
CD22: an inhibitory enigma

Introduction

CD22 is an inhibitory coreceptor of the B-cell receptor

(BCR) and, like other coreceptors, is required to modu-

late the antigen receptor signal in response to cues from

the local microenvironment.1 This is essential to ensure

that an appropriate humoral response is mounted against

pathogens, but that reactivity to self antigens and auto-

immunity is avoided.2–4 To fine-tune the BCR signal, and

to integrate an extensive variety of environmental signals,

B cells express a broad repertoire of activatory and inhibi-

tory coreceptors on their surface.5,6 These molecules pos-

sess immunoreceptor tyrosine-based activation (ITAM)

and inhibition (ITIM) motifs in their intracellular

domains, which serve as scaffolds to recruit signalling

molecules that either augment or inhibit the BCR signal.

The extent to which these receptors are associated with

the BCR, and hence their capacity to modulate its signal,

is governed by the interactions of their extracellular

domains with as yet incompletely defined sets of ligands.

These ligands can exist in cis on the same cell surface, in

trans on adjacent cell surfaces, in a soluble form, or

bound to cell-associated antigen, for example immuno-

globulin G (IgG) in the case of FccRIIb (CD32b),7 or

complement in the case of the CD21/CD19 coreceptor

complex.2

CD22 was originally identified as a B-cell-associated

adhesion protein that appeared to function in the regula-

tion of B-cell activation.8–13 It is a member of the sialic

acid-binding immunoglobulin-like lectin (Siglec) family

of adhesion molecules,14 and binds specifically to glycans

that possess sialic acid, attached in a2,6-linkage to an

underlying b1,4-linked galactose residue (a2,6Sia).15,16

This is a common structure on N-linked glycans and is

abundantly expressed on the surface of many cells,

including erythrocytes, monocytes, cytokine-activated

endothelial cells, T cells and B cells.17–19 In addition,

a2,6Sia residues are present on some soluble plasma pro-

teins such as haptoglobin and IgM, and recombin-

ant CD22 molecules have been reported to bind these
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Summary

CD22 is an inhibitory coreceptor of the B-cell receptor (BCR), and plays

a critical role in establishing signalling thresholds for B-cell activation.

Like other coreceptors, the ability of CD22 to modulate B-cell signalling

is critically dependent upon its proximity to the BCR, and this in turn is

governed by the binding of its extracellular domain to a2,6-linked sialic

acid ligands. Manipulation of CD22 ligand binding in various experimen-

tal settings has profound effects on B-cell signalling, but as yet there is no

complete model for how ligand binding in vivo controls normal CD22

function. Several elegant studies have recently shed light on this issue,

although the results appear to suggest two mutually exclusive models for

the role of ligand binding; in either promoting or inhibiting, CD22 func-

tion. We shall therefore discuss these results in detail, and suggest possi-

ble approaches by which these conflicting experimental findings might be

reconciled. We shall also consider a second important issue in CD22 biol-

ogy, which relates to the role that defects in this receptor might play in

mediating autoimmune disease. We review the current evidence for this,

and discuss the importance of genetic background in modifying CD22

function and predisposition to autoimmunity.
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glycoproteins.18 Which of these ligands are physiologically

important, and how binding to them is transduced to

effect changes in BCR signalling, is not yet well under-

stood. The focus of this review is therefore to consider

the recent advances that have furthered our understand-

ing of the role that ligand binding plays in controlling

CD22 function at a cellular level. We shall also consider

the evidence that defects in CD22 mediate autoimmune

disease, and the importance of genetic background in

modulating these effects.

CD22 structure and function

CD22 is a type I membrane protein with molecular

weight 140 000 that is expressed at low levels on pre- and

immature B cells, maximally on mature B cells,20 and

ultimately downregulated on plasma cells.21 The extracel-

lular portion of CD22 comprises seven immunoglobulin

domains, the most distal of which is a V-set immuno-

globulin domain, and is responsible for binding a2,6Sia

ligands.22–24 Within this domain, two arginine residues

(R130 and R137 in mouse) are required for a2,6Sia-bind-

ing, and mutation of these residues completely abrogates

this interaction.25 The intracellular portion of murine

CD22 contains six tyrosine residues, three of which

(Y762, Y822 and Y842) exist within ITIM motifs.26 Upon

cross-linking of the BCR by antigen, the CD22 that is

associated with it is rapidly phosphorylated.27 This has

been demonstrated to require the activity of Lyn,28,29 an

src family protein tyrosine kinase (PTK) that is concen-

trated in lipid rafts, and is also thought to be in part

responsible for phosphorylating the Iga (CD79a) and Igb
(CD79b) chains of the BCR complex.30 Following tyrosine

phosphorylation of CD22, docking sites are formed for a

number of SH2-domain-containing proteins, including

the protein tyrosine phosphatase SHP-1,31 which acts to

dephosphorylate components of the BCR signalling cas-

cade to effect a dampening of the BCR signal. Targets of

SHP-1 appear to include Vav-1, CD19 and SLP65/

BLNK,32–34 all of which are positively involved in Ca2+

signalling (Fig. 1). Another potential target of SHP-1 is

the plasma membrane calcium-ATPase (PMCA4), which

promotes Ca2+ efflux and attenuation of the BCR signal.35

Both CD22 and SHP-1 are reported to associate with

PMCA4 following CD22 phosphorylation, resulting in

enhanced PMCA4-mediated Ca2+ efflux, and a further

dampening of the BCR signal.

