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A high proportion of human B cells carry B-cell receptors (BCRs)
that are autoreactive. Inhibitory receptors such as CD22 can down-
modulate autoreactive BCR responses. With its extracellular do-
main, CD22 binds to sialic acids in α2,6 linkages in cis, on the
surface of the same B cell or in trans, on other cells. Sialic acids
are self ligands, as they are abundant in vertebrates, but are usu-
ally not expressed by pathogens. We show that cis-ligand binding
of CD22 is crucial for the regulation of B-cell Ca2+ signaling by
controlling the CD22 association to the BCR. Mice with a mutated
CD22 ligand-binding domain of CD22 showed strongly reduced
Ca2+ signaling. In contrast, mice with mutated CD22 immunorecep-
tor tyrosine-based inhibition motifs have increased B-cell Ca2+

responses, increased B-cell turnover, and impaired survival of the
B cells. Thus, the CD22 ligand-binding domain has a crucial func-
tion in regulating BCR signaling, which is relevant for controlling
autoimmunity.
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B cells constitutively express inhibitory coreceptors, which can
down-modulate B-cell receptor (BCR) signaling. Among the

B-cell inhibitory receptors are receptors of the sialic acid-binding
Ig-like lectin (Siglec) family (1). B cells express the Siglec CD22
(Siglec-2), which binds with its extracellular domain to sialic
acids in α2,6 linkages (2,6Sia). Sialic acids are abundant in
humans and mice, but are usually absent in microorganisms (2).
Thus, CD22 recognizes self structures and triggers inhibitory
signals, which may be relevant for suppression of autoimmune
B-cell responses. How ligand recognition of the Siglecs is mecha-
nistically linked to the inhibitory function of these molecules is
not clear. Loss of both CD22 and Siglec-G in B cells leads to
spontaneous autoimmunity in mice (3). Additionally, mutations
in an acetyl sialic acid esterase gene, coding for an enzyme, which
modifies Siglec ligands, lead to autoimmunity (4).
CD22 has seven extracellular Ig-like domains, of which the first

Ig domain is responsible for ligand binding (2). CD22 inhibits
BCR signaling via immunoreceptor tyrosine-based inhibition
motifs (ITIMs) located in the intracellular tail. Upon BCR cross-
linking, CD22 is rapidly phosphorylated by the tyrosine kinase Lyn
(5). Of the six tyrosines in the murine CD22 cytoplasmic tail, three
tyrosines are found in ITIMs (5–7). The tyrosine phosphatase
SHP-1, which is involved in negative signaling of many inhibitory
receptors (2), is recruited to phosphorylated ITIMs of CD22.
The inositol phosphatase SHIP can also bind via the adaptors
Grb2 and Shc to the CD22 tail (8); however, the biological rel-
evance of this interaction is unclear. It is controversial whether
CD22 carries activating signaling motifs as well. By generation
of CD22−/− mice it has been clearly demonstrated that CD22
inhibits BCR-induced Ca2+ signaling (9–12).
Whereas it is well established that a crucial function of CD22

is the inhibition of B-cell signaling, the important question
remains of how the inhibition of CD22 is regulated. Several
studies suggest that ligand binding may play an important role.
The expression of 2,6Sia is abundant on soluble proteins (13, 14),
but also on the surface of many cells, including lymphocytes. The
ligand expression on the B-cell surface appears to “mask” most

of the CD22 molecules and therefore limits their availability to
trans-ligands (15, 16). The proximity of CD22 to the BCR is
crucial for its inhibitory function. However, this interaction seems
not to depend on 2,6Sia binding but rather consists of protein–
protein interactions. Instead, CD22 itself is a prominent cis-ligand
forming CD22 homooligomers, distinct from the BCR (17). Mice
with a deficiency in ST6GalI, the enzyme that creates the 2,6Sia
CD22 ligands, show increased CD22–BCR association and an
increased inhibition of Ca2+ signaling, which correlates with a loss
of CD22 homooligomer formation (18). Although most of the
CD22 molecules are masked by cis-ligands on resting B cells,
CD22 can nevertheless also be engaged in trans cell–cell inter-
actions, as reviewed in ref. 2. These trans-interactions can induce
coligation of CD22 and the BCR on the B cell, leading to en-
hanced CD22-mediated inhibition (19). Also, trans-ligand bind-
ing has been implicated in recirculation of mature B cells to the
bone marrow, as 2,6Sia ligands are expressed specifically on bone
marrow sinusoidal endothelium (20). Recently it was shown that
trans-ligand binding of CD22 can induce tolerance and prevent
antibody responses (21).
CD22-deficient mice show a generally normal B-cell develop-

