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Integrin-Mediated Long-Term 
B Cell Retention in the Splenic 

Marginal Zone 

Theresa T. Lu and Jason G. Cyster* 

The mechanisms that control localization of marginal zone (MZ) B cells are 
poorly understood. Here we show that MZ B cells express elevated levels of the 
integrins LFA-1 (aLp2) and a4p1 and that they bind to the ligands ICAM-1 and 
VCAM-1. These ligands are expressed within the MZ in a lymphotoxin-depen- 
dent manner. Combined inhibition of LFA-1 and a411 causes a rapid and 
selective release of B cells from the MZ. Furthermore, lipopolysaccharide- 
triggered MZ B cell relocalization involves down-regulation of integrin-medi- 
ated adhesion. These studies identify key requirements for MZ B cell localization 
and establish a role for integrins in peripheral lymphoid tissue compartmen- 
talization. 
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Most blood that enters the spleen is re- 
leased into the marginal sinus; from there, 
it flows through the macrophage- and B 
cell-rich MZ, before it returns to the circu- 
lation through venous sinuses (1, 2). This 
enormous flow of blood ensures that B cells 
situated in the MZ, which includes the bulk 
of splenic B cells in humans (3), readily 
come in contact with systemic antigens. B 
cell entry into the MZ compartment is reg- 
ulated by B cell receptor signaling (4, 5), 
and the compartment is enriched for immu- 
noglobulin M-positive (IgM+) memory B 
cells (6) and cells that react with bacterial 
antigens (7) and autoantigens (8-10). The 
sessile, nonrecirculatory state of MZ B 
cells (3) contrasts with the migratory state 
of follicular B cells and suggests that the 
mechanisms that control their localization 
are likely to be distinct. Consistent with 
this, the chemokine/receptor pair CXCL13 
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(BLC)/CXCR5, which is critical for B cell 
migration to lymphoid follicles (11) and to 
the body cavities (12), is not needed for B 
cell lodgment within the MZ. Therefore, we 
considered whether B cells may lodge in 
the MZ in response to other factors and 
investigated the contribution of adhesion 
molecules. Measurement of surface inte- 
grin levels on MZ B cells, which account 
for about 5% of spleen B cells in C57BL/6 
mice, revealed elevated expression of aL 
and p2 integrin subunits on MZ B cells 
compared with follicular B cells. Thus, MZ 
B cells have higher amounts of the aL32 
heterodimer LFA-1 (Fig. 1A). MZ B cells 
also expressed greater amounts of p31-con- 
taining integrins than follicular B cells, but 
they had equal levels of cx4-containing and 
lower levels of p7-containing integrins 
(Fig. 1A). Staining with an antibody spe- 
cific for a4p7 revealed lower expression of 
this heterodimer on MZ B cells (Fig. 1A). 
Although antibodies specific for murine 
oa4pl1 are not available, the only known 
partners for ot4 are 31 and 37. Therefore, 
we conclude that MZ B cells express higher 
levels of a4pl than follicular B cells. 

We next tested the functional status of 
LFA-1 and a4p 1 on MZ and follicular B 
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cells with an ex vivo adhesion assay (13). MZ 
B cells bound substantially better than follic- 
ular B cells to the LFA-1 ligand ICAM-1 and 
to the a(4pl ligand VCAM-1 (Fig. 1B). Ad- 
hesion to ICAM-1 could be inhibited by a 
blocking antibody to aL, which confirms the 
role of LFA-1 and rules out contributions by 
other 32 integrins (Fig. 1B). Similarly, adhe- 
sion to VCAM-1 could be inhibited with an 
antibody to oa4 (Fig. 1B). Although ax4p7 can 
also function as a receptor for VCAM-1, an 
ca4p7-neutralizing antibody did not block ad- 
hesion of MZ B cells to VCAM-1 (14). The 
MZ is located adjacent to the CXCL13-rich 
follicle and, after being released in the MZ, 
recirculating follicular B cells migrate to the 
follicle in response to CXCL13 (11). There- 
fore, we examined how the relative differenc- 
es between follicular and MZ B cell integrin 
activity influenced CXCL13-mediated che- 
motaxis. MZ and follicular B cells showed 
similar dose sensitivities for CXCL13 (Fig. 
1C), although the maximal MZ B cell re- 
sponse was typically lower than the response 
of follicular cells. When we compared the 
chemotactic response of cells on uncoated 
and on VCAM-l-coated Transwell filters, 
MZ B cell migration was strongly retarded in 
the presence of VCAM-1, whereas follicular 
B cell migration was enhanced (Fig. 1C). 
Previous studies in other systems have shown 
that optimal integrin-ligand densities enhance 
cell motility, but, at densities above a critical 
threshold, migration is retarded (15). Our 
findings indicate that, at ligand densities that 
augment follicular B cell migration, the high 
levels of functional integrins on MZ B cells 
are sufficient to prevent cells from migrating 
to CXCL13. 