In addition to SHP-1, CD22 recruits a number of other

SH2-domain-containing proteins, including Syk, phos-

pholipase Cc2 (PLCc2), phosphoinositide 3-kinase (PI3K),

and SHIP as a quaternary complex with Grb2 and

Shc.36–39 While Grb2 and SHIP may act to further inhibit

Ca2+ mobilization by the BCR,40,41 the role of the other

molecules that are recruited is unclear. Since these mole-

cules are more typically involved in augmenting the BCR

signal, and because CD22 possesses two ITAM motifs in

its cytoplasmic tail, it has been suggested that under some

circumstances CD22 may provide positive signals and

promote B-cell survival.42 Consistent with this prediction,

it was observed that a number of anti-CD22 antibodies

could augment anti-immunoglobulin-induced prolifera-

tion,9 although this is likely to reflect sequestration of

CD22 away from the BCR, rather than positive signalling

per se.31 More recently, however, it has been observed

that even in the absence of BCR ligation, CD22 cross-

linking results in c-Jun N-terminal kinase (JNK) signal-

ling and proliferation of human tonsillar B cells.42,43

Therefore, while CD22 appears to inhibit signals that

emanate from the BCR, it might also initiate positive

signals when ligated to itself, or perhaps other surface

receptors.44

In spite of its potential to provide both positive and

negative signals, four independent lines of CD22-defi-

cient mice,20,45–47 have demonstrated that CD22 func-

tions predominantly as an inhibitory receptor in vivo. In

all of the mouse lines generated, CD22-deficiency

resulted in elevated Ca2+ mobilization in response to

BCR stimulation in vitro, which is consistent with

CD22’s role as an inhibitory coreceptor. Strikingly, while

B-cell development and the number of B cells present in

the spleens of these mice were normal, peripheral B cells

expressed considerably less surface IgM (sIgM) than

their wild-type counterparts. This is reminiscent of the

anergic phenotype observed in B cells from anti-hen egg

lysozyme (anti-HEL) BCR transgenic mice in the pres-

ence of soluble HEL,48 and suggests that CD22-deficient

B cells have undergone chronic activation in vivo. In

support of this notion, CD22-deficient B cells also

express high levels of major histocompatibility complex

(MHC) class II. In response to BCR stimulation, CD22-

deficient B cells predominantly undergo apoptosis,20,49

which explains their reduced proliferation in response

to BCR stimulation in vitro, and enhanced turnover

in vivo.20,46,49 Interestingly, the effects of CD22 defi-

ciency on proliferation and apoptosis can be rescued by

coligation with anti-CD40, suggesting that CD22-defi-

cient cells are not irreversibly programmed to die, and

may be rescued by T-cell help.49 Consistent with this,

the ability of CD22-deficient mice to mount T-depen-

dent immune responses remains intact, and subsequent

germinal centre formation occurs normally.49

In addition to alterations in the peripheral B-cell phe-

notype, CD22-deficient mice have severely reduced num-

bers of marginal zone (MZ) B cells and consequently

exhibit drastically impaired immune responses to T-inde-

pendent antigens.20,46,50 It has been suggested that loss of

MZ B cells in these mice occurs as a consequence of

altered BCR signalling during development because there

is good evidence to suggest that the maturation of transi-

tional B cells into one of the three mature B-cell subsets

� 2007 Blackwell Publishing Ltd, Immunology, 123, 314–325 315

CD22: an inhibitory enigma



[follicular (B-2) B cells, marginal zone (MZ) B cells, or

peritoneal (B-1) B cells] is driven, at least in part, by dif-

ferences in BCR signal strength (reviewed in detail else-

where51,52). Some controversy remains as to the exact

nature of the signal required to generate the three B-cell

subsets,53,54 but evidence from Aiolos)/) mice suggests

that a strong BCR/Btk signal disrupts MZ B-cell develop-

ment.55 In a similar fashion, the enhanced BCR signal

afforded by CD22 deficiency might culminate in the loss

of MZ B cells. An alternative possibility, however, is that

ligand binding by CD22 is required for the homing or

retention of MZ B cells in the spleen. This hypothesis is

supported by the loss of marginal zone B cells in ligand-

deficient mice (discussed below), where BCR signalling is

in fact much reduced.56–58

CD22 ligands

The ability of CD22 to inhibit antigen-induced signalling

depends upon its proximity to the BCR.31 This is

expected to be largely determined by binding of its extra-

cellular domain to a2,6Sia,59 and consequently much

effort has gone into identifying the physiologically rele-

vant ligands. CD22 may interact with ligands in cis on

the B-cell surface, in trans on the surface of other cells,

on soluble glycoproteins, or attached to cell-associated

antigen. Since the concentration of a2,6Sia on the B-cell

surface is estimated to be in the region of 25–30 mM,60

around 100-fold higher than the Kd of CD22 for a2,6Sia

(0�1–0�3 mM

15,61,62), most CD22 is predicted to inter-

act with glycoprotein ligands on the same cell. This
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Figure 1. Upon B-cell receptor (BCR) cross-linking and translocation to lipid rafts, Lyn phosphorylates the immunoreceptor tyrosine-based acti-

