








the follicle, and Ebi22/2 B cells clustering in the center (Fig. 2B).
In contrast, Ccr72/2 and Ebi22/2Ccr72/2 B cells persisted in the
outer and central follicular regions respectively between 6 and 22 h
after BCR stimulation (Fig. 3A, 3B). These results indicate that the
role of EBI2 in regulating the migration of activated B cells within
the follicle becomes dominant once the initial upregulation of
CCR7 by BCR triggering has waned and the cells move away from
the T–B boundary region and to the perimeter of B cell follicles
adjacent to the MZ and to interfollicular areas (27, 28).

EBI2 antagonizes CCR7-induced migration in the early stages
of Ab responses and directs activated B cells from the T–B
boundary to the periphery of follicles

To verify the relative roles of EBI2 and CCR7 during the early
phase of B cell responses, we assessed the migration pattern of
Ebi22/2 and Ebi22/2Ccr72/2 hen-egg lysozyme (HEL)-specific
SWHEL B cells after adoptive transfer into WT congenic recipients
and immunization with low-affinity (Ka ∼ 106 M21) T-dependent
Ag (HEL33-SRBC) (18, 29). As previously observed, WT SWHEL

B cells migrated to the outer follicle and interfollicular areas on
day 3 after immunization, while Ebi22/2 SWHEL B cells failed to
localize in the outer and interfollicular region and instead local-
ized in the central areas of follicles close to the T–B boundary
with some migration into T cell areas (Fig. 4A, 4B) (7). Ccr72/2

SWHEL B cells followed a migration pattern similar to WT B cells
and were found to localize in interfollicular regions and the outer
follicle (Fig. 4A, 4B). In contrast, Ebi22/2Ccr72/2 SWHEL B cells
migrated to the center of B cell follicles and were greatly reduced
in the peripheral areas of follicles (Fig. 4A, 4B). The comparison
of the positioning of Ebi22/2Ccr72/2 and Ccr72/2 SWHEL

B cells therefore shows that EBI2 antagonizes CCR7-mediated
B cell migration at these early stages of the B cell response, in-
dicating that EBI2 is required for guiding B cells away from the

T–B boundary after initial activation. These experiments demon-
strate that the relocalization of activated B cells to interfollicular
and outer follicular areas occurring after the initial dominant ef-
fect of CCR7 has waned is dependent to a large extent on EBI2-
mediated chemotaxis.

Differential expression of EBI2 on B cells from GC DZs and
LZs influences GC organization and affinity maturation

The downregulation of Ebi2 expression during T-dependent B cell
responses is critical for establishing the GC reaction. Whereas
Ebi2 is strongly downregulated in all GC B cells compared with
naive B cells (7, 8, 15), it has been reported recently that LZ
B cells express ∼4-fold higher levels of Ebi2 than do DZ B cells
(Fig. 5A) (16). This finding raises the possibility that differential
expression of EBI2 might have a role in balancing the number or
localization of LZ and DZ B cells or in other aspects of GC
function. To test this possibility, we sought to analyze GC B cell
differentiation and affinity maturation of Ebi22/2 SWHEL B cells
during their response to HEL33-SRBC within WT CD45.1 con-
genic recipients. Analysis of the response 10 d after immunization
indicated that the proportion of cells with a LZ (CXCR4low

CD86high) as opposed to a DZ (CXCR4highCD86low) GC B cell
phenotype was slightly but consistently increased in the Ebi22/2

versus the WT SWHEL GC compartment (Fig. 5B, 5E). However,
further analysis revealed that the frequency of cells with increased
binding affinity for the immunizing Ag did not significantly differ
between Ebi22/2 and WT GC B cells (Fig. 5B, 5F), indicating
that the shift in DZ/LZ ratios associated with EBI2-deficiency did
not have a major effect on affinity maturation. To test whether
the kinetics of the GC response might be influenced by B cell-
expressed EBI2, we next cotransferred Ebi22/2 (CD45.1–CD45.2+)
and WT (CD45.1+CD45.2+) SWHEL B cells and followed their
response to HEL33-SRBC within the same recipient mice

