band. Original magnification �10 for all images.
(E) Percentages of MZ and FO B cells in mice treated
with CCX771 or vehicle for 3 days. Each symbol repre-
sents a mouse. Data are representative of 3 separate
experiments with similar results. Horizontal bars repre-
sent the median values.

466 WANG et al BLOOD, 12 JANUARY 2012 � VOLUME 119, NUMBER 2

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/119/2/465/1496801/zh800212000465.pdf by guest on 08 June 2024



MZ B-cell numbers after treatment with CCX754 resulted from
MZ B cells, assuming the phenotype of FO B cells because studies
that used CD1d as an alternative marker for identifying MZ B cells
yielded the same results (supplemental Figure 6). Although the fate
of drug-treated MZ B cells remains to be determined, these results
indicate that ligation of CXCL12 by CXCR7 on MZ B cells is
critical to the stability of MZ structure and local retention of MZ
B cells.

Blocking CXCR7 increases the levels of CXCL12 in peripheral
blood and alters mobilization of neutrophils

CXCR7 has been described as a scavenger for CXCL12 and
CXCL11, mediating ligand internalization and degradation, with
the ability to eliminate CXCL12 from its environment, modulating
the activity of the other CXCL12 receptor, CXCR4.10 This
suggested that blockade of CXCR7 in vivo might result in
increased levels of CXCL12. Indeed, treatment with CCX754 was
associated with significantly increased levels of CXCR7 expression
on the surface of MZ B cells but not FO B cells (Figure 2A), an
indication of interrupted internalization and recycling of CXCR7.10,22

The levels of CXCL12 in sera from mice treated for 2 days with the
inhibitor CCX754 increased � 2-fold (Figure 2B; P � .01), suggest-
ing that MZ and other CXCR7-expressing cells act as sinks for
CXCL12 in vivo.

CXCL12 is a potent chemoattractant for T cells but limits mobiliza-
tion of granulocytes from the BM. This led us to examine the

frequencies of T cells and neutrophils among spleen cells and blood of
mice treated with the inhibitors CCX754 and CCX771; no significant
changes were seen for T cells (data not shown). In contrast, the
proportions of granulocytes in the spleens but not the blood of mice
treated with either inhibitor were significantly increased (Figure 2C;
data not shown), suggesting that heightened expression of CXCL12
promoted granulocyte entry, retention, or survival in the spleen.

Blockade of CXCR7 does not alter expression of integrins or
follicular shuttling of MZ B cells

Integrins are involved in MZ B-cell localization and positioning.3

CCX771 had no effect on expression of �L, �4, �1, or �4�1
integrins on MZ B cells (supplemental Figure 5), indicating that
CXCR7 and integrins are 2 independent systems involved in the
regulation of MZ B-cell retention. MZ B cells were shown to
constantly relocate to the follicle, a process associated with the Ag
presentation function of MZ B cells.5 Although S1P1 plays a critical role
in mediating MZ B-cell shuttling to the follicle,5 CXCR7 appeared to be
dispensable for this process because follicular shuttling of residual MZ
B cells in CCX771-treated mice was not affected as assessed by an in
vivo labeling assay5 (supplemental Figure 6). With increasing numbers
of new receptors discovered to be responsible for retention of MZ
B cells, including the recently reported Cannabinoid receptor 2,23 it will
be interesting to determine whether and how these seemingly different
systems interplay under different pathologic conditions, including
microbial infections.