ment (9–12), but mature recirculating B cells in the bone marrow
and marginal zone (MZ) B cells in the spleen are severely reduced
(22). Despite the loss of an inhibitory receptor, CD22−/− mice on
a C57BL/6 background do not develop spontaneous autoimmunity
(9). This is different on a mixed 129 × C57BL/6 background
(23) or when CD22−/− mice are crossed to Siglec-G−/− mice, which
suggests some redundancy, as Siglec-G is a similar inhibitory re-
ceptor on B cells (3). One study showed that mice with a mutated
CD22 ligand-binding domain had similar phenotypes to the CD22-
deficient mice, without affecting Ca2+ signaling. However, this study
was hampered by the fact that the introduced mutations resulted
in reduced surface expression of CD22 (24).
Open questions in the field are about how the inhibitory function

of CD22 is regulated by ligand binding and whether the ITIMs are
the only crucial inhibiting signaling motifs. We addressed these
questions by generating three CD22 knockin mouse lines with two
or three mutated ITIM motifs, respectively, or with a mutation in
the ligand-binding domain of CD22, which leads to loss of ligand
binding but does not affect cell surface expression.

Results
Generation of CD22 Knockin Mice with Mutated Ligand-Binding or
Signaling Domains. To analyze functional domains of CD22 in
vivo, knockin mice with either mutated ITIM signaling domains
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or a mutated ligand-binding domain were generated. For the
ITIM mutations, a targeting vector was designed to mutate the
three ITIM motifs. One ES clone lost one mutation, so a CD22-
Y5,6F mouse (for homozygous mice carrying mutations in the
Y843 and Y863, the fifth and sixth tyrosines of CD22) with
mutations in two ITIMs resulted. From another ES clone, the
CD22-Y2,5,6F mouse (for homozygous mice carrying tyrosine to
phenylalanine mutations in Y783, Y843, and Y863, the second,
fifth, and sixth tyrosines of CD22) with all mutations in three
ITIMs was generated (Fig. S1). Mice with a mutated CD22
ligand-binding domain were created by introducing a mutation in
arginine 130 (R130) of CD22. The R130E mutation, replacing
the positively charged arginine by a negatively charged glutamate
destroys all ligand binding in vitro (25). The resulting homozy-
gous mice were named CD22-R130E (Fig. S2).
We first confirmed that all three CD22 knockin strains showed

an unchanged CD22 surface expression (Fig. 1A). The functional
loss of 2,6Sia ligand binding of CD22-R130E mice was analyzed
by a probe with 2,6Sia coupled to streptavidin-alkaline phos-
phatase (2,6 Sia-SAAP) (16). This probe can only stain CD22 on
B cells, if cis-ligands are removed by sialidase treatment or if
2,6Sia ligands are destroyed genetically, such as in ST6GalI−/−

mice. Whereas sialidase-pretreated WT B cells or ST6GalI−/− B
cells were readily stained with this probe, CD22-R130E B cells
only showed background staining, similar to CD22-deficient B
cells (Fig. 1B). Because the loss of 2,6Sia binding in CD22-
R130E cells is comparable to CD22-deficient B cells, we con-
clude a loss of the ligand-binding function of CD22 in CD22-
R130E mice. The consequence of the ITIM mutations was tested
by CD22 immunoprecipitation (IP) of CD22. Whereas WT B
cells showed readily detectable CD22 phosphorylation after

anti-IgM stimulation, this phosphorylation was strongly re-
duced in B cells of CD22-Y5,6F mice and not present in B cells
of CD22-Y2,5,6F mice (Fig. 1C). Similarly, SHP-1 was copre-
cipitated with CD22 in stimulated WT B cells, but was not
detectable in CD22-Y5,6F or CD22-Y2,5,6F B cells (Fig. 1C).
Interestingly, both CD22 tyrosine phosphorylation, as well as
SHP-1 recruitment was increased in CD22-R130E B cells (Fig.
1D). We conclude that the ITIM mutations led to the expected
reduction of CD22 tyrosine phosphorylation and that CD22-
Y2,5,6F mice were more severely affected than CD22-Y5,6F mice.

