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Abstract

Humoral immune responses depend on B cells encountering antigen, interacting with helper

T cells, proliferating and differentiating into low-affinity plasma cells or, after organizing into

a germinal center (GC), high-affinity plasma cells and memory B cells. Remarkably, each of these
events occurs in association with distinct stromal cells in separate subcompartments of the lymphoid
tissue. B cells must migrate from niche to niche in a rapid and highly regulated manner to
successfully mount a response. The chemokine, CXCL13, plays a central role in guiding B cells to
follicles whereas T-zone chemokines guide activated B cells to the T zone. Sphingosine-1-phosphate
(S1P) promotes cell egress from the tissue, as well as marginal-zone B-cell positioning in the spleen.
Recent studies have identified a role for the orphan receptor, EBV-induced molecule 2 (EBI2;
GPR183), in guiding activated B cells to inter and outer follicular niche(s) and down-regulation of this
receptor is essential for organizing cells into GCs. In this review, we discuss current understanding of
the roles played by chemokines, S1P and EBI2 in the migration events that underlie humoral immune

responses.
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Introduction

Secondary lymphoid organs, such as the spleen and lymph
nodes, are specialized structures designed to filter the blood
and lymph, respectively, and to promote appropriate immune
responses against innumerous antigens belonging to a huge
range of invading microbes. Strategic compartmentalization
of B and T lymphocytes and highly regulated mechanisms
that maximize the capture, processing and distribution of
antigens to immune cells are components that evolved to
maximize the probability that rare antigen-specific B and
T cells encounter their cognate antigens and initiate appro-
priate immune responses. In this review, we summarize
data documenting the migration of antigen-specific B and
T lymphocytes during T-dependent antibody responses. The
kinetics and synchrony of the events during a T-dependent
response is variable and may depend on numerous factors.
The model here described summarizes published data
obtained in most cases with ‘ideal’ immunological conditions,
including high frequency and affinity of antigen-specific lym-
phocytes and ‘optimal’ amounts of antigen and adjuvant.
The understanding provided by these simplified systems pro-
vides an essential foundation for characterizing the changes
that occur during more complex pathogen- and autoantigen-
induced responses.

Traffic patterns of naive lymphocytes

Naive B lymphocytes, organized in primary follicles around
the T zone (Fig. 1), move among a reticular network of stro-
mal cell processes. Follicular stromal cells are heteroge-
neous (1) and include a central network of immune
complex-trapping follicular dendritic cells (FDCs) (2, 3) and
an outer population recently named marginal reticular cells
(MRCs) (4, 5). The chemokine CXCL13 is made broadly by
follicular stromal cells, including FDCs and MRCs (1, 2, 4),
and B cells require the CXCL13 receptor, CXCR5, to access
B-cell follicles (6). Expression of CXCL13 is dependent on
the cytokine lymphotoxin (LT)-a1p2 and a positive feedback
loop involving CXCR5-mediated induction of LTal1p2
expression by B cells contributes to maximal CXCL13 pro-
duction and maturation of the FDC network (7). Lymphoid
tissue-inducer cells are also likely involved in providing
LTa1p2 and other inputs that promote CXCL13 production
(8). B cells move within follicles in a ~6 um min~" ‘random
walk’ (9) and some work suggests that they move along
stromal cell processes (10), though this is less well estab-
lished than for T cells and is not evident in all studies (11)

(Fig. 2).
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Fig. 1. Positioning of activated antigen-specific B cells in inter and
outer follicular niches of spleen and lymph node (LN) at days 2-3 of
the response. Five to 10 million MD4 Ig-transgenic B cells that
express IgM? and IgD?* specific for hen egg lysozyme (HEL), and
ovalbumin (OVA)-specific OTIl TCR transgenic T cells were co-
transferred into C57BL/6 mice immunized with 50 pg of HEL-OVA in
Ribi adjuvant (Sigma) intraperitoneally for 2 days (spleen) or
subcutaneously for 3 days (LN). Cryostat sections were stained with
antibodies to B220 or IgD to detect all follicular B cells (brown) and to
IgD? or IgM? + 1gD? to detect the activated MD4 B cells (blue). Outer,
Center and Inter refer to regions of the follicle. Scale bar is 100 pum.