FIGURE 3. EBI2 directs B cell migration to peripheral areas of follicles. A, Distribution of anti–IgM-stimulated polyclonal Ebi22/2, Ccr72/2, Ebi22/2

Ccr72/2, and WT B cells 6 h after transfer into WT CD45.1 congenic recipients. B, Distribution of anti–IgM-stimulated polyclonal Ccr72/2 and Ebi22/2

Ccr72/2 B cells 22 h after transfer into WT CD45.1 congenic recipients. Immunofluorescence staining was performed as for Fig. 2. Pictures are repre-

sentative of at least three mice. Insets show enlargements of the boxed areas. The relative distribution of transferred B cells in the outer follicle or in the

follicle center is shown on the right. Splenic regions were defined as shown in Supplemental Fig. 2. Scale bars, 100 mm.

The Journal of Immunology 4625

 on O
ctober 20, 2011

w
w

w
.jim

m
unol.org

D
ow

nloaded from
 



(CD45.1+CD45.2–). Under these conditions the magnitude of the
GC responses derived from each population of donor B cells de-
veloped with very similar kinetics (Supplemental Fig. 3A) as did
the appearance and rate of selection of GC B cells with high af-
finity for HEL33 (Fig. 5C).
In light of the EBI2-mediated functions revealed through our

previous analysis of B cells with compound deficiencies in CXCR7
and EBI2 (Fig. 3 and 4), we tested whether a role for EBI2 in the
GC response might be emphasized in the absence of CCR7 ex-
pression. GC responses established with Ebi22/2Ccr72/2 SWHEL

B cells showed a significant decrease in the DZ to LZ GC B cell
ratio (Fig. 5D and E), similar to but more pronounced than was
observed for Ebi22/2 SWHEL B cells. In addition, the Ebi22/2

Ccr72/2 SWHEL GC B cell population contained higher fre-
quencies of low affinity cells in comparison with Ccr72/2 SWHEL

GC B cells (Fig 5D and F). Ccr72/2 but not Ebi22/2Ccr72/2

SWHEL B cells mounted enhanced GC responses (Supplemental
Fig. 3B), but the localization within follicles of GCs arising from
Ccr72/2 and Ebi22/2Ccr72/2 SWHEL B cells was normal (data

not shown). It appears, therefore, that the differential expression of
EBI2 on DZ and LZ B cells influences the balance between these
two GC subsets and that this might have a role in promoting af-
finity maturation.

Discussion
The movement and organization of B cells within follicles is
controlled by the functions of CXCR5, CCR7 and EBI2, each
mediating chemotaxis toward defined areas within secondary
lymphoid organs. Through the production of compound gene
knockout mice, we show that expression of all three of these
receptors is required to direct B cells within the spleen both in the
steady state as well as during immune responses. Expression of
EBI2 is shown to direct B cell migration to perifollicular and
interfollicular regions and to balance the migratory signals derived
from lymphoid chemokines CXCL13 and CCL19/21 present in
B cell follicles and T cell areas, respectively. The data presented in
this study clearly demonstrate that the activity of EBI2 inde-
pendently mediates chemotaxis of B cells toward the outer areas of

FIGURE 4. A, Localization of responding HEL-specific SWHEL B cell of the indicated genotype 3 d after adoptive transfer into WT CD45.1 congenic

recipients and immunization with HEL33-SRBCs. Spleen sections were stained to detect HEL-binding B cells (green), B cell follicles (blue), and T cell

zones (red). Original magnification320. Pictures are representative of at least three mice. B, Relative distribution of responding cells in the indicated region

of the spleen. Splenic regions were defined as shown in Supplemental Fig. 2. Percentages of cells in each region were calculated from cells counted from at

least three different sections.
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FIGURE 5. Differential expression of EBI2 on DZ and LZ B cells influences GC organization and affinity maturation. SWHEL B cell of the indicated