vation motif tyrosine residues of immunoglobulin a/b. This creates docking sites for other protein tyrosine kinase such as Syk, which in turn

phosphorylate and recruit the adaptor molecule BLNK (B-cell linker protein). BLNK forms a scaffold for the association of numerous signalling

components, including Vav-1, BTK and phospholipase Cc2 (PLCc2). Many of these proteins also contain pleckstrin homology domains, and are

stabilized in this complex by interaction with the phospholipid PI(3,4,5)P3 [produced by phosphoinositide 3-kinase (PI3K)]. Calcium induction

upon BCR ligation is brought about by PLCc2, which converts PI(4,5)P2 to I(1,4,5)P3 (IP3) and diacylglycerol (DAG). IP3 promotes calcium

release from intracellular stores, which in turn triggers an influx of calcium through the opening of Ca2+-release-activated channels (CRACs),

and activation of the nuclear factor jB, nuclear factor of activated T cells and extracellular signal-regulated kinase signalling pathways. Calcium

efflux is mediated by the plasma membrane Ca2+-ATPase (PMCA4). CD22 serves to inhibit the BCR signal at several points in this signalling cas-

cade. Following phosphorylation of its immunoreceptor tyrosine-based inhibitory motif residues by Lyn, CD22 provides a docking site for the

recruitment of SHP-1. SHP-1 acts to dephosphorylate and inactivate Vav-1, BLNK and CD19 (accompanied by a reduction in PI3K activity) to

effect a dampening of the BCR signal. SHP-1 also promotes calcium efflux through activation of PMCA4.
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calculation appears to be correct, because CD22 on most

B-cell surfaces is ‘masked’, and unable to bind exogenous

sialoside probes unless the cells are first pretreated with

sialidase or periodate.63,64 Interestingly, however, under

some circumstances CD22 appears to be ‘unmasked’. This

has been reported upon cellular activation,64 and on cer-

tain B-cell subsets, particularly marginal zone and transi-

tional B cells.65 The significance of this unmasking of

CD22 is not yet fully understood, but presumably pro-

motes interaction of CD22 with ligands in trans, or with a

distinct subset of cis ligands, perhaps including the BCR.

Consistent with the prediction that CD22 interacts pre-

dominantly with cis ligands, the B-cell glycoproteins sIgM

and CD45 have been identified by coimmunoprecipitation

as prominent CD22 binding partners.23,27,66 However,

mutation of the CD22 ligand-binding domain does not

affect the interaction of CD22 with these glycoproteins,67

and hence it must be concluded that interaction is medi-

ated by protein–protein contacts. More recently, an ele-

gant approach employing photo-affinity cross-linking of

glycan ligands has established that in situ, CD22 exists

primarily as homomultimeric complexes in clathrin-

coated pit microdomains.68 No discernable binding to

CD45, sIgM, PMCA4 or other putative cis ligands was

reported, suggesting that if CD22 does interact with these

molecules, the interaction is mediated entirely by pro-

tein–protein contacts.

In addition to identifying cis ligands of CD22, attempts

have been made to establish the physiologically relevant

trans ligands. CD22 was first identified as an adhesion

molecule,11,17 and COS cells expressing recombinant

CD22 bind to lymphocytes and monocytes in a sialic

acid-dependent manner.17 Approaches to identify specific

ligands have involved immunoprecipitation of T-cell

lysates with CD22-Fc fusion proteins, and have identified

CD45 as a prominent ligand on T cells.69,70 A more

recent study has, however, demonstrated that adhesion of

B and T cells, and redistribution of CD22 to sites of cell–

cell contact, does not require CD45,60 suggesting that

other T-cell ligands may exist. CD22 is also reported to

bind soluble proteins, such as the a2,6-sialylated serum

glycoproteins IgM and haptoglobin,18 although the physi-

ological relevance of these interactions remains unknown

because these glycoconjugates presumably bind CD22

with low avidity, and would be poorly able to compete

with clustered cell-associated ligands.

Effects of ligand binding on CD22 function

The cis ligands appear to be important modulators of

CD22 activity, as demonstrated by cell lines expressing

mutant forms of CD22 that lack sialic-acid-binding activ-

ity.71 These cells were hyperresponsive to BCR stimula-

tion, resulting in elevated Ca2+ responses and increased

CD22 tyrosine phosphorylation and SHP-1 recruitment.