Chemoattractant receptors activate the cell migration ma-
chinery by catalyzing the exchange of GTP for GDP on Gui
proteins (12). Visualization of Goi2™” B-cell behavior in fol-
licles revealed a role for this subunit in promoting B-cell mi-
gration (13). It is likely that CXCR5, which couples to Gai
(14), contributes to B-cell migration in follicles, and such a re-
quirement has been documented in germinal centers (GCs)
(15). Downstream of the heterotrimeric G-protein, the rac-
GEF DOCK2 is needed for B-cell migration within follicles
(16). The small GTPase effector, Rap1, also promotes follicu-
lar B-cell motility (17). Although initially thought to function
principally to activate integrins, integrin blocking has milder
effects on lymphocyte motility than Rap1 deficiency (17, 18)
suggesting additional roles for Rap1.

T cells utilize CCR7 to home and migrate within the
T zone, a region enriched with fibroblastic reticular cells
(FRCs), or T-zone reticular cells, that abundantly express
CCRY ligands CCL19 and CCL21. Deficiencies in CCR7, or
in its ligands, disrupt the T-zone architecture, and T-cell hom-
ing and migration within the T zone are impaired (19-21).
Naive B cells also express CCR7, though in lower amounts
than on T cells, and they use this receptor along with CXCR4
and CXCR5, to enter lymphoid tissues from the blood (22,
23). CCL21, the more abundant of the T-zone chemokines,
extends as a gradient into the B-cell follicle and access of
naive B cells to the T-zone proximal half of B-cell follicles is
more efficient when the cells express CCR7, suggesting that
motility through this region is promoted by both CXCL13 and
CCL21 (24, 25).

After migrating within a follicle for half a day to a day, pos-
sibly helping deliver opsonized antigens to FDCs (see below)
but otherwise having an uneventful trip, non-cognate B cells
leave the follicle and return to circulation in a manner depen-
dent on sphingosine-1-phosphate receptor-1 (S1P1), which
is a G-protein-coupled receptor (GPCR) for sphingosine-
1-phosphate (S1P) (26). Recent studies have highlighted the
role of lymphatic-related sinus structures, also known as cor-
tical sinuses, as sites of S1P1-dependent lymphocyte egress

in lymph nodes (27, 28). In situ staining for S1P1 showed that
the receptor was down-modulated from the surface of B cells
that had entered cortical sinuses, consistent with high ligand
abundance (28). Through conditional ablation of sphingosine
kinases, it was established that LyVE-1" cells, likely the cells
lining the sinuses, are a necessary S1P source promoting
egress (29). The egress pathway from spleen is less well un-
derstood, but S1P1 and S1P again play a role (26).

Information regarding the location of S1P activity in the
spleen has come from studies of marginal-zone (MZ) B cells
that are positioned around follicles and are separated from
them by the marginal sinus, a site of considerable blood flow
(30). S1P1 and S1P are necessary for MZ B cells to position
in the MZ, with this ligand-receptor system counteracting
the attractive influence of CXCL13 (31). Despite their name,
MZ B cells are also found within splenic follicles and a model
has been proposed where MZ B cells shuttle continually be-
tween MZ and follicle as a result of cycles of S1P1-receptor
desensitization and resensitization (32). We speculate that
naive splenic B cells encounter the same S1P gradients as
MZ B cells, but they lack the high integrin activity needed
for retention in the MZ against the blood flow (33) and in-
stead travel to venous sinuses in the red pulp, thereby
returning to circulation.