Figure 2. CXCR7 blockers affect CXCL12 availability
and neutrophil mobilization. (A) Increased expression
of CXCR7 on the cell surface of MZ but not FO B cells in
mice treated with CCX754 for 2 days. Data are represen-
tative of � 3 similar experiments. (B) Increased serum
levels of CXCL12 in mice treated with CCX754 for 2 days.
Data are pooled from 3 independent experiments. Each
symbol represents a mouse. (C) Frequencies of neutro-
phils in the spleen of indicated groups were analyzed by
flow cytometry. Neutrophils were gated as CD19�Gr-
1briCD11b�. Each dot represents a mouse. Data are
representative of � 3 separate experiments with similar
results. Horizontal bars represent the median values
(B and C).
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Previous studies of conventional Cxcr7�/� mice and a condi-
tional Cxcr7 knockout mouse showed moderate reductions in the
MZ B-cell compartment,8 although precise positioning of MZ
B cells in the MZ and red pulp was not clearly defined.8 Our data
are consistent with this report and extend these findings in showing
that CXCR7 is required for MZ B-cell alignment to the MZ.
CXCR7 is a novel marker for mouse splenic MZ B cells, which
requires engagement of the receptor by CXCL12 for their retention
in the MZ. In addition, CXCR7 expressed by MZ B cells and
possibly other cells, is a sink for CXCL12. Because CXCR7 is part
of a regulatory network that involves CXCL12, CXCR4, and
CXCR7, we examined whether CXCR7-mediated MZ B-cell
retention depends on the function of CXCR4, which is also
expressed by MZ B cells in a CXCR7-independent fashion (supple-
mental Figure 7A). Our preliminary data indicate that treatment of
mice with AMD3100, a selective antagonist of CXCR4, abrogated
CCX754-induced mobilization of MZ B cells and granulocytes in
the spleen (supplemental Figure 7B), arguing that a chemokine
receptor network that involves CXCR4, CXCR7, and CXCL12
regulates MZ B-cell localization. Further studies are required to
determine the mechanisms governing this network in MZ B cells
and the roles of CXCR7 in innate and adaptive immunity and
possibly in the development of MZ B-cell lymphomas.

Acknowledgments

The authors thank Dr Philip M. Murphy at National Institute of Allergy
and Infectious Diseases for expert advice and Dr Mark E. T. Penfold

of ChemoCentryx Inc, for reagents and valuable advice. The small
molecule CXCR7 antagonists used in some experiments are
proprietary property of ChemoCentryx Inc. They also thank
Alfonso Macias for technical assistance.

This work was supported by the Intramural Research Program
of the National Institutes of Health, National Institute of Allergy
and Infectious Diseases.

Authorship

Contribution: H.W. designed, performed, and interpreted the experi-
ments and wrote and edited the paper; N.B., S.C., and D.-M.S.
performed experiments; C.-F.Q. and M.M. performed confocal
microscopy experiments; and H.C.M. designed experiments, inter-
preted the data, and wrote and edited the paper.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

The Laboratory of Immunopathology has recently merged with
the Laboratory of Immunogenetics at the National Institute of
Allergy and Infectious Diseases (NIAID), National Institutes of
Health (NIH). The new name is the Laboratory of Immunogenetics,
Virology and Cellular Immunology Section.

Correspondence: Herbert C. Morse III or Hongsheng Wang,
Laboratory of Immunogenetics, Virology and Cellular Immunol-
ogy Section, NIAID, 5640 Fishers Ln, Twinbrook 1, Rockville,
MD 20852; e-mail: hmorse@niaid.nih.gov or wanghongs@niaid.
nih.gov.

References

1. Pillai S, Cariappa A. The follicular versus mar-
ginal zone B lymphocyte cell fate decision. Nat
Rev Immunol. 2009;9(11):767-777.

2. Wen L, Brill-Dashoff J, Shinton SA, Asano M,
Hardy RR, Hayakawa K. Evidence of marginal-
zone B cell-positive selection in spleen. Immunity.
2005;23(3):297-308.

3. Lu TT, Cyster JG. Integrin-mediated long-term B
cell retention in the splenic marginal zone. Sci-
ence. 2002;297(5580):409-412.

4. Cinamon G, Matloubian M, Lesneski MJ, et al.
Sphingosine 1-phosphate receptor 1 promotes B
cell localization in the splenic marginal zone. Nat
Immunol. 2004;5(7):713-720.

5. Cinamon G, Zachariah MA, Lam OM, Foss FW
Jr, Cyster JG. Follicular shuttling of marginal zone
B cells facilitates antigen transport. Nat Immunol.
2008;9(1):54-62.

6. Martin F, Kearney JF. Marginal-zone B cells. Nat
Rev Immunol. 2002;2(5):323-335.

7. Kin NW, Crawford DM, Liu J, Behrens TW,
Kearney JF. DNA microarray gene expression
profile of marginal zone versus follicular B cells
and idiotype positive marginal zone B cells before
and after immunization with Streptococcus pneu-
moniae. J Immunol. 2008;180(10):6663-6674.