Analogous results were obtained in a different system,

which used a synthetic sialoside to abrogate ligand bind-

ing in primary cells,72 and suggest that ligand binding in

cis is required for the inhibitory function of CD22. A

number of studies have also highlighted the importance

of interactions that CD22 makes in trans, and their

potential to mediate cross-talk between cells. A recent

study has demonstrated that B-cell activation by antigen

displayed on a target cell is depressed if the target co-

expresses a2,6Sia glycoconjugates.73 Since a2,6-sialylation

is largely a feature of higher eukaryotes, it has been sug-

gested that interaction of CD22 in this way may serve to

dampen the B-cell response to self antigens. Furthermore,

trans interactions may have important implications for

T-cell signalling because ligation of T cells by CD22–Fc

fusion proteins is sufficient to alter CD3-induced T-cell

activation,69,74 and CD22 blockade in mixed lymphocyte

costimulatory assays results in reduced T-cell prolifera-

tion.42 However, it has recently been demonstrated that

CD22 is expressed at low, but functionally significant, lev-

els on T cells75 so the interpretation of these studies must

now consider the role of T-cell-intrinsic CD22 ligation.

A better established role for CD22 trans interactions

appears to be in controlling certain aspects of B-cell adhe-

sion and migration. CD22 ligands are expressed on sinu-

soidal endothelial cells of murine bone marrow (but not

other tissues) and interaction of CD22 has been impli-

cated in the homing of recirculating mature (IgMlo IgDhi)

B cells to the bone marrow.76 In support of this hypo-

thesis, CD22-deficient mice have decreased numbers of

recirculating B cells,20,47 and decreased numbers of

IgM-secreting plasma cells in the bone marrow.76 Repop-

ulation of RAG)/) bone marrow by CD22-deficient B cells

was only half as efficient as repopulation with wild-type

cells20 and, furthermore, a reduction in recirculating cells

can be achieved by blocking CD22-a2,6Sia interactions,

either by previous injection with anti-CD22 antibodies, or

CD22–Fc fusion proteins.76 Interestingly, subsets of

mature B cells with unmasked CD22 are enriched two- to

fivefold in the bone marrow,77 suggesting that under cer-

tain circumstances, interactions of CD22 in cis may be

modulated to promote ligation in trans. While unmasking

of CD22 is required for its binding to low-affinity sialo-

side probes,63 binding of higher-affinity multivalent

probes,78 or redistribution of CD22 to sites of cell–cell

contact,60 does not require previous unmasking. This

therefore suggests the existence of a dynamic equilibrium,

in which CD22 can switch readily between cis and trans

interactions, depending on their relative affinity/avidity.

Nevertheless, deliberate masking/unmasking of CD22

under different physiological circumstances allows this

equilibrium to be skewed in favour of one interaction or

the other.

To better understand the physiological roles that CD22

ligands might play in modulating its function, it has
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proved valuable to examine mouse lines that are either

deficient in CD22 ligand, or that express mutant forms of

CD22 that lack ligand-binding activity. The results and

implications of these studies are discussed below, and

many of the key phenotypic features of the mouse strains

used to study CD22 function are summarized in Table 1.

Ligand-deficient mice

Ligand-deficient mice are those lacking ST6Gal I sialyl-

transferase (ST6Gal I), the enzyme that is solely responsi-

ble for producing the a2,6Sia terminus on N (and some

O) glycans.79,80 Somewhat surprisingly, given that in vitro

studies would predict that a2,6Sia is required for CD22-

mediated signal inhibition,71,72 these mice have a hypore-

sponsive B-cell phenotype.58 In response to BCR stimula-

tion, ST6Gal I-deficient B cells exhibit drastically reduced

Ca2+ mobilization, and show reduced proliferation in

response to CD40, BCR and lipopolysaccharide-induced

signals.58 Interestingly, this can be reversed in the pres-

ence of interleukin-4, perhaps as the result of the inhibi-

tory effects of this cytokine on CD22 function.81 Similar

to CD22-deficient B cells, expression of sIgM is reduced

on ST6Gal I-deficient B cells, but this does not appear to

be a result of chronic activation because these cells do

not upregulate MHC class II, CD86 or other activation

markers.58 Rather, this appears to be a consequence of

enhanced CD22-dependent sIgM endocytosis,82 which will

be discussed in more detail below. B-cell development in

ST6Gal I-deficient mice is largely normal, with the excep-

tion of MZ B cells, numbers of which are reduced to a

similar extent to that seen in CD22-deficient mice.56,57

Consistent with B-cell hyporesponsiveness and a lack of

MZ B cells, ST6Gal I-deficient mice are severely impaired

in their ability to mount both T-dependent, and T-inde-

pendent, immune responses.58

Of course, plausible explanations for these results are

that sialic acid deficiency affects the function of other gly-

coproteins, or that other sialic acid-binding proteins, such

as Siglec-G,83 might influence the B-cell phenotype.

However, in ST6Gal I · CD22 double-deficient mice,

BCR-induced signalling and proliferation is restored to

CD22-deficient levels,56,57 thereby specifically implicating

CD22 in mediating B-cell suppression in the absence of

ligand. This enhanced suppression appears to correlate

with increased coclustering of CD22 and sIgM, and

altered microdomain localization of these two recep-

tors.56,82 In wild-type cells, CD22 exists in clathrin-rich

domains, presumably as homomultimers,68 and gives rise

to a punctate staining pattern by fluorescence micro-

scopy.56 In ligand-deficient cells, however, its expres-

sion pattern is more dispersed, consistent with a shift

towards heteroypic, rather than homotypic, interactions.82

Coclustering of CD22 and sIgM is increased twofold

in the absence of ligand, and this is accompanied by a T
ab

le
1.