Migration to follicles promotes B-cell antigen encounter

The logic behind follicular homing of B cells was implicit
from the time B cells were defined, because it had earlier
been discovered that intact antigens gained selective ac-
cess to follicles and could be displayed in opsonized form
for long periods on FDCs (34). Particulate antigens arriving
via lymph to lymph nodes may be displayed transiently by
subcapsular sinus (SCS)-lining CD169" macrophages before
reaching FDCs (35, 36). Cognate B cells can capture partic-
ulate antigens directly from SCS macrophages or from FDCs
(11, 36). Non-cognate B cells are able to pick up opsonized
antigens from SCS macrophages, or at other sites of expo-
sure such as in the blood, via complement receptors
(CR1/2) (36). As these antigen-loaded B cells perform their
random walk through the follicle, they travel over the CR1/2"
processes of FDCs and discharge their cargo for retention
and display. Antigen-loaded MZ B cells are thought to ex-
hibit a similar behavior as they shuttle in and out of splenic
follicles (32). Small antigens may gain direct access to fol-
licles or travel via conduits, and current views on the impor-
tance of the various modes of B-cell antigen exposure have
been summarized in recent reviews (35-37). B cells require
CXCRS5 to access antigens held on FDCs and the ability of
FDCs to display opsonized antigens for many days allows
late-arriving B cells that have traveled from distant sites
a chance of antigen encounter (11). In the hours following
cognate antigen encounter, B cells exhibit a reduction in
migration velocity and move chemotactically toward the
T zone (25).

Migration to the B/T border

Shortly after activation via the B-cell receptor (BCR),
antigen-specific B cells increase their expression of CCR7
by ~3 fold, while surface CXCR5 expression remains
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Fig. 2. Model of EBI2 ligand distribution and B-cell migration in follicles during the early phase of T-cell-dependent antibody responses in spleen
and lymph nodes. Naive B cells (pink circles) express CXCR5 and EBI2, reside in follicles and migrate over the processes of FDCs (green),
MRCs (yellow), CD169* macrophages (dark blue) and likely other stromal cells (not depicted). FDCs and MRCs produce CXCL13 (small green
dots) and EBI2 ligand is suggested to be made by cells at the follicle perimeter, particularly in inter and outer follicular regions (blue—green
gradient, where dark shading represents areas of highest ligand concentration). B-cell movement within the FDC-rich area is largely dependent
on CXCR5 and CXCL13 and is critical for antigen scanning. Within 6 h after encountering cognate antigen, activated B cells (red circles) up-
regulate CCR7 and EBI2. Activated B cells become more responsive to CCL21 (orange dots) and most likely to EBI2 ligand, while maintaining
CXCRS5 responsiveness. Balanced chemoattraction mediated by CXCR5 and CCRY7, and possibly also responsiveness to local EBI2 ligand,
promotes uniform distribution of activated B cells along the interface between follicles and T-cell areas (B/T zone), where cognate interactions
with antigen-specific T cells are initiated. Between 1 and 2 days later, B cells down-regulate CCR7 while maintaining high levels of EBI2 (and
CXCR5) and move to inter and outer follicular regions where EBI2 ligand concentration might be highest (dark shading). Inter and outer follicular
niches are characterized by layers of CD169* macrophages and MRCs and the interfollicular niche also contains dendritic cells (brown cells).
B-cell proliferation and commitment to plasmablast or GC differentiation pathway ensues, perhaps influenced by signals received from local
niche cells. Some activated B cells differentiate into plasmablasts and accumulate at extrafollicular sites in a CXCR4-dependent manner. Other
activated B cells up-regulate Bcl6, which represses Ebi2, and take on a GC fate. GC-committed B cells move to the center follicle due to loss of
EBI2 and perhaps attracted by CXCL13 or another FDC-derived cue and initiate the GC reaction that will produce high-affinity memory B cells
and plasma cells.

recent focus of interest and reviews (43, 44). Follicular ac-
cess of Tfh cells is dependent on up-regulation of CXCR5
(45-47), and this appears to occur in part due to Bcl6-
mediated suppression of miRNAs that antagonize T-cell

unaltered (38-40). The associated change in chemokine
responsiveness causes activated B cells to migrate to the
T zone where they become distributed along the B/T border
(38) (Fig. 2). They also down-regulate S1P1, promoting their

trapping in the lymphoid organ (31). The tissue concentra-
tion of CCL21 is higher than CCL19 (41), and activated
B cells are proposed to position along the B/T border as a re-
sult of balanced chemoattraction to CCL21-expressing FRC
and CXCL13-expressing follicular stroma (25, 42). In agree-
ment with a central role for CCL21, positioning of antigen-
engaged B cells occurred normally in Cc/197~ mice (J. G.
Cyster, unpublished observations). Positioning of activated
B cells to the B/T border can last for a period of days and is
thought to facilitate the interaction of cognate T and B cells
and to accelerate development of T-dependent antibody
responses (19).