genotype were transferred into WT CD45.1 congenic recipients and challenged with HEL33-SRBCs. A, Quantitative PCR analysis of Ebi2 mRNA levels

in sorted DZ (CXCR4hiCD86lo) and LZ (CXCR4loCD86hi) WT SWHEL B cells 10 d after immunization. Separation of DZ and LZ populations was

confirmed by analysis of cyclin D2 expression (Supplemental Fig. 3A). B, Frequencies of Ebi22/2 and WT SWHEL GC B cells with a DZ and LZ

phenotype (upper panels) and accumulation of IgG1-switched GC B cells with increased HEL33-binding capacity (lower panels) 10 d after immuni-

zation. C, Kinetics of the generation of high-affinity cells within the IgG1+ Ebi22/2 and WT SWHEL B cell populations. Ebi22/2 and WT SWHEL B cells

were cotransferred into the same recipient and distinguished on the basis of their CD45.1/CD45.2 expression. D, Phenotypic analysis of Ccr72/2 and

Ebi22/2Ccr72/2 GC B cells on day 10 after immunization to determine frequencies of GC B cells with a DZ and LZ phenotype (upper panels) and

generation of B cells with increased binding affinity for the immunizing Ag (lower panels). E, DZ/LZ ratio of GC B cells with the indicated genotype 10

d after immunization. F, Frequencies of high- and low-affinity SWHEL B cells within the IgG1+ GC B cell population of the indicated genotype. Means +

SD of three to six mice are shown; results are representative of two similar experiments. Statistically significant differences are indicated with asterisks

(*p , 0.05, **p , 0.01, ***p , 0.01).
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B cell follicles rather than modulating CXCR5 or CCR7 signaling.
However, it is possible that EBI2might modulate other chemotactic
receptors or be involved in the regulation of mechanisms of B cell
migration.
The data presented in this study indicate that a high chemotactic

gradient of the newly identified EBI2 ligand (12, 13) is likely to be
present in splenic bridging channels and at the perimeter of B cell
follicles. In addition, our data indicate that EBI2 ligand activity is
concentrated in the splenic reticular network. Thus, we suggest
that the source of this activity might correspond to ERTR7+ cells
of the reticular network of the marginal zone or, alternatively,
to immune cell populations residing in the marginal zone and
bridging channels, such as CD4+ dendritic cells or MZ and mar-
ginal metallophilic macrophages.
The significance of the dimension to B cell migration added by

EBI2 is underscored by its importance in the positioning of B cells
in the early stages of Ab responses. Early after BCR triggering,
when B cells relocalize to the T–B boundary as a result of CCR7
upregulation, EBI2 expression helps distributing B cells along the
T–B boundary and prevents them from penetrating T cell areas.
As CCR7 levels subside, the activity of EBI2 counteracts CCR7-
induced chemotaxis and mediates migration of activated B cells to
the periphery of B cell follicles. These early steps in B cell mi-
gration mediated by EBI2 have been shown to be essential for
the generation of extrafollicular plasmablast responses and for
establishing GC reactions (7, 8). The additional role for the low
levels of EBI2 expressed in the GC described in this study indicate
that this receptor also has an ongoing role in the control of T-
dependent B cell responses.
The important role of EBI2 in regulating Ab responses is

reflected in the association of its dysregulation in human auto-
immune and neoplastic diseases, such as lupus, type I diabetes,
chronic lymphocytic leukemia, and acute myeloid leukemia (30–
33). Based on its function in regulating B cell responses, EBI2
dysregulation is also likely to be implicated in a least some of the
75% of cases of common variable immunodeficiency in which the
cause of the Ab deficiency is unknown (34). Insights into the
function and mechanism of action of EBI2 therefore represent
important advances for a deeper understanding of the involvement
of EBI2 in human diseases.
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H. R. Lüttichau, J. K. Larsen, J. P. Christensen, and T. W. Schwartz. 2006. Mo-
lecular pharmacological phenotyping of EBI2. An orphan seven-transmembrane
receptor with constitutive activity. J. Biol. Chem. 281: 13199–13208.

