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SUMMARY

CD22 is a B-cell-restricted transmembrane protein, which acts as a negative regulator of B-cell

signalling. CD22 also has lectin-like adhesive properties. When expressed on transfected ®broblasts,

it is capable of mediating adhesion to other cells via recognition of cell-surface glycoconjugates

terminating in a2,6-linked sialic acids. In previous studies in the mouse, CD22 was implicated as a

bone marrow homing receptor for recirculating immunoglobulin D+ (IgD+) B cells through

recognition of sialylated ligands on marrow sinusoidal endothelium. As the adhesive function of

CD22 can be masked when a2,6-linked sialic acids are co-expressed at the cell surface, the aim of the

present study was to investigate whether recirculating B cells have unmasked forms of CD22 that

could be involved in bone marrow homing. Using a2,6-sialyllactose coupled to biotinylated

polyacrylamide as a probe for detection of unmasked CD22, we showed that < 2±5% of IgD+

murine B cells in the spleen and mesenteric lymph nodes were able to bind this synthetic ligand. In

the bone marrow, however, the fraction of IgD+ B cells with unmasked CD22 was increased by

two- to ®vefold. B cells from CD22-de®cient mice were not stained with the polyacrylamide probe,

con®rming that staining of B cells in wild-type mice was caused by CD22 and not by other potential

sialic acid-binding lectins. In conclusion, we have identi®ed a new subset of mature B cells in the

mouse with unmasked CD22. This subset of recirculating B cells may bind to CD22 ligands on bone

marrow sinusoidal endothelium, leading to their selective homing and subsequent enrichment in this

tissue.

INTRODUCTION

CD22 is a B-cell-speci®c member of the immunoglobulin

superfamily with seven immunoglobulin-like domains. It is

found on the B-cell surface from the pre-B-cell stage up to the

stage of mature B cells, but is lost from the surface as B cells

further differentiate into plasma cells. CD22 is also referred to

as Siglec-2, as it is a member of the Siglec family1 of sialic acid

(Sia)-binding immunoglobulin-like lectins that includes sia-

loadhesin (Siglec-1), CD33 (Siglec-3), myelin-associated glyco-

protein (Siglec-4), Siglec-5, Siglec-6, Siglec-7, Siglec-8 and

Siglec-9.1±10

The best understood function of CD22 is as a negative

regulator of B-cell receptor (BCR) signalling (reviewed in ref.

11). After BCR stimulation, CD22 is tyrosine phosphorylated

on its cytoplasmic tail, resulting in recruitment and activation

of SRC homology 2 domain containing tyrosine phosphatase

(SHP-1), a tyrosine phosphatase that acts as an inhibitor of

several signalling pathways in lymphocytes.12±15 The biological

functions of CD22 in vivo were investigated by several groups

using CD22-de®cient (CD22±/±) mice.16±19 Although B-cell

development in these mice was largely unaltered, B cells were in

a hyperactivated state owing to an increased and prolonged

Ca2+ signal after BCR stimulation. CD22-de®cient B cells

showed an increased rate of apoptosis in vitro and a shorter

lifespan in vivo. However, the immune status of CD22±/± mice

and responses to antigenic challenges were largely normal.

Although studies with the CD22±/± mice revealed an important

role for CD22 in modulating the strength of the BCR signal

and thereby controlling the signalling threshold, they did not

uncover the biological function of the lectin-like domain of

CD22.16±19
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The lectin and cell-binding properties of human and mouse