K
ey

p
h

en
o

ty
p

ic
fe

at
u

re
s

o
f

m
ic

e
w

it
h

ge
n

et
ic

al
ly

al
te

re
d

C
D

22
ex

p
re

ss
io

n
an

d
fu

n
ct

io
n

M
o

u
se

st
ra

in

K
ey

p
h

en
o

ty
p

ic
fe

at
u

re
s

R
ef

s

B
-c

el
l

p
o

p
u

la
ti

o
n

s
B

-c
el

l
su

rf
ac

e
p

h
en

o
ty

p
e

Si
gn

al
li

n
g

(a
n

ti
-I

gM
)

M
o

u
se

M
Z

B
1

R
ec

ir
c.

sI
gM

M
H

C
II

C
D

22
C

a2
+

P
ro

li
f.

A
p

o
p

.
Se

ru
m

Ig
M

T
d

T
i

A
u

to
A

b

C
D

22
)

/)
(1

29
·

C
57

B
L

/6
)

(d
er

iv
ed

fr
o

m
12

9
E

S
ce

ll
s)

fl
›

fl
fl

›
n

.a
.

›
fl

›
›

M
fl

Y
es

(1
o

f
3

li
n

es
)

45
–4

7

C
D

22
)

/)
(C

57
B

L
/6

)
(d

er
iv

ed
fr

o
m

C
57

B
L

/6
E

S
ce

ll
s)

fl
M

fl
fl

›
n

.a
.

›
M

›
›

(>
5

m
o

)
M

fl
N

o
20

C
D

22
D1

–
2

(C
D

22
la

ck
in

g
th

e
tw

o
N

-t
er

m
in

al

li
ga

n
d

-b
in

d
in

g
Ig

d
o

m
ai

n
s)

fl
›

fl
fl

›
fl

M
fl

n
.d

.
n

.d
.

n
.d

.
n

.d
.

n
.d

.
89

C
D

22
A

A
(C

D
22

w
it

h
ke

y
li

ga
n

d
-b

in
d

in
g

A
rg

re
si

d
u

es
m

u
ta

te
d

to
A

la
)

fl
›

fl
fl

›
fl

M
fl

n
.d

.
n

.d
.

n
.d

.
n

.d
.

n
.d

.
89

ST
6G

al
I)

/)
(c

an
n

o
t

p
ro

d
u

ce
a2

,6
Si

a
li

ga
n

d
s)

fl
M

fl
flfl

M
fl

fl
fl

n
.d

.
fl

fl
fl

n
.d

.
56

–5
8,

82

ST
6G

al
I)

/)
·

C
D

22
)

/)
fl

M
fl

flfl
n

.d
n

.a
.

›
fl

n
.d

.
n

.d
.

n
.d

.
n

.d
.

n
.d

.
56

,5
7,

82

C
D

22
a .B

6
(c

o
n

ge
n

ic
o

f
C

D
22

a
al

lo
ty

p
e

fr
o

m
N

Z
B

,

o
n

a
C

57
B

L
/6

b
ac

kg
ro

u
n

d
)

M
n

.d
.

n
.d

.
fl

›
fl

M
fl

n
.d

.
n

.d
.

n
.d

.
n

.d
.

Y
es

(C
o

o
m

b
s

A
b

)
10

3,
10

9

A
su

m
m

ar
y

o
f

m
o

u
se

li
n

es
ge

n
er

at
ed

to
st

u
d

y
C

D
22

fu
n

ct
io

n
an

d
th

ei
r

ke
y

p
h

en
o

ty
p

ic
fe

at
u

re
s.

T
d

,
T

-d
ep

en
d

en
t

im
m

u
n

e
re

sp
o

n
se

;
T

i,
T

-i
n

d
ep

en
d

en
t

im
m

u
n

e
re

sp
o

n
se

;
n

.a
.,

n
o

t
ap

p
li

ca
b

le
;

n
.d

.,
n

o
t

d
o

n
e.

318 � 2007 Blackwell Publishing Ltd, Immunology, 123, 314–325

J. A. Walker and K. G. C. Smith



significant increase in the association of sIgM with mixed

clathrin- and GM1-rich membrane microdomains, and a

reduction of sIgM associated with neither marker.56,82

This redistribution is not seen in ST6Gal I · CD22 dou-

ble-deficient cells, indicating that association of sIgM with

mixed clathrin/GM1 domains results from the disruption

of CD22 cis interactions.56 Therefore, interaction of CD22

with a2,6Sia ligands not only determines its ability to

inhibit BCR signalling, but also influences the localization

and trafficking of the BCR itself.