10. Shimizu, T. 2009. Lipid mediators in health and disease: enzymes and receptors
as therapeutic targets for the regulation of immunity and inflammation. Annu.
Rev. Pharmacol. Toxicol. 49: 123–150.

11. Surgand, J. S., J. Rodrigo, E. Kellenberger, and D. Rognan. 2006. A chemo-
genomic analysis of the transmembrane binding cavity of human G-protein-
coupled receptors. Proteins 62: 509–538.

12. Liu, C., X. V. Yang, J. Wu, C. Kuei, N. S. Mani, L. Zhang, J. Yu, S. W. Sutton,
N. Qin, H. Banie, et al. 2011. Oxysterols direct B-cell migration through EBI2.
Nature 475: 519–523.

13. Hannedouche, S., J. Zhang, T. Yi, W. Shen, D. Nguyen, J. P. Pereira, D. Guerini,
B. U. Baumgarten, S. Roggo, B. Wen, et al. 2011. Oxysterols direct immune cell
migration via EBI2. Nature 475: 524–527.

14. Glynne, R., G. Ghandour, J. Rayner, D. H. Mack, and C. C. Goodnow. 2000. B-
lymphocyte quiescence, tolerance and activation as viewed by global gene ex-
pression profiling on microarrays. Immunol. Rev. 176: 216–246.

15. Shaffer, A. L., X. Yu, Y. He, J. Boldrick, E. P. Chan, and L. M. Staudt. 2000.
BCL-6 represses genes that function in lymphocyte differentiation, in-
flammation, and cell cycle control. Immunity 13: 199–212.

16. Victora, G. D., T. A. Schwickert, D. R. Fooksman, A. O. Kamphorst, M. Meyer-
Hermann, M. L. Dustin, and M. C. Nussenzweig. 2010. Germinal center dy-
namics revealed by multiphoton microscopy with a photoactivatable fluorescent
reporter. Cell 143: 592–605.

17. Benned-Jensen, T., and M. M. Rosenkilde. 2008. Structural motifs of importance
for the constitutive activity of the orphan 7TM receptor EBI2: analysis of re-
ceptor activation in the absence of an agonist. Mol. Pharmacol. 74: 1008–1021.

18. Paus, D., T. G. Phan, T. D. Chan, S. Gardam, A. Basten, and R. Brink. 2006.
Antigen recognition strength regulates the choice between extrafollicular plasma
cell and germinal center B cell differentiation. J. Exp. Med. 203: 1081–1091.

19. Brink, R., T. G. Phan, D. Paus, and T. D. Chan. 2008. Visualizing the effects of
antigen affinity on T-dependent B-cell differentiation. Immunol. Cell Biol. 86: 31–39.

20. Phan, T. G., S. Gardam, A. Basten, and R. Brink. 2005. Altered migration, re-
cruitment, and somatic hypermutation in the early response of marginal zone
B cells to T cell-dependent antigen. J. Immunol. 174: 4567–4578.

21. Ansel, K. M., V. N. Ngo, P. L. Hyman, S. A. Luther, R. Förster, J. D. Sedgwick,
J. L. Browning, M. Lipp, and J. G. Cyster. 2000. A chemokine-driven positive
feedback loop organizes lymphoid follicles. Nature 406: 309–314.

22. Ohl, L., G. Henning, S. Krautwald, M. Lipp, S. Hardtke, G. Bernhardt, O. Pabst, and
R. Förster. 2003. Cooperating mechanisms of CXCR5 and CCR7 in development
and organization of secondary lymphoid organs. J. Exp. Med. 197: 1199–1204.

23. De Togni, P., J. Goellner, N. H. Ruddle, P. R. Streeter, A. Fick, S. Mariathasan,
S. C. Smith, R. Carlson, L. P. Shornick, J. Strauss-Schoenberger, et al. 1994.
Abnormal development of peripheral lymphoid organs in mice deficient in
lymphotoxin. Science 264: 703–707.
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