CD22 have been extensively investigated by using either soluble

chimeric forms of CD22 containing the extracellular immu-

noglobulin-like domains fused to the Fc region of human IgG

(CD22-Fc) or by transfecting full-length CD22 into monkey

COS cells or Chinese hamster ovary (CHO) cells. These

recombinant forms of CD22 mediated Sia-dependent binding

to various cell types, including erythrocytes, B cells, T cells and

activated endothelial cells.3,4,20±23 Speci®city studies showed

that CD22 has an absolute requirement for a2,6-linked Sia,

preferably on multiantennary N-linked oligosaccharide

chains.3,24,25 The presence of this target motif is dependent

on expression of the a2,6 sialyltransferase, ST6GalI, which

transfers Sia to the non-reducing termini of N-glycans.26,27 The

gene encoding ST6GalI contains several distinct promoters and

is highly regulated in different cell types, especially B

lymphocytes, hepatocytes and endothelial cells.23,28,29

While CD22 can mediate Sia-dependent binding to cells as a

puri®ed protein or on transfected ®broblasts, binding to target

cells is lost when the receptor is expressed on cells bearing

a2,6-linked Sia.23,30,31 Owing to the low expression of ST6GalI,

COS cells and CHO cells do not normally display N-glycans

with a2,6-linked Sia and this explains why CD22 is able to

mediate cell±cell adhesion when expressed ectopically on these

cells. Indeed, the co-expression of CD22 and ST6GalI in CHO

and COS cells results in the abrogation of any CD22-dependent

binding.23,30 In comparison, B cells show a regulated expres-

sion pattern of the ST6GalI enzyme, and usually display high

levels of a2,6-linked Sia on the cell surface.23,27,31±33 The issue

of whether CD22 on B cells can mediate interactions with

exogenously added ligands was addressed recently by analysing

the binding of human peripheral blood B cells to a synthetic

probe consisting of a2,6-sialyllactose coupled to polyacryla-

mide. It was found that the Sia-binding activity of CD22 was

undetectable in resting B cells but was markedly increased on a

subset of B cells after activation.31 Although the molecular

basis for unmasking CD22 on activated B cells was not

determined, possibilities include the activation-induced down-

regulation of ST6GalI or increased activity of a sialidase. Both

would be predicted to result in reduced surface levels of

a2,6-linked Sia and an increased Sia-dependent binding activity

of CD22.

To date, the best evidence that CD22 can mediate Sia-

dependent adhesion to other cells in vivo comes from studies of

CD22±/± mice and the identi®cation of CD22 ligands on bone

marrow endothelial cells. First, it was shown that CD22±/± mice

had a strongly reduced population of mature recirculating B

cells in the bone marrow.16 These are mostly long-lived, resting,

immunoglobulin D+ (IgD+) B cells that have undergone the

last step of their maturation in the periphery and then

circulated back to various organs, among them the bone

marrow. Second, using a soluble recombinant form of murine

CD22 containing the ®rst three domains of CD22 fused to the

Fc region of human immunoglobulin G1 (IgG1) (CD22-Fc),

sialylated ligands for CD22 were shown to be expressed on

sinusoidal endothelium of the murine bone marrow, but not on

endothelial cells in other tissues examined.34 Injected CD22-Fc

was able to bind bone marrow endothelium in vivo and this

treatment inhibited accumulation of B cells in the bone marrow

by < 50%, whereas there was no effect on numbers of B cells in

the spleen. CD22±/± mice were also shown to have a lower

number of immunoglobulin M (IgM)-secreting plasma cells in

the bone marrow compared with wild-type mice. Taken

together, these results suggest that CD22 functions as a bone

marrow-speci®c homing receptor for recirculating B cells that

contain precursors for IgM-secreting plasma cells.34 However,

for this hypothesis to be correct, it would be expected that the

recirculating B cells that home to the bone marrow would be

able to bind sialylated ligands on endothelium and hence have

unmasked forms of CD22 at the cell surface. Here we

demonstrate that a minor subset of mature B cells is able to

bind CD22 ligands and that this subset is signi®cantly enriched

in the bone marrow as compared to the lymph node and spleen.

MATERIALS AND METHODS

Animals

Female BALB/C and C57BL/6 mice were obtained from

Charles River, Kent, UK and used at 6±9 weeks of age. Age-

matched female CD22±/± mice on a C57BL/6 background16

were also used in one experiment.

Reagents

Unless indicated otherwise, all reagents were purchased from

Sigma (Poole, Dorset, UK). Biotinylated polyacrylamide

(PAA) glycoconjugates carrying either NeuAca2,3Galb1,4Glc

(a2,3-PAA) or NeuAca2,6Galb1,4Glc (a2,6-PAA) were pur-

chased from Syntesome (Munich, Germany). These conjugates

have a molecular mass of < 30 kDa and on a molar basis

contain 20% of saccharide and 5% biotin. Rat monoclonal

antibody (mAb) RA3.6B2 anti-B220-phycoerythrin (PE), rat

mAb 11-26c.2a anti-mouse IgD and mouse mAb CY34 anti-

CD22-PE were purchased from Pharmingen (San Diego, CA).