Alterations in the availability of CD22 ligand, and the

concomitant changes in sIgM microdomain localization,

appear to have at least two important consequences for

BCR signalling. The first relates to the fact that in the

absence of a2,6Sia, sixfold more SHP-1 is constitutively

associated with CD22 in resting cells. This occurs without

detectable increases in CD22 phosphorylation56,82 and,

more strikingly, occurs even in the absence of Lyn.29 It is

not yet clear how disruption of CD22 cis interactions elic-

its this effect, but one possibility is that enhanced interac-

tion with sIgM alters the conformation of CD22, such

that it binds SHP-1 more readily. This increased associa-

tion of SHP-1 with CD22 correlates with specific reduc-

tions in the phosphorylation state of various BCR

signalling molecules both before and after BCR stimula-

tion, and hence is likely to represent an important mech-

anism for B-cell suppression in ST6Gal I-deficient mice.

The second effect of altered microdomain localization

is an enhanced rate of sIgM endocytosis,82 which would

be expected to attenuate BCR signalling.84 Since sIgM

half-life is restored to wild-type levels in ST6Gal

I · CD22 double-deficient cells, it appears that CD22 is

directly responsible for recruitment of the BCR to clath-

rin-containing domains for internalization. Consistent

with this, CD22 is reported to interact with the clathrin-

coated pit adapter protein AP50, and undergoes clathrin-

dependent endocytosis when ligated by antibodies, or

high-affinity multivalent sialosides.78,85,86 Interaction of

CD22 with AP50 occurs via YxxF (where F is a hydro-

phobic residue) sorting motifs contained within its ITIM

sequences,87 and is abrogated by tyrosine phosphoryla-

tion. Interaction of CD22 with AP50 therefore occurs in a

reciprocal fashion to SHP-1 binding,88 suggesting a level

at which internalization of CD22, and perhaps of sIgM,

might be regulated.

Non-ligand-binding CD22 gene-targeted mice

Complementary studies have been conducted using gene-

targeted mice that express mutated forms of CD22 that

cannot bind ligand: either CD22D1-2, which lacks the two

N-terminal immunoglobulin domains, or CD22AA, in

which the critical ligand-binding residues, R130 and

R137, have been replaced by alanine.89 CD22D1-2 and

CD22AA B cells express lower sIgM and CD22 but, in

contrast to ST6Gal I knockout cells, this appears to repre-

sent a chronically activated phenotype, because MHC

class II expression is also elevated. Consistent with this,

CD22D1-2 and CD22AA cells show reduced proliferation

in response to BCR stimulation in vitro, but higher

CD40-induced proliferation, and a higher rate of B-cell

turnover in vivo. Therefore, rather than resembling the

ST6Gal I-deficient mice, as might have been expected,

these gene-targeted mice appear to have a hyperrespon-

sive phenotype that is more reminiscent of the CD22

knockout. In fact, in many regards these gene-targeted

mice behave identically to CD22 knockouts, with the

exception that calcium signalling and protein tyrosine

phosphorylation in response to BCR stimulation are

equivalent to wild type. These are interpreted as ‘ligand-

independent’ CD22 functions by the authors, but others

have suggested that they might merely represent a failure

to detect small, but physiologically relevant, differences in

calcium flux because of the saturating quantities of anti-

IgM used in these in vitro experiments.59 Overall, the evi-

dence therefore suggests that the inhibitory function of

CD22 is impaired in CD22AA and CD22D1-2 B cells,

such that these cells become chronically activated in vivo.

This explanation is in agreement with many in vitro stud-

ies of CD22 function,71,72 and is consistent with a model

in which association of CD22 with the BCR, and subse-

quent signal inhibition, requires a2,6Sia ligand-binding

activity. In support of this hypothesis, it has recently been

demonstrated that disruption of a2,6Sia interactions

using sialoside inhibitors prevents cocapping of CD22

with the BCR upon B-cell activation.90

A model for CD22 function

At first glance, the simplest interpretations of the pheno-

types of these two mouse models are not easily recon-

ciled. The CD22AA and CD22D1-2 mice suggest that

ligand binding is required for the inhibitory effects of

CD22, while the ST6Gal I knockout would imply that

ligand binding actually relieves CD22-mediated inhibition

(Fig. 2). In the past, discrepancies between these two

models have been partly attributed to the fact that these

mice have mixed 129/Sv · C57BL/6 genetic backgrounds,

and may therefore carry different epistatic modifiers of

CD22 function. While this is undoubtedly an important

consideration, it is difficult to envisage how small genetic

differences could give rise to two such disparate pheno-

types. There are, however, many incompletely understood

aspects of CD22 biology that may provide alternative ave-

nues through which these controversies may be recon-

ciled, and these are discussed below.

It would seem likely that in wild-type cells, a2,6Sia-

mediated interactions would work in conjunction with

other interactions, such as those mediated by protein–

protein contacts. CD22 might interact with other surface
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proteins, such as CD45 and sIgM,67 or perhaps with

intracellular adaptor proteins such as AP50, which might

tether CD22 to clathrin-containing regions of the mem-

brane. A further possibility is that CD22 might be tar-

geted to certain membrane domains through interaction

with tetraspanins; either directly, or through its reported

carbohydrate-independent interaction with members of

the Ly-6 superfamily.91 In addition to this complex web

of cis interactions, CD22 localization in vivo is likely to be

influenced through interaction with trans ligands on

neighbouring cells, and so will be exquisitely sensitive

to the B cell’s microanatomical environment. These

important interactions are disrupted when cells are stud-

ied in vitro so the roles of these factors in regulating

CD22 activity cannot easily be characterized.