We next examined the functional rele- 
vance of LFA-1 and a4p1 to MZ B cell 
localization in vivo. Three hours after we 
treated mice with a combination of a4 and 
otL blocking antibodies, MZ B cell numbers 
in the spleen were reduced and large numbers 
of MZ phenotype B cells were present in the 
blood (Fig. 2, A and B). This effect was 
specific for MZ B cells, because follicular B 
cell numbers in the spleen showed no change 
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after antibody treatment (14). Although fol- 
licular B cell numbers were increased in the 
blood, this was associated with the expected 
block in B cell entry to lymph nodes (16). 
Immunohistochemical analysis of spleen tis- 
sue from mice 3 hours after antibody treat- 
ment revealed complete displacement of B 

cells from the MZ, whereas the follicles and 
T zones remained grossly intact (Fig. 2C). In 
contrast to the striking effect on MZ B cells, 
the treatment did not affect distribution of 
MZ macrophages (13, 14). Complete dis- 
placement of MZ B cells from the MZ (Fig. 
2C) but only partial displacement from the 

Fig. 1. Elevated integrin expression and adhe- A 
sion of MZ B cells. (A) Flow cytometric analysis 
of integrin levels on B220+CD2310/-CD21hi MZ L P 
B cells (MZB; thick solid line) and -. FB Ei - FB B220+CD23hiCD21+ follicular B cells (FB; thin1 - 
solid line). Dashed lines are staining controls for 3 
MZ (thick dash) and follicular (thin dash) B ' 
cells. 132-- splenocytes were used as a control .Z . t . 
for 12 staining, and staining without primary o "". .' i- 
antibody was used for the other integrin sub- 2 log fluorescence 
units. Mean fluorescence intensity d. from 
several experiments are shown in table s1. (B) 20-CM 
Integrin-mediated adhesion to ICAM-1 and 
VCAM-1. Splenocytes were allowed to adhere r16- 
to plastic coated with ICAM-1 (10 ptg/ml) or . 
VCAM-1 (3 ,Ig/ml) and adherent subsets were 412- 
enumerated by flow cytometry (13). Blocking 
antibody on ICAM-1 was the axL antibody, and 4- L 
on VCAM-1 it was the a4 antibody, both at 500 4- 
ng/ml. Control antibodies were isotype 
matched to the blocking antibody. Background MZ follicul 
adhesion is measured by adhesion on bovine 
serum albumin (BSA) in the absence of ligand. Bars represent the 
mean of triplicate determinations (?SD) and data are representative 
of at least three experiments. (C) MZ B cell chemotaxis to CXCL13 
(BLC) in the presence or absence of integrin ligand. Spleen cells were 
placed in Transwell chambers coated (13) with either BSA (open 

a4 

spleen (Fig. 2B) most likely results from their 
presence in splenic blood. Treatment with 
either ox4 or aL blocking antibody alone 
caused the displacement of small numbers of 
MZ B cells (Fig. 2B). Analysis of mice 4 
days after combined treatment with antibod- 
ies to a4 and oxL revealed that MZ B cells had 

131 a4P7 

r'i 

?i,.r: ,? 
f:?  ,I 

,, a .:I 

VCAM-1 
O noab 
E3 control ab 

J BSA 

MZ follicular 

C MZ Follicular 

0 1 2 0 1 2 
ig/ml CXCL13 gg/ml CXCL13 

symbol, thin line) or VCAM-1 (filled symbol, thick line) and allowed 
to migrate toward the indicated concentrations of CXCL13. Assays 
were done in duplicate, and the lines connect mean values at each 
concentration tested. Data are representative of at least three 
experiments. 