Streptavidin conjugated to ¯uorescein isothiocyanate (FITC)

and Vectorshield mountant were from Vector Laboratories

(Peterborough, Cambridgeshire, UK). Arthobacter ureafaciens

sialidase was purchased from ICN (Basingstoke, Hampshire,

UK).

Cell preparation

COS cells were transiently transfected by electroporation with

cDNAs encoding either full-length mouse CD223 or mouse

sialoadhesin2 or were sham-transfected with phosphate-buf-

fered saline (PBS) in place of DNA. After 4 days, cells were

lifted with PBS containing 5 mM EDTA and 0.2% bovine

serum albumin (BSA), and resuspended at 5r106 cells/ml.

Bone marrow, lymph node and spleens were dissected from

killed mice. The tissues were mechanically disrupted, ®ltered

through a 0.1-mm cell strainer (Fred Baker, Cheshire, UK) and

resuspended as a single cell suspension at 5r107 cells/ml.

Labelling and analysis of cells

All incubations were performed at 4u. Aliquots (100 ml) of the

transfected COS cells and murine cell populations were

distributed amongst wells of 96-well plates. The cells were

then incubated with 10 mg/ml of either a2,6-PAA or a2,3-PAA

for 1 hr, washed and then incubated in saturating concentra-

tions of streptavidin-FITC for 1 hr. For double-labelling

experiments, cells were incubated with anti-CD22-PE, anti-

B220-PE or anti-IgD for 1 hr at 4u. For IgD staining, cells were

then incubated with anti-rat tetramethylrhodamine isothiocya-

nate (TRITC) conjugate. Cells were ®xed in 2% formaldehyde
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and analysed using a Zeiss Axioplan ¯uorescent microscope

equipped with a r 100 objective. Approximately 2000 cells

were routinely scored in duplicate for both single- and double-

labelling experiments. Signi®cance was assessed using the two-

tailed Student's t-test. For confocal microscopy, cells were

stained and ®xed as described above and then analysed using a

Zeiss 410 laser-scanning confocal microscope equipped with a

r 64 objective.

RESULTS

Detection of unmasked CD22 on B cells with a2,6-PAA

To analyse the Sia-dependent binding activity of CD22 on the

surface of murine B cells, we used a2,6-PAA as a probe, as

described previously for human B cells.31 The sensitivity and

speci®city of this synthetic probe was ®rst tested in binding

assays with monkey COS cells transiently transfected with full-

length murine CD22. COS cells were chosen because they have

been used extensively in the past for studying the adhesive

properties of CD22 and do not express a2,6-linked Sia that

masks the binding site on CD22.3,21,22,35 Under the conditions

used, < 20% of COS cells expressed surface CD22, as assessed

by ¯uorescence microscopy (Table 1) and a similar percentage

of cells was brightly stained when parallel binding assays were

performed with a2,6-PAA (Table 1). This shows that the a2,6-

PAA probe was able to ef®ciently detect unmasked forms of

CD22 expressed at the cell surface. Binding of this reagent was

speci®c, because only background staining was observed with

a2,3-PAA, a similar synthetic glycoconjugate that does not

bind CD22, but does bind other Siglecs, such as sialoadhesin36

(Table 1).

We next analysed binding of PAA conjugates to cell

suspensions prepared from the bone marrow, spleen and

mesenteric lymph nodes of BALB/c mice (Table 1; Fig. 1).

Irrespective of the tissue, we found that the a2,6-PAA

conjugate bound to < 1% of the isolated cells, whereas the

a2,3-PAA conjugate bound to only < 0.1±0.4% of the cells

(Table 1). Staining with a2,6-PAA was usually observed as

punctate blebs at the cell surface (Fig. 1c) and was considerably

weaker than the staining observed with transfected COS cells

(results not shown). The cells labelled with a2,6-PAA had the

morphological appearance of small lymphocytes (Fig. 1a). In

contrast, the small proportion of bone marrow, spleen and

Table 1. Detection of unmasked forms of CD22 on transfected COS cells and lymphoid cell suspensions