B-Cell Development in CD22 Knockin Mice. To study whether the
changes of B-cell subpopulations seen in CD22-deficient mice
are caused by the lack of inhibitory signaling or by the missing
ligand-binding function of CD22, B-cell development was ana-
lyzed in the CD22 knockin mice. In the bone marrow, there was
no defect in early B-cell differentiation, similar to CD22-deficient
mice (Table S1). The lack of mature, recirculating B cells in the
bone marrow was found in CD22-Y2,5,6F and in CD22-Y5,6F
mice, but not in CD22-R130E mice (Fig. 2A), suggesting that the
signaling domain, rather than the ligand-binding domain of CD22
plays a functional role for this B-cell population. In the spleen,
CD22-Y2,5,6F mice show a reduction of transitional type 1 (T1)
and T2 B cells, similar to CD22-deficient mice. This phenotype is
not observed in the other two knockin mouse lines and seems to
depend on a fully mutated inhibitory signaling domain (Fig. S3).
Finally, clearly reduced MZ B-cell populations were detected both
in CD22 knockin mice with mutated ligand-binding or with mu-
tated ITIM domains (Fig. 2B). This suggests that both of these
CD22 domains are necessary for generating a normal number of
MZ B cells in the spleen.
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Fig. 1. CD22-R130E B cells show strongly impaired ability to bind sialic acids and tyrosine phosphorylation of CD22 is strongly reduced in CD22-Y5,6F and
CD22-Y2,5,6F B cells. (A) CD22 expression is shown for splenic B220+ lymphocytes of CD22 knockin mice, CD22−/− mice, and wild-type control. One typical
example of 10 independent experiments is shown. (B) Splenic cells of WT, ST6GalI−/−, CD22−/−, or CD22-R130E mice were stained for B220 and the sialic acid
probe Neu5Gc-α2,6Gal-SAAP. Lower samples were treated with sialidase. A quantification of four mice each (for WT, CD22−/−, and CD22-R130E) and one
ST6GalI−/− mouse is shown (Lower). mfi, mean fluorescence intensity for cells in box. (C) Splenic B cells of CD22-Y5,6F, CD22-Y2,5,6F, and control mice or of
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phosphotyrosine antibody, SHP-1 binding and CD22 total amount (loading control) were analyzed with specific antibodies. One typical example of four
experiments is shown for both C and D.

Müller et al. PNAS | July 23, 2013 | vol. 110 | no. 30 | 12403

IM
M
U
N
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1304888110/-/DCSupplemental/pnas.201304888SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1304888110/-/DCSupplemental/pnas.201304888SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1304888110/-/DCSupplemental/pnas.201304888SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1304888110/-/DCSupplemental/pnas.201304888SI.pdf?targetid=nameddest=SF3


To address whether the defect of bone marrow recirculating B
cells results from defective migration or from defective survival
of the cells, we first performed a cell transfer migration experi-
ment of CFSE-labeled splenic B cells. Compared with wild-type
B cells, all CD22 knockin B cells migrated to the spleen equally
well. However, there was a defective migration of CD22-Y2,5,6F
B cells to the bone marrow, whereas CD22-Y5,6F and CD22-
R130E B cells migrated to the bone marrow normally (Fig. 3A).
To further examine the mechanism, we analyzed B-cell turnover
in vivo by BrdU incorporation. Mature B cells (IgD+) in the bone
marrow of both CD22-deficient and CD22-Y2,5,6F mice show
a clearly increased BrdU incorporation (Fig. 3B). In contrast, the
BrdU incorporation in mature B cells of CD22-Y5,6F or CD22-
R130E mice was normal or only mildly increased (Fig. 3B).
Similar results were observed in B cells of the spleen. Particularly
in mature B cells, there was a higher BrdU incorporation in
CD22-deficient or CD22-Y2,5,6F mice at later time points than
in wild-type mice (Fig. S4 A and B), indicating a higher B-cell
turnover. To investigate whether this higher turnover is due to
higher apoptosis, B cells of CD22-deficient or CD22-Y2,5,6F
mice were cultivated in vitro and spontaneous apoptosis was
measured. The rate of spontaneous cell death in vitro was higher
in B cells of CD22-deficient or CD22-Y2,5,6F mice than in B
cells of control mice (Fig. S5). A higher turnover of B cells may
affect B-cell numbers in the blood. Indeed, both CD22-deficient
and CD22-Y2,5,6F mice show decreased B-cell numbers in the
blood, whereas the other CD22 knockin mice do not show this
phenotype (Table S1). Together, these data strongly indicate
that the reduction of the mature B-cell population in CD22-

deficient mice can be attributed to shorter survival and higher
turnover caused by lacking ITIM motifs, but not to missing CD22
ligand interactions in bone marrow tissues.