Fig. 2. Displacement of MZ B cells A C WT control I G WT anti-aL+anti-a4 
by combined inhibition of LFA-1 o4 control laG antil-aL+anti-(a4 
and o41pl. (A) Flow cytometric 10 F . '* 

~ '" :b;~ 

analysis of spleen and blood from 
'ISpleen 

mice treated for 3 hours with 100 1ti 
,Ig each of (4 and oL antibodies or l,, 1o 
isotype-matched control antibod- 3' 
ies. (B) Number of B220+CD2310/- Blood 
CD2lhi MZ B cells in spleen (upper) 101 
and blood (lower) after antibody '4 zone 
treatment. Wild-type, P2-/-, and 0o1 101 1010 10"0' 0 1021 101i 

7-/- mice were treated for 3 CD21 I 
hours with the indicated antibody B D WT anti-a4 -/-, anti-a4 
combinations and cell populations Spleen 3 hr 4 days ,. ' s ; 
were enumerated by flow cytom- WT 2-4- 74- WT ,! 4 . 

etry. Wild-type mice were also an- f6- A1; 
alyzed 4 days after antibody injec- x- f- 
tion. Bars represent the mean t ' 

(?SD) values for data from the in- < 
dicated number of mice per group. 

3 

compared with the control anti- 81. ., . . . - . 
body-treated group; *, P < 0.05 bygM 
unpaired Student's t test. (C) Im- Blood M . g 
munohistochemical analysis of E WT, anti-aL 7-/- anti-aL 
spleen sections from wild-type '95 T & 
mice treated with isotype control or *T 
cxL and x4 antibodies for 3 hours 
and stained for IgM (blue) and IgD ( U 3 
(brown). MZ B cells (IgMh/lgD) E 

normally surround the IgMto/lgDhi B 
j 

cell follicles, which surround the I 
central T cell zone (1). Sections are 

. 

representative of at least four mice antl- - + + - + - + 

for each condition. Objective mag- 'n= 9845 44 4 4 4 4 iMlIDr i 
n=nification, x10. (D) Spleen sections4 44 44 44 

nification, x 10. (D) Spleen sections 
from wild-type and P2-/- mice treated for 3 hours with a4 antibody. (E) Spleen sections from wild-type and 17-/- mice treated for 3 hours with 
cLL antibody. Sections from 12-/- and 137-- mice treated with control antibody are shown in fig. S1. 
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been lost from both spleen and blood (Fig. 
2B). 

Spleens from 32-'- mice (17) and from 
wild-type controls contained similar frequen- 
cies of MZ B cells (Fig. 2B; fig. S1A), but 
treatment with o4 blocking antibody was suf- 
ficient to fully displace the MZ B cell popu- 
lation, in contrast to the limited effect of this 
single antibody treatment in wild-type mice 
(Fig. 2, B and D). Analysis of 17-'- mice 
that lack the a4p7 and oaEp7 integrins (18) 
revealed normal numbers of MZ B cells and 
treatment of these animals with aL blocking 
antibody led to minimal release of MZ B cells 
(Fig. 2, B and E; fig. S1B). This effect was 
similar to that observed in controls treated 
with antibody to aL (Fig. 2, B and E) and 
excluded a requirement for 17-containing in- 
tegrins. These observations indicate that 
LFA-1 and a41p make substantial and most- 
ly overlapping contributions to B cell reten- 
tion within the MZ. 

Immunohistochemical analysis of spleen 
tissue for ICAM-1 and VCAM-1 (13) showed 

REPORTS 

that these molecules are strongly expressed in 
the MZ (Fig. 3, A and B). Notably, the inten- 
sity of ICAM-1 staining in the MZ was great- 
er than in other areas of the spleen (Fig. 3A). 
Although strong VCAM-1 staining was also 
evident in the red pulp, expression within the 
MZ corresponded to a broad zone, whereas 
red-pulp staining was punctate and associated 
with individual cells (Fig. 3B). Analysis of 
ICAM-l-deficient mice (19) revealed nor- 
mal numbers of MZ B cells, but treatment 
with antibody to cx4 was sufficient to com- 
pletely displace the cells from the MZ (Fig. 3, 
C to E). Therefore, ICAM-1, and not ICAM-2 
or ICAM-3, functions as the relevant LFA-1 
ligand in MZ B cell localization. When we 
reconstituted lethally irradiated ICAM-1-de- 
ficient mice with wild-type bone marrow, 
ICAM-1 expression in the MZ was minimally 
restored and treatment with a4-blocking an- 
tibody was sufficient to cause displacement 
of most MZ B cells (Fig. 3C). Similar treat- 
ment of reciprocal chimeras (ICAM-1-defi- 
cient bone marrow into wild-type mice) was 