The differentiation of T cells into T follicular helper (Tfh) cells
that are specialized to help B-cell responses has been a

CXCR5 expression (48). The initial positioning of helper
T cells at the B/T border and early interaction with activated
B cells is associated with down-regulation of CCR7 function
and may not require expression of CXCR5 (47). CXCR5 in-
dependence of this step would be consistent with evidence
that strong induction of the Tth phenotype depends on cog-
nate interaction between T cells and B cells (43, 47). How-
ever, T-cell CXCR5 plays an important role in facilitating full
development of the B-cell response as CXCR5 deficiency in
T cells leads to defects in later stages of the plasma cell
response and the GC response (45-47). These defects
appear to reflect at least in part a reduced ability of the cells
to localize in GCs but might also reflect roles for Tth cells
that distribute in other parts of the follicle.
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EBI2 and the inter and outer follicular niches

EBI2 is involved as B cells move from the B/T border

The rapid movement of antigen-engaged B cells to the B/T
border has been long appreciated and well studied, and it
has fit with the satisfying logic that most antibody responses
are T dependent and B cells need to seek T-cell help. Less
appreciated, yet frequently observed, is the subsequent
movement of activated B cells to inter follicular and outer fol-
licle regions (25, 49-52) (Fig. 1). This behavior occurs under
a variety of immunization conditions and across a period of
several days and precedes the T-dependent plasma cell and
GC response (Fig. 2). One recent study correlated movement
of B cells to the outer follicle with a burst of proliferation prior
to a suggested coalescence of the cells into GCs (49). The
discovery that the orphan GPCR, EBI2, is required for acti-
vated B cells to move to inter and outer follicular regions and
that EBI2-deficient mice mount reduced T-dependent anti-
body responses strengthens the notion that these niches
have a specialized role in the B-cell response (39, 40).

Although up-regulated after activation, naive B cells al-
ready express considerable amounts of EBI2 (39, 40, 53).
Remarkably, when naive B cells lack this receptor, they are
defective in accessing inter and outer follicular regions in
wild-type hosts and instead favor the follicle center (39, 40).
In mice containing large numbers of Ebi2”" B cells and
small numbers of wild-type B cells, the wild-type cells dis-
tribute around the follicle perimeter and show a preference
for inter and outer follicular regions (40), perhaps a conse-
quence of increased ligand concentrations due to reduced
receptor-mediated ligand depletion.

A hierarchy of EBI2 and other chemokines may regulate B-cell
distribution

Despite the in vivo activity of EBI2 in naive B cells, in mice
completely lacking EBI2, follicular organization appears nor-
mal (39, 40) suggesting that EBI2 function is obscured by
the dominant follicular-organizing activity of CXCL13 and
CXCR5 (7). Indeed, when mice lack CXCL13, EBI2 affects
naive B-cell distribution. Although follicles are absent in the
spleens of CXCL13-deficient mice, wild-type B cells continue
to gain access to an ‘outer follicle-like’ region around the
T zone, whereas EBI2-deficient B cells fail to reach this
zone, and accumulate in the MZ instead (40). Future imag-
ing studies will be needed to determine whether naive B-cell
migration kinetics in inter and outer follicular regions of EBI2-
deficient mice is normal.

EBI2 transcripts are up-regulated within hours of BCR en-
gagement (39, 40, 54) and expression is further augmented
by interaction with T cells or stimulation via CD40 (40). Initial
up-regulation of EBI2 after BCR engagement may facilitate
uniform distribution along the B/T border (39). In an experi-
ment where BCR stimulation and T-cell help were provided
separately, movement from the B/T border to the outer folli-
cle by day 2 depended on receipt of T-cell help (40). Al-
though expression of an EBI2-GFP reporter continued to
increase between day 1 and 2 of the T-dependent response,
it is not yet known if EBI2 protein expression increases
across this interval; instead the key change between day 1
and 2 may be down-regulation of CCR7 (47, 55), allowing

EBI2 to dominate and guide the cells to interfollicular regions
and the outer follicle. This hierarchical receptor relationship
in activated B cells is also suggested by the observation that
CCR7-deficient B cells, instead of moving to the B/T bound-
ary early after BCR engagement, move directly to the outer
follicle (38).