Cell population

% Of cells positive

for CD22

% Of cells positive

for a2,6-PAA

% Of cells positive

for a2,3-PAA

CD22-transfected COS cells 20.0t6.2 21.0t6.4 2.6t0.7

Sham-transfected COS cells 0.9t0.1 1.4t0.1 1.0t0.2

Bone marrow 4.7t1.8 0.9t0.1 0.3t0.2

Lymph node 12.2t2.5 1.0t0.1 0.1t0.1

Spleen 21.0t7.0 1.0t0.1 0.4t0.2

The indicated cell populations were incubated with NeuAca2,6Galb1,4Glc coupled to biotinylated polyacrylamide (a2,6-PAA) or NeuAca2,3Galb1,4Glc
coupled to biotinylated polyacrylamide (a2,3-PAA) and binding revealed with streptavidin-coupled ¯uorescein isothiocyanate (FITC). Separate samples of
cells were stained for surface CD22 expression using anti-CD22 monoclonal antibody (mAb) followed by anti-mouse-FITC antibody. The percentage of cells
staining positively for each marker when analysed by ¯uorescence microscopy is shown. CD22 bound speci®cally to a2,6-PAA but did not bind a2,3-PAA. In
other experiments, COS cells transfected with mouse sialoadhesin cDNA were found to bind speci®cally to the a2,3-PAA probe (results not shown). Data
represent mean values t SD from four to 18 experiments.

Table 2. Double labelling of bone marrow, lymph node and spleen cells with NeuAca2,6Galb1,4Glc coupled to biotinylated polyacrylamide

(a2,6-PAA) and B-cell-speci®c antibodies

Cell population mAb

% Of cells positive

for mAb

% Of cells positive

for a2,6-PAA, also

positive for mAb

% Of cells positive

for mAb, also

positive for a2,6-PAA

Bone marrow B220 11.3t2.4 82.5t8.3 6.0t0.5*

IgD 5.6t2.0 74.0t8.8 10.0t1.3{
CD22 4.7t1.8 76.0t8.4 14.9t5.0{

Lymph Node B220 21.7t5.0 88.3t8.1 4.0t1.0

IgD 15.5t5.5 84.0t4.7 5.4t1.01

CD22 12.2t2.5 76.0t2.8 6.6t1.9

Spleen B220 35.0t9.0 86.0t10.8 3.0t0.7

IgD 27.8t6.2 72.4t10.3 2.1t0.1

CD22 21.0t7.0 93.3t11.5 4.8t1.0

Cells were stained with a2,6-PAA, as described in the legend to Table 1, and then labelled using monoclonal antibodies (mAbs) to B220 (pan B cell), CD22
or immunoglobulin D (IgD) (long-lived recirculating B cells). Regardless of the tissue of origin, the majority of a2,6-PAA-labelled cells were also labelled with
the B-cell markers. However, the bone marrow was enriched < two- to ®vefold in B cells that bind a2,6-PAA compared with lymph node and spleen (last
column). Data represent mean values t SD from three to ®ve experiments.

*Signi®cantly different from corresponding values with lymph node (P<0.05) and spleen (P<0.001).
{Signi®cantly different from corresponding values with lymph node (P<0.05) and spleen (P<0.001).
{Signi®cantly different from corresponding values with spleen (P<0.05).
1Signi®cantly different from corresponding values with spleen (P<0.001).
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lymph node cells labelled with a2,3-PAA had a granular

appearance, suggesting that they were myeloid cells (data not

shown).

Identi®cation and characterization of B-cell subsets that bind

a2,6-PAA

To determine whether the cells that stained with a2,6-PAA

corresponded to the CD22+ IgD+ population of recirculating

B cells, a series of double-staining experiments was performed,

in which cell suspensions were simultaneously labelled with

a2,6-PAA and anti-CD22, anti-IgD (Fig. 1) or anti-B220, a

pan B-cell marker (Table 2). The results of these experiments

clearly showed that, irrespective of the tissue, 80±90% of the

cells labelled with a2,6-PAA were B cells, as de®ned with anti-

B220. The identity of the remaining 10±20% of labelled cells

was not investigated. A similar percentage of the a2,6-PAA-

labelled cells was also stained with anti-IgD and anti-CD22,

thereby con®rming that the majority of labelled cells were,

indeed, CD22+ IgD+ recirculating B cells.