Fig. 3. Expression patterns of ICAM-1 and VCAM-1 and their role in MZ B cell retention. (A and B) 
Immunohistochemical detection of ICAM-1 or VCAM-1 (blue) and IgD (brown) in sections of spleen 
from wild-type mice treated for 3 hours with aL and a4 antibodies (13). (C) MZ B cell numbers in 
blood of ICAM-1-/- mice treated with a4 antibody, ICAM-1-/- bone marrow chimeras (13) 
treated with a4 antibody, and wild-type mice treated with aL and VCAM-1 antibodies. KO->WT, 
wild-type recipients reconstituted with ICAM-1-/- bone marrow; WT->KO, ICAM-1-/- recipients 
reconstituted with wild-type bone marrow. Bars are mean (?SD) number obtained from at least 
four mice per group for the ICAM-1-/- and wild-type mice. Bone marrow chimera values were 
from two mice per group and each filled symbol represents one mouse. *, P < 0.05 by Student's 
t test. (D to F) Spleen sections from the indicated mice that had been treated for 3 hours as 
indicated, stained to detect IgM (blue) and IgD (brown). Objective magnification, x10. (G to J) 
Requirement for LTcxl12 in maintenance of marginal zone ICAM-1 and VCAM-1 expression. 
Immunohistochemical detection of ICAM-1 and VCAM-1 in spleens of control (LFA3-lg)- or 
LTPR-lg-treated mice, as indicated, that had each been given aL and a4 antibodies 3 hours before 
analysis (13). Objective magnification, x5. 

not sufficient to displace the MZ B cell pop- 
ulation (Fig. 3C), which indicates that radia- 
tion-resistant cells make a dominant contri- 
bution to the ICAM-1 expression necessary 
for MZ B cell retention. Treating wild-type 
mice with a combination of antibodies to 
VCAM-1 and to cxL (Fig. 3, C and F), or 
treating ICAM-1-/- mice with antibody to 
VCAM-1 alone (fig. SIC), was also suffi- 
cient to mediate complete displacement of 
MZ B cells, which indicates that VCAM-1 
serves as the MZ ligand for x4pl1. 

The cytokine lymphotoxin (LT)al 132 
plays a critical role in the,development of 
secondary lymphoid tissues, acting to trans- 
mit signals from hematopoietic cells to sup- 
portive stromal cells that promote chemo- 
kine and adhesion molecule expression 
(20). Although B cell production is not 
LTot 132 dependent, development of the 
MZ B cell compartment requires this cyto- 
kine (21, 22). The finding that ICAM-1 and 
VCAM-1 are critical components of the 
MZ B cell niche led us to ask whether the 
lack of MZ B cells in LTl 132-deficient 
mice reflected a role for this cytokine in 
promoting MZ adhesion molecule expres- 
sion. We treated adult mice with the 
LTa 1132 antagonist LTP receptor-immuno- 
globulin (LT3R-Ig), for 2 weeks, a period 
that is sufficient to disrupt splenic follicular 
dendritic cell function (23). After this treat- 
ment, MZ B cell numbers were reduced by 
60% (fig. S2) and MZ ICAM-1 levels were 
markedly diminished (Fig. 3, G and H). 
VCAM-1 expression in the MZ was also 
reduced, whereas expression in the red pulp 
appeared to be unaffected (Fig. 3, I and J). 
Taken together with the detection of LT3R 
expression on cells in the MZ (24), it ap- 
pears likely that LTalp32 directly induces 
ICAM-1 and VCAM-1 expression on MZ 
stromal cells and that this is a requirement 
for the maintenance of MZ B cells. 