Reciprocal Regulation of Ca2+ Signaling by the Ligand-Binding Domain
and ITIM Sequences of CD22.CD22-deficient mice showed enhanced
BCR-induced Ca2+ signaling. Similarly, CD22-Y2,5,6F and CD22-
Y5,6F mice show elevated Ca2+ responses, as expected, as the
ITIMmotifs are mutated (Fig. 4A). Interestingly, the responses are
not increased to the same extent as in CD22-deficient mice. Also,
at lower anti-IgM antibody concentrations, the response of CD22-
Y2,5,6F B cells is higher than that of CD22-Y5,6F B cells (Fig.
4A). These results suggest that all three ITIMs are needed for
efficient inhibition. Surprisingly, the Ca2+ signaling response in B
cells of CD22-R130E mice was clearly decreased, compared with
wild-type B cells, at all anti-IgM concentrations tested (Fig. 4B).

The CD22 Ligand-Binding Mutant Affects the CD22/BCR Association.
Because the R130E mutated form of CD22 inhibited BCR sig-
naling more strongly than wild-type CD22 and this may be due to
a changed association of CD22 to the BCR, we analyzed this
association in R130E and control mice. We used a proximity
ligation assay (PLA), which measures protein associations in situ
by Fab fragment of antibodies directed against CD22 and IgM
with attached oligonucleotides that can only hybridize when the
two proteins are in close proximity and are detected by a rolling
circle PCR (26, 27). The R130E mutant of CD22 showed a sig-
nificantly higher association to IgM in the unstimulated B cells
compared with wild-type B cells (Fig. 5A). Whereas there was
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more CD22 recruited to IgM in pervanadate-stimulated wild-
type cells, the association of CD22 with IgM was not increased in
B cells of CD22-R130E mice (Fig. 5A). Treatment with latrun-
culin A, which disrupts actin polymerization, was used as a pos-
itive control, showing the maximal association of IgM and CD22
in both wild-type and CD22-R130E cells. In contrast to CD22-
R130E mice, B cells of CD22-Y2,5,6F mice showed no changes
in CD22–BCR association compared with wild-type B cells (Fig.
S6). Anti-IgD stimulations gave similar results to pervanadate
stimulation (Fig. S6).
CD22–IgM associations were also examined by anti-Ig kappa

IP with coprecipitated CD22. Whereas B cells of CD22-Y2,5,6F
and CD22-Y5,6F mice showed a similar amount of total copre-
cipitated CD22 to B cells of wild-type mice, the amount of total
CD22 coprecipitated with the kappa chain of CD22-R130E mice
was clearly reduced (Fig. 5B). Interestingly, despite this, the
fraction of associated tyrosine-phosphorylated CD22 was higher
in CD22-R130E mice after anti-IgM stimulation. In contrast,
CD22-Y5,6F and CD22-Y2,5,6F B cells did show much reduced
or no CD22 phosphorylation, respectively (Fig. 5B). Thus, in this
assay, less total, but more phosphorylated CD22 was detected in
association with the BCR of CD22-R130E mice. Both assays
clearly show that the association of the ligand-binding–deficient
CD22 with the BCR is affected by the R130E mutation.

CD22 ITIM Motifs Suppress Early Thymus-Dependent Antibody Re-
sponses. Mice with mutated CD22 ligand-binding or signaling
domains did not show large changes in serum Ig levels (Fig. S7A).
Thymus-independent (TI) type 2 antigen Trinitrophenyl (TNP)-
Ficoll responses in all CD22 mutant mice were quite normal (Fig.
S7B). When immunized with the thymus-dependent (TD) anti-
gen, Nitrophenyl (NP)-KLH, there were no consistent changes in
the IgM response. However, CD22-Y2,5,6F mice showed clearly
enhanced IgG1 responses 7 or 14 d after each immunization or
rechallenge with the antigen (Fig. S7C). In contrast, responses of
the two other CD22 knockin mouse lines were largely normal.
This suggests that the TD antibody response is normally repressed
by the ITIMs of the cytoplasmic tail of CD22.

Discussion
This study uniquely dissects the two functional domains of CD22,
the extracellular and intracellular domains, by site-specific
mutations in mice in vivo. Our results show that the first Ig domain
of CD22, which binds α2,6-linked sialic acids, has a distinct and
often opposing function to the inhibitory signaling domain of CD22.