When the fraction of IgD- or CD22-positive cell popula-

tions that bound a2,6-PAA were compared, interesting

differences were found (last column in Table 2). In the spleen

and lymph nodes, only < 2% and 5% of the IgD+ B cells were

labelled with a2,6-PAA, respectively, while in the bone

marrow, < 10% of IgD+ cells bound a2,6-PAA (Table 2).

Thus, we observed a two- to ®vefold enrichment of IgD+ B

cells bearing an unmasked form of CD22 in the bone marrow,

as compared to the periphery. A similar enrichment of a2,6-

PAA-binding cells in the bone marrow was observed following

double staining with anti-CD22 mAb. (Table 2). In addition,

lymph node cells had a higher proportion of B cells that bound

the a2,6-PAA probe compared with the spleen (Table 2).

Finally, it should be noted that the immuno¯uorescence

microscopy appeared to detect the CD22high B cells (e.g. in

the bone marrow, 4.7% of cells were CD22 positive), which

probably correspond to the IgD+ mature B cells (5.6%), but

did not detect the preB and immature B-cell populations that

express CD22 weakly.16

Binding of a2,6-PAA to B cells requires the presence of CD22

The double-labelling experiments showed that the majority of

cells labelled with a2,6-PAA also expressed CD22 (Table 2).

Although this supports the notion that binding of the probe is

CD22 dependent, it is possible that other Sia-binding lectins

exist on this subset of B cells, which could account for the

staining observed. In order to directly assess the importance of

CD22 in binding of a2,6-PAA to B cells, a double-labelling

experiment was carried out in which bone marrow and spleen

cells from CD22±/± mice on a C57Bl/6 background were

compared with cells from age-matched, wild-type C57B1/6

mice (Table 3). As in the previous experiments, the percentage

of a2,6-PAA-positive cells observed in wild-type cells was

< 0.8% in the bone marrow and < 1% in the spleen, and the

majority of those were B cells (Table 3). A similar enrichment

of IgD+ a2,6-PAA+ cells was also seen in the bone marrow,

although the absolute numbers were lower than those shown in

Table 2 (6.4% in the bone marrow compared with 1.4% in the

spleen; Table 3). In contrast, a2,6-PAA staining in CD22±/±

mice was reduced to 0.1±0.2% in bone marrow and spleen and

Table 3. B cells from CD22-de®cient (CD22±/±) mice do not bind NeuAca2,6Galb1,4Glc coupled to biotinylated polyacrylamide (a2,6-PAA)

CD22

genotype

Cell

population mAb

% Of cells positive

for mAb

% Of cells positive

for a2,6-PAA

% Of cells positive

for a2,6-PAA, also

positive for mAb

% Of cells positive

for mAb, also positive

for a2,6-PAA

+/+ Bone marrow B220 11.2 0.8 88.8 6.5

IgD 06.3 0.7 60.0 6.4

CD22 04.7 0.9 66.6 12.1

±/± Bone marrow B220 6.0 0.0 0.0 0.0

IgD 02.9 0.2 0.0 0.0

CD22 00.1 0.0 0.0 0.0

+/+ Spleen B220 43.9 1.0 71.4 1.6

IgD 43.9 0.8 75.0 1.4

CD22 29.3 1.1 100.0 3.8

±/± Spleen B220 31.2 0.1 0.0 0.0

IgD 37.0 0.1 0.0 0.0

CD22 00.3 0.2 0.0 0.0

Bone marrow and spleen cells from wild-type (+/+) or CD22-de®cient (±/±) mice were double labelled for a2,6-PAA and B-cell markers as described in the
legends to Tables 1 and 2. Unlike B cells from wild-type mice, B cells from CD22±/± mice were not labelled with a2,6-PAA. Data show mean counts from
duplicate slides in a single experiment.

Figure 1. Double labelling of B cells and their analysis using confocal

microscopy. Cell suspensions from mouse mesenteric lymph node were

stained with NeuAca2,6Galb1,4Glc coupled to biotinylated polyacry-

lamide (a2,6-PAA) followed by streptavidin-coupled ¯uorescein

isothiocyanate (FITC), and then labelled with rat anti-mouse

immunoglobulin D (IgD) followed by anti-rat-TRITC. (a) Phase

contrast image of three lymph node cells. (b) Staining for IgD shows

that two of the three cells are IgD+ B cells. (c) Staining with a2,6-PAA

reveals that one of the three cells is a IgD+ B cell that is able to bind

a2,6-PAA.
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none of the a2,6-PAA+ cells were B cells (Table 3). In

conclusion, the a2,6-PAA reagent speci®cally interacted with B

cells in a CD22-dependent manner and there appeared to be no

other a2,6-Sia-binding receptors present on B cells that could

be detected under the conditions used.