Although MZ B cells do not recirculate, 
they undergo rapid migration to lymphoid 
follicles after exposure to bacterial products, 
such as lipopolysaccacharide (LPS), helping 
to transport systemic antigens to follicular 
dendritic cells (1, 3, 7). To test whether this 
relocalization (Fig. 4A) was associated with a 
LPS-triggered decrease in MZ B cell integrin 
activity, we carried out ex vivo adhesion 
assays. Within 3 hours of LPS exposure, MZ 
B cells had undergone a decrease in adhesive- 
ness to VCAM-1 and this decrease was more 
significant for both ligands after 6 hours (Fig. 
4B). In chemotaxis assays with CXCL13, 
LPS-exposed MZ B cells were less strongly 
retained by VCAM-1, whereas they were un- 
changed in their chemotactic response in the 
absence of adhesion molecules (Fig. 4C). 
Treating CXCL13-deficient mice with LPS 
caused minimal MZ B cell redistribution in 3 
hours but led to a partial displacement of cells 
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Splenic sections were stained to detect CDldhi MZ B cells (blue) and MOMA-l-positive marginal metallophilic macrophages (brown) (13). Location 
of CDldhi MZ B cells relative to CDldL/- follicles in the control spleen section is indicated. Objective magnification, x10. (B) Adhesion on VCAM-1 
(3 p.g/ml) or ICAM-1 (6 to 10 plg/mI) coated plastic of MZ B cells from mice treated with PBS or LPS for 3 or 6 hours (13). Each filled symbol represents 
data from one mouse, and symbols of the same color within one graph represent paired mice from the same experiment. Bars represent mean values 
obtained from the pooled data. (C) MZ B cell chemotaxis to CXCL13 or no chemokine (nil) across BSA- or VCAM-l-coated membranes of Transwell 
chemotaxis chambers. Cells were from mice treated for 3 hours with PBS or LPS. MZ B cells were identified as B220+CD231O/-CDldhi. Data shown 
are representative of more than 10 experiments. Migration in the absence of chemokine was similar on BSA- and VCAM-l-coated filters (14). (D) 
Immunohistochemical analysis of spleens from CXCL13-deficient mice treated with PBS or LPS for 3 or 6 hours. Sections were stained as in (A). (E) 
MZ B cell numbers in the blood of CXCL13-/- or control wild-type mice treated with LPS for 6 hours. MZ B cells were identified as in (C). *, P < 0.05; 
**, P < 0.01 in paired (B) or unpaired [(C) and (E)] Student's t test. 

from the MZ after 6 hours (Fig. 4D). Flow 
cytometric analysis revealed that significant 
numbers of MZ B cells were released into the 
blood of CXCL13-/- but not wild-type mice 
after 6 hours of LPS exposure (Fig. 4E). Only 
small numbers of MZ B cells moved into 
white-pulp areas in treated CXCL13-/- 
mice, perhaps migrating in response to the T 
cell zone chemokines CCL19 (ELC) and 
CCL21 (SLC). These observations indicate 
that in vivo exposure to LPS induces a de- 
crease in integrin adhesive function in MZ B 
cells. We propose that decreased adhesive- 
ness, together with other undefined changes, 
allows MZ B cells to migrate to follicles in 
response to CXCL13. 

The findings described above establish 
that LFA-1 and ot4 1 participate in control- 
ling cell compartmentalization in a periph- 
eral lymphoid tissue, extending their previ- 
ously established roles in cell trafficking 
across endothelium (16, 25, 26) and in cell 
retention within the bone marrow (27). We 
propose that, during their development, MZ 
B cells up-regulate levels of functional 
LFA-1 and ot4 1, and when they are released 
into the MZ they are captured and retained by 
the ICAM-1 and VCAM-1 expressed by res- 
ident stromal cells. While such a mechanism 
may obviate the need for chemokine-mediat- 
ed guidance to the MZ, the involvement of 
chemotactic factors is not excluded. The dis- 
covery that MZ B cell retention is integrin- 
mediated agrees well with the finding that 
Pyk2-deficient mice lack MZ B cells (28), as 

Pyk2 is activated downstream of LFA-1 and 
xa4l1 (29). Similarly, the requirement for the 
rac activator Dock2 for MZ B cell develop- 
ment or accumulation (30) may reflect a re- 
quirement for Dock family molecules in in- 
tegrin signaling, and the requirement for lsc 
(also known as pl 15RhoGEF) (31) is consis- 
tent with the ability of Rho to mediate inte- 
grin activation. Our findings also suggest 
that accumulation of the MZ B cell popu- 
lation depends on LTao 132-mediated devel- 
opment of an adhesive niche in the spleen. 
Displacing B cells from this niche by 
blocking integrin function might be a way 
to purge the compartment of autoreactive or 
malignant cells. 
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