EBI2-enabled migration to inter and outer follicular niches
may promote B-cell responses

The reduced IgG response to T-dependent antigens in EBI2-
deficient mice suggests that inter and/or outer follicular
niches provide specialized signals that favor maturation of
the plasmablast response. In some studies, activated B and
T cells move deeper into lymph node interfollicular regions
as a response progresses (25, 51) and it is possible that on-
going B-T interactions are favored by EBI2 directing the
cells to this niche. However, there is less evidence for such
interfollicular interactions occurring in the spleen and recent
work questioned whether any T cells co-localized with acti-
vated B cells in the outer follicle (49) though the inability to
track antigen-specific T cells may have caused some cells
to be overlooked. Localization to the outer follicle might in-
crease interactions with MRCs and molecules they express,
such as TRANCE (4), or with macrophages displaying
opsonized antigens or releasing inflammatory cytokines.
One or more of these signals, and possibly EBI2 signaling
itself, might promote proliferation and/or differentiation of the
cells. EBI2 is also expressed by helper T cells and by vari-
ous DC types (J. P. Pereira, L. M. Kelly, J. G. Cyster, unpub-
lished observations) and future studies will be needed to
determine whether expression in these cell types influences
the antibody response.

Infection may affect EBI2-mediated lymphocyte migration
directly and indirectly

As well as being sites enriched for newly arriving antigen, in-
ter and outer follicular CD169* macrophages become
infected by various pathogen and activated CD8 T cells inter-
act with the infected cells (56, 57). EBI2 is abundantly
expressed in some CD8" T cells (40) (J. P. Pereira, J. G.
Cyster, unpublished observations) and may thus help guide
CD8" T cells to these areas, perhaps in combination with in-
flammatory chemokines. In humans, EBV-transformed B cells
strongly up-regulate the expression of many genes including
Ebi2 (53), and EBV-infected B cells have been found in inter
and outer follicular areas (58-60), suggesting that in humans
EBI2 may also regulate migration into these areas.

EBI2 ligand activity

Although one study suggested EBI2 is a constitutively active
receptor (61), we have not found evidence for this and in-
stead have identified in a tissue extract EBI2 ligand activity
that is proteinase K resistant and hydrophobic in nature
(J. P. Pereira, J. G. Cyster, unpublished observations). These
observations and the tendency of the EBI2 sequence to be
clustered with various lipid receptors (62) lead us to specu-
late that it has a lipid ligand. We suggest that the cells mak-
ing this activity are enriched in inter and outer follicular
regions, perhaps corresponding to MRCs or macrophages,



whereas pathways for degradation of the activity may be
enriched in the follicle center. The observation that LTa1p2
antagonism disrupted any segregation of wild-type and
EBI2-deficient B cells within the spleen (40) suggests that
LTBR signaling is needed for development and/or mainte-
nance of EBI2 ligand concentration gradients (Fig. 2). MRCs
and CD169" macrophages, as well as FDCs, are all LTa1B2
dependent (4, 63, 64).

EBI2-enabled responses in inter and outer follicular niches
may promote plasmablast differentiation

The connection between EBI2 and isotype switching is not
yet clear. Although early IgM responses appeared intact in
some experiments with EBI2-deficient mice, in an adoptive
transfer study both IgM and IgG responses were diminished
(39, 40). The sites where the first isotype switching events
occur have not been well defined, though some evidence
suggests the first IgG-switched cells appear within follicles
(52, 55). Receipt of signals promoting isotype switching in
the outer follicle might contribute to their early follicular ap-
pearance. B-cell differentiation into plasmablasts is synchro-
nized with up-regulation of CXCR4 and down-regulation of
CXCR5 (55) and migration of plasmablasts to splenic red
pulp cords and lymph node medullary sinuses requires
CXCR4 (65). Interestingly, Cxcr4”~ plasmablasts were found
scattered around inter and outer follicular areas (65), per-
haps a consequence of their EBI2 expression (39, 40) and
an ability to respond to EBI2 ligand(s) when the dominant
CXCR4 response is removed. The positioning of Cxcrd”~
plasmablasts in inter and outer follicular niches might also
be a hint that commitment to plasmablast differentiation can
occur at these sites.