DISCUSSION

The data presented here demonstrate the existence of a new

subset of murine B cells that bind speci®cally to a2,6-PAA.

Signi®cantly, this is a minor fraction of the mature, recirculat-

ing B cells in the lymph node and spleen that is enriched two- to

®vefold in the bone marrow. Under the conditions used,

binding of a2,6-PAA to the B-cell subset seemed to be strictly

dependent on expression of CD22 because there was no

staining of B cells in CD22±/± mice. These ®ndings, taken

together with our previous ®nding that CD22 ligands are

present on bone marrow endothelium,34 support the notion

that CD22 plays a direct role in the homing of B cells to the

bone marrow. According to the model depicted in Fig. 2, the

minor fraction of B cells with unmasked CD22 (visualized in

the present study with the a2,6-PAA probe) would be able to

bind sialylated ligands on the bone marrow endothelium. This

binding would lead to transmigration across the sinusoidal

endothelium and the accumulation of this subset of cells in the

bone marrow. If correct, this sequence of events would be

analogous to L-selectin-dependent homing of lymphocytes to

peripheral lymph nodes. In this case, L-selectin on lymphocytes

binds sialylated, fucosylated and sulphated oligosaccharide

ligands attached to mucin-like molecules on high endothelial

venules.37 The initial carbohydrate-dependent tethering

mediated by L-selectin on lymphocytes is thought to lead to

®rm adhesion, mediated by integrins, and subsequent diaped-

esis involving tissue-speci®c chemokines.38 Further work is

required to determine the roles of CD22, selectins, integrins

and chemokines in the homing of B cells to the bone marrow.

The probe used to detect unmasked forms of murine CD22

in the present study contained N-acetyl neuraminic acid linked

to lactose (NeuAca2,6Galb1,4Glc-PAA) and was the same

probe used previously to detect unmasked CD22 on activated

human B cells.31 In that study, binding of a2,6-PAA was

detected by ¯ow cytometry, in contrast to ¯uorescence

microscopy used here. To date we have not been able to detect

the unmasked population of murine B cells using ¯ow

cytometry, whereas activated human B cells can be readily

detected under the same labelling conditions (L. Nitschke,

unpublished). One explanation for this difference might be

related to earlier ®ndings that murine CD22 prefers the N-

glycolyl form of Sia over the N-acetyl form, whereas human

CD22 binds both forms equally.39±41 Therefore, it is probable

that murine B cells carrying unmasked CD22 would have been

more easily detected and given brighter labelling if the assays

had been carried out with the N-glycolyl form of a2,6-PAA

(NeuGca2,6Galb1,4Glc-PAA), a reagent that is not currently

available. Despite this potential limitation, it is important to

point out that COS cells transfected with mouse CD22 were

brightly labelled with the N-acetyl form of the a2,6-PAA probe,

showing that unmasked mouse CD22 can be readily detected

under the conditions used in the present study.

Previous experiments with CHO cells and COS cells have

established that co-expression of CD22 with ST6Gal results in

CD22 masking.23,42 Therefore, the simplest explanation for

why only a subset of B cells can bind the a2,6-PAA probe is

that the majority of B cells have masked forms of CD22 (owing

to high levels of a2,6-linked Sia) and only a small proportion of

mature recirculating B cells have unmasked CD22 (owing to

lower levels of a2,6-linked Sia). This could result from lower

expression of enzymes, such as ST6GalI, or expression of a

sialidase that removes the cis-interacting Sia. Further work is

needed to explore these possibilities. For human B cells, it was

recently shown that after activation with anti-IgM and anti-

CD40, a fraction of cells carried unmasked forms of CD22.31

Thus, it is tempting to speculate that the novel subset of murine

B cells with an unmasked form of CD22, described here,

represents a recently activated population of mature B cells. If

this is the case, a2,6-PAA+ B cells should express activation

markers, a theory that may be investigated by ¯ow cytometry

in the future.
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