Other complications in interpreting these studies arise

from our incomplete understanding of B-cell signalling

pathways. First, there are a number of reports to suggest

that CD22 elicits both positive and negative signals, and

we are therefore likely to observe only the net effect of

these. Indeed analysis of the phosphorylation kinetics of

various positive and negative signalling molecules is con-

sistent with these dual signalling roles.32,44 Second, differ-

ences in B-cell signalling ex vivo presumably reflect

adaptations to signals that have been received during

B-cell ontogeny. In the CD22AA and CD22a1-2 mice, for

example, we are studying a post-activation phenotype, in

which many alterations in CD22 distribution and func-

tion may have already occurred to compensate for

enhanced signalling. Furthermore, it is likely that other

BCR signalling components will have been up- or down-

regulated to compensate for altered signalling thresholds,

and therefore functional studies in vitro are unlikely to be

a true reflection of the situation in vivo.

A final outstanding controversy in understanding the

function of CD22 relates to its ability to regulate BCRs of

different isotypes. Early studies of chimeric BCRs

expressed in B-cell lines suggested that CD22 could not

inhibit signals from the IgG BCR, and that this might

explain increased B-cell proliferation in the memory

response.92,93 More recently, however, studies in primary

B cells have demonstrated that CD22 can regulate IgG

ST6Gal I 
KO 

WT 

Ligand-dependent
interaction

WT Mutant 
CD22 

Ligand-dependent sequestration
of CD22 from the BCR

Lipid raft 

Clathrin-rich microdomain 

α2,6Sia BCR signal (thickness of line indicates strength of signal) 

CD22-mediated signal inhibition CD22 ligand-binding domain 

(i) 

(a) Ligand-deficient cells

(b) Cells expressing CD22 that is incapable of binding ligand

(iii) (iv) 

(ii) 

Figure 2. (a) Studies in ligand-deficient mice suggest that CD22 is normally sequestered away from the B-cell receptor (BCR) in clathrin-rich

domains (i). Sequestration is mediated by homotypic interactions with other CD22 molecules, via a2,6-linked sialic acid (a2,6Sia) binding. In the

absence of ligand, CD22 is released from these constraints, resulting in greater association with the BCR and suppression of signalling (ii).

(b) Studies in gene-targeted mice (that express CD22 that cannot bind ligand) suggest that CD22 normally makes a2,6Sia-dependent contacts

with the BCR (or other BCR-associated proteins) to mediate signal inhibition (iii). When ligand binding is precluded, CD22 cannot interact with

the BCR, and the BCR signal is not effectively inhibited (iv).
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BCR signalling, highlighting the potential importance of

this coreceptor in regulating not only the primary

response, but also memory responses.94,95

In summary, while many of the intricacies of the role

of CD22 in vivo await further investigation, it is clear that

this receptor plays an important role in establishing

thresholds for B-cell activation, and that alterations in

a2,6Sia-binding have profound effects on B-cell pheno-

types.

Autoimmunity

Given its role as a negative regulator of BCR signalling, it

seems likely that defects in CD22 might predispose to

autoimmunity, perhaps in a similar fashion to FccRIIb.6

While CD22-deficient mice do not develop overt auto-

immune disease, one line of CD22-deficient mice is

reported to develop autoantibodies; initially anti-DNA

antibodies of the IgM isotype at around 5 months of age,

and then high-affinity, isotype-switched autoantibodies by

8 months of age.45,96 Furthermore, it has been demon-

strated that in the presence of the Y-linked autoimmune

accelerator (Yaa) locus, CD22 heterozygosity is sufficient

to promote the generation of IgG anti-DNA antibodies.97

However, because spontaneous autoantibody development

has so far only been observed in one line of CD22-defi-

cient mice, it is likely that loss of tolerance through CD22

deficiency is subject to modulation by other loci, which

differ according to the genetic background on which the

mice were derived. The CD22-deficient line in question

was generated using 129/Sv (129) embryonic stem cells

and, despite extensive backcrossing, still retains a signifi-

cant portion of 129 chromosome 7 in the region sur-

rounding Cd22.97 It is pertinent to note, therefore, that

mice derived directly from C57BL/6 (B6) embryonic stem

cells do not generate autoantibodies,20 and it is there-

fore likely that an important 129-derived modifying locus

lies close to Cd22 on proximal chromosome 7. It has

recently been demonstrated that a number of 129-derived

chromosome intervals predispose to the development of

autoimmunity when expressed on a B6 genetic back-

ground.98,99 For example, much of the autoimmune-

prone phenotype of C1q and SAP (serum amyloid P

component) knockout mice can be attributed not to these

targeted mutations, but to the presence of a 129-derived

interval that surrounds these genes on distal chromosome

1.100,101 Recently, a second interval has been identified on

proximal chromosome 7, which predisposes to the devel-

opment of glomerulonephritis in C1q-deficient mice.99

Since a considerable portion of this interval is also pres-

ent in 129 · B6 CD22-deficient mice, it may synergize

with the effects of CD22 deficiency, or indeed act alone,

to promote autoantibody generation in these mice.