EBI2 down-regulation and movement back to the center
follicle

Within a few days after immunization, while some activated
B cells differentiate into plasmablasts and migrate to extra-
follicular sites, others differentiate into GC B cells and move
to the FDC-rich follicle center (Fig. 2). As the GC matures, it
develops a T-zone-proximal dark zone of rapidly dividing
and somatically mutating GC B cells and a T-zone-distal light
zone that contains GC B cells, antigen-bearing FDCs and
Tfh cells and that is thought to support GC B-cell selection
and differentiation events. The organization of GCs into dark
and light zones is mediated by opposing gradients of
CXCL12 and CXCL13, and GC B-cell positioning in the dark
zone depends on high expression of the CXCL12 receptor,
CXCR4 (66). How B cells become clustered in the center fol-
licle during the GC reaction has been poorly understood.
EBI2 is markedly down-regulated during GC B-cell differ-
entiation (39, 40, 54) and the recent studies on EBI2 function
have now provided evidence that a critical step regulating
migration to the follicle center is down-regulation of EBI2
(39, 40). As discussed previously, in lymphoid organs of
Ebi2”~ and Ebi2*"* mixed chimeric mice, the Ebi2”" B cells
favor the follicle center and intermingle with the FDC net-
work, thus resembling the anatomy of GCs (40). Recipro-
cally, overexpression of EBI2 in GC B cells enforced
migration to the outer follicle and exclusion from the center
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follicle and resulted in reduced GC responses (39, 40). GCs
within EBI2-deficient mice exhibit a typical dark zone/light
zone organization, consistent with GC B cells lacking ex-
pression of EBI2 (J. P. Pereira, L. M. Kelly, J. G. Cyster, un-
published observations). Bcl6 is a critical differentiation
factor for GC B cells (54), and Ebi2 has been suggested to
be a target of Bcl6-mediated transcriptional repression (54,
67). Thus, EBI2 down-regulation may be a necessary part of
the BCL6 gene repression program that directs B cells to
take on a GC fate. Additional cue(s), perhaps secreted by
FDCs, might contribute to clustering of EBI2° BCL6" GC
B cells in follicle centers. Given this sequence of events, it
seems logical that commitment of activated B cells into the
GC pathway already occurs in the periphery of follicular
areas. However, the lack of differences in magnitude of GC
B-cell responses in EBI2-deficient and sufficient mice sug-
gests that positioning in inter and outer follicular regions is
not critical for differentiation into GC B cells. Instead, the in-
formation available to date implicates EBI2-dependent
movement of cells to inter and outer follicular niches as an
event helping support the early plasma cell response.

Conclusions

During the course of T-dependent antibody responses, anti-
gen-engaged B and T lymphocytes begin a ‘march’ that will
take them initially to the B/T border, then to inter and outer
follicular areas and then back to the center follicle where the
GC reaction proceeds or to distal extrafollicular sites where
plasmablasts proliferate and accumulate. While the mecha-
nisms that regulate this pattern of lymphocyte trafficking are
becoming increasingly elucidated, there are still many unan-
swered questions. For example, what are the EBI2 ligand(s),
which cells produce them and how are their gradients main-
tained? It will also be interesting to determine whether EBI2
shares with lymphoid tissue chemokines the property of hav-
ing roles in lymphoid tissue development and whether it
functions in cell recruitment to sites of inflammation. More-
over, despite significant advances in the understanding of
lymphocyte trafficking in secondary lymphoid organs, it is
still unclear how trafficking through specific compartments
shapes the immune response.

Inter and outer follicular niches contain various subsets of
antigen-presenting cells and stromal cells. Activated lym-
phocytes are likely to interact with niche-specific cells and
receive additional signals that alter the kinetics of antibody
responses or influence commitment into specific differentia-
tion pathways. Adding complexity to the microanatomy of
immune responses is the finding that dramatic changes oc-
cur in stromal cell networks during infections (5). Future
studies will need to define how pathogen-derived molecules
alter the niches that support each step of the B-cell re-
sponse. As well as contributing to our understanding of how
we mount anti-pathogen responses, these studies may lead
to improvements in vaccine design and to new methods for
thwarting autoimmune responses.
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