8. Sierro F, Biben C, Martinez-Munoz L, et al. Dis-
rupted cardiac development but normal hemato-
poiesis in mice deficient in the second CXCL12/
SDF-1 receptor, CXCR7. Proc Natl Acad Sci
U S A. 2007;104(37):14759-14764.

9. Zhang P, Li W, Wang Y, et al. Identification of
CD36 as a new surface marker of marginal zone

B cells by transcriptomic analysis. Mol Immunol.
2007;44(4):332-337.

10. Luker KE, Steele JM, Mihalko LA, Ray P, Luker GD.
Constitutive and chemokine-dependent internaliza-
tion and recycling of CXCR7 in breast cancer cells to
degrade chemokine ligands. Oncogene. 2010;
29(32):4599-4610.

11. Burns JM, Summers BC, Wang Y, et al. A novel
chemokine receptor for SDF-1 and I-TAC in-
volved in cell survival, cell adhesion, and tumor
development. J Exp Med. 2006;203(9):2201-
2213.

12. Marino E, Batten M, Groom J, et al. Marginal-
zone B-cells of nonobese diabetic mice expand
with diabetes onset, invade the pancreatic lymph
nodes, and present autoantigen to diabetogenic
T-cells. Diabetes. 2008;57(2):395-404.

13. Balabanian K, Lagane B, Infantino S, et al. The
chemokine SDF-1/CXCL12 binds to and signals
through the orphan receptor RDC1 in T lympho-
cytes. J Biol Chem. 2005;280(42):35760-35766.

14. Li Z, Wang H, Xue L, et al. Emu-BCL10 mice ex-
hibit constitutive activation of both canonical and
noncanonical NF-kappaB pathways generating
marginal zone (MZ) B-cell expansion as a precur-
sor to splenic MZ lymphoma. Blood. 2009;
114(19):4158-4168.

15. Muller M, Carter S, Hofer MJ, Campbell IL. Re-
view: the chemokine receptor CXCR3 and its li-
gands CXCL9, CXCL10 and CXCL11 in neuroim-
munity–a tale of conflict and conundrum.
Neuropathol Appl Neurobiol. 2010;36(5):368-387.

16. Cruz-Orengo L, Holman DW, Dorsey D, et al.
CXCR7 influences leukocyte entry into the CNS

parenchyma by controlling abluminal CXCL12
abundance during autoimmunity. J Exp Med.
2011;208(2):327-339.

17. Zabel BA, Wang Y, Lewen S, et al. Elucidation of
CXCR7-mediated signaling events and inhibition
of CXCR4-mediated tumor cell transendothelial
migration by CXCR7 ligands. J Immunol. 2009;
183(5):3204-3211.

18. Qi CF, Li Z, Raffeld M, Wang H, Kovalchuk AL,
Morse HC III. Differential expression of IRF8 in
subsets of macrophages and dendritic cells and
effects of IRF8 deficiency on splenic B cell and
macrophage compartments. Immunol Res. 2009;
45(1):62-74.

19. Infantino S, Moepps B, Thelen M. Expression and
regulation of the orphan receptor RDC1 and its
putative ligand in human dendritic and B cells.
J Immunol. 2006;176(4):2197-2207.

20. Berahovich RD, Zabel BA, Penfold ME, et al.
CXCR7 protein is not expressed on human or
mouse leukocytes. J Immunol. 2010;185(9):5130-
5139.

21. You Y, Myers RC, Freeberg L, et al. Marginal
zone B cells regulate antigen capture by marginal
zone macrophages. J Immunol. 2011;186(4):
2172-2181.

22. Boldajipour B, Mahabaleshwar H, Kardash E,
et al. Control of chemokine-guided cell migration
by ligand sequestration. Cell. 2008;132(3):463-
473.

23. Muppidi JR, Arnon TI, Bronevetsky Y, et al. Can-
nabinoid receptor 2 positions and retains mar-
ginal zone B cells within the splenic marginal
zone. J Exp Med. 2011;208(10):1941-1948.

468 WANG et al BLOOD, 12 JANUARY 2012 � VOLUME 119, NUMBER 2

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/119/2/465/1496801/zh800212000465.pdf by guest on 08 June 2024