On a genetic background where other loci predispose

to autoimmunity, one might predict that B-cell dysregu-

lation through defects in CD22 would promote the

development of autoantibodies and accelerate disease

progression. It is interesting, therefore, that a number of

autoimmune-prone strains of mice possess CD22 poly-

morphisms, and that several studies have associated the

region of chromosome 7 that contains CD22 with the

development of autoantibodies, lupus-like glomerulo-

nephritis and autoimmune haemolytic anaemia.102–107

Three major polymorphic forms of Cd22 (Cd22a, -b and

-c) have been identified by comparing inbred mouse

strains. In general, the Cd22b form is associated with

non-autoimmune-prone mice, whereas the Cd22a (and

closely related Cd22c) form is present in lupus-prone

strains.10,108 The CD22a protein differs from CD22b in

that it carries a six-amino-acid deletion, plus several

point mutations, in the N-terminal immunoglobulin

domain. These mutations map to a region that is distinct

from the ligand-binding site,25 so are unlikely to affect

this function, but result in the loss of an N-linked glyco-

sylation site, which may adversely affect homod-

imerization.108 In addition to these alterations in the

CD22-coding sequence, expression of the Cd22a form is

dysregulated as a result of a short interspersed nucleotide

element insertion in the second intron.97 This results in

abnormal processing of Cd22 mRNA, producing aberrant

CD22 molecules with substantial deletions in the ligand-

binding domain, which have recently been demonstrated

to reduce ligand binding.109 Furthermore, while CD22 is

normally upregulated on LPS stimulation, this occurs

only half as efficiently in Cd22a mice, because of the

production of aberrant transcripts containing premature

stop codons.97

The effects of the Cd22a polymorphism have been

neatly dissected from an autoimmune-prone genetic back-

ground by the generation of a B6.Cd22a congenic

mouse.109 Compared to Cd22b cells, Cd22a cells exhibit a

chronically activated phenotype, much like the gene-

targeted mice (CD22AA and CD22D1-2) in which CD22

ligand binding is abolished.89 Like CD22AA and

CD22D1-2 B cells, Cd22a cells have low levels of sIgM,

elevated MHC class II, and reduced BCR-induced prolif-

eration. Interestingly, despite this chronically activated

phenotype, no difference was observed in BCR-induced

Ca2+ flux, exactly paralleling the gene-targeted mice.

In the situations described above, loss of CD22 func-

tion is associated with autoimmunity, presumably as a

consequence of altered BCR signalling thresholds and

B-cell dysregulation. In lyn-deficient mice, reduced BCR

signalling thresholds and B-cell hyperactivity predispose

to the development of autoimmunity through spontane-

ous B-cell activation, class switch recombination and anti-

body hypersecretion.110,111 In a similar fashion, altered

BCR signalling in CD22-deficient mice might have similar

effects, especially when combined with defects in other

components of the inhibitory pathway, for example
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haploinsufficiency in Lyn and SHP-1,28 or with as yet

unidentified 129-derived genes.49,89 Altered BCR signal-

ling in CD22-deficient mice might also predispose to

autoimmunity by promoting the generation of B-1 B

cells, which appear to require strong BCR signals for their

development.52 B-1 B cells have been implicated in the

pathogenesis of a number of autoimmune diseases,112 and

are found in increased numbers in two lines of CD22-

deficient mice.45,47

As yet, there is no convincing link between CD22 poly-

morphisms in humans, and the development of autoim-

munity. One study has identified an association of the

Q152E polymorphism with systemic lupus erythematosus,

but this result was statistically insignificant.113 Another

study links reduced CD22 expression on B cells with cuta-

neous systemic sclerosis,114 similar to the flaky-skin

mouse model of this disease.115

Conclusions

Little doubt now remains that CD22 acts predominantly

as an inhibitory coreceptor of the BCR, but much contro-

versy still surrounds the mechanisms that modulate its

function, and the role of a2,6Sia-binding activity. Never-

theless, it is clear that CD22 plays a key part in establish-

ing the BCR signalling threshold, and alterations in CD22

activity have profound implications for the generation of

B-cell hypo- or hyper-activity. In turn, changes in CD22

function appear to influence predisposition to autoimmu-

nity, although the effects of CD22 can be modulated by

other genetic loci. Loci that modulate, or exacerbate, the

effects of CD22 deficiency might be predicted to affect

B-cell signalling, the induction of tolerance, or even the

degree to which T cells provide help to overcome chronic

BCR stimulation. A challenge for the future therefore lies

in identifying these epistatic loci, which will bring a better

understanding of the molecular mechanisms involved in

the control of signalling thresholds, and the generation of

B-cell tolerance.
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