Whereas CD22 is not crucial for early B-cell development in
the bone marrow, several groups observed a strong reduction of
IgD+ recirculating B cells in the bone marrow of CD22-deficient
mice (11, 12, 20). Because a high expression of 2,6Sia on endo-
thelial cells of the bone marrow was found, it was suggested that
CD22 could be a homing receptor for recirculating B cells in the
bone marrow (20). An alternative explanation was that the re-
duced life span of B cells in CD22-deficient mice led to the re-
duction of this population in the bone marrow (9, 11, 24). The
results of this study here clearly provide an answer to this
question. Whereas CD22-R130E mice surprisingly do not show
the mature B-cell defect in the bone marrow, mice with muta-
tions in the CD22 ITIM motifs show a similar defect to that in
CD22-deficient mice. Thus, mature B-cell numbers in the bone
marrow are controlled by inhibitory signal functions of CD22 and
not by ligand interactions to bone marrow 2,6Sia ligands. Mech-
anistically, the reduction of mature B-cell numbers in the bone
marrow of mice with three mutated ITIM domains can be
explained by an increased turnover of their B cells, coinciding
with a higher apoptosis rate as demonstrated in vitro. As a
consequence, mature B-cell populations in the blood and bone
marrow are reduced.
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Fig. 4. Ca2+ signaling is enhanced in B cells of CD22-Y5,6F and CD22-Y2,5,6F
mice and impaired in B cells of CD22-R130E mice. Intracellular calcium mobili-
zation of Indo-1 loaded splenic B cells (CD11b−CD5−) of wild-type and (A) CD22-
Y5,6F andCD22Y2,5,6Fmice and (B) CD22-R130Emice, stimulatedwithanti-IgM
[F(ab′)2]. Results are plotted as medians of bound/unbound Indo-1 over time.
One of eight experiments with similar results is shown.

A

B

Fig. 5. Association of CD22 with IgM in B cells of CD22 knockin mice ana-
lyzed by PLA and by anti-Ig kappa co-IP. (A) Association of IgM and CD22
in situ was analyzed by proximity ligation assay (PLA) with B cells of CD22-
R130E or WT control mice. PBS is the unstimulated control; cells were
stimulated with pervanadate or with latrunculin for 5 min. An example is
shown on the Left, quantitative analysis is shown on the Right. One typ-
ical experiment out of three is shown. (B) Splenic B cells of indicated mice
were stimulated for indicated time points with anti-IgM [F(ab′)2]. After IP
with anti-kappa antibody, coprecipitated CD22 was analyzed with anti-
phosphotyrosine antibody, followed by total CD22 and kappa light chain
antibodies (loading control). (Below) quantification of band intensities
(pCD22 or CD22 bands divided by kappa loading control) in arbitrary
units, means from four experiments each ±SD *P < 0.05; **P < 0.01;
***P < 0.001.
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The mutated CD22 ITIMs also led to a reduction of the im-
mature transitional populations in the spleen similar to CD22-
deficient mice (28). Again, CD22-R130E mice were not affected.
Apparently increased B-cell signaling in CD22 ITIM-mutated
mice can lead to a more efficient maturation from transitional to
mature B cells. The CD22-dependent defect of MZ B cells in the
spleen was observed in both ITIM-mutated as well as ligand-
domain–mutated mice. Hence, both CD22–ligand interactions,
which could be trans-interactions to other cells in the spleen, as
well as a correct BCR signaling strength, is needed to generate
the right number of B cells in the marginal zone. For CD22-
deficient MZ B cells, an increased chemokine responsiveness has
been shown, compared with wild-type cells (22). This may affect
the localization or homeostasis of MZ B cells and could be an
explanation of why B cells with mutated CD22 ITIMs show the
same phenotype.
The inhibition of BCR-induced Ca2+ signaling by CD22 is

mediated via ITIM motifs by recruited SHP-1, as studies in vitro
have shown (6, 7, 29). Our in vivo study confirms this, as CD22-
Y2,5,6F and CD22-Y5,6F mice showed increased Ca2+ respon-
ses. Interestingly, the increase in Ca2+ signaling was less pro-
nounced when only the two C-terminal ITIMs were mutated.
Structural studies had shown that SHP phosphatases need
binding with both of their SH2 domains to phosphorylated ITIM
motifs to get fully activated (30). The results presented here
show that efficient inhibition by CD22 requires all three ITIMs.
Notably, CD22-deficient B cells showed an even stronger BCR
Ca2+ response than CD22-Y2,5,6F B cells, suggesting that mu-
tating all three ITIM sequences is not enough to remove the
complete inhibitory function of CD22. Either the other three
tyrosines or another part of the CD22 tail must be responsible.
In contrast, B cells of CD22-R130E mice showed strongly

reduced Ca2+ signaling, compared with wild-type B cells. Sur-
prisingly, this was not observed in another study where either
R130 and R137 of CD22 were mutated to alanines or both first
Ig domains of CD22 were deleted (24). However, in that study of
CD22 ligand-mutant mice a 50% reduced CD22 surface ex-
pression was detected, in contrast to our results (24). In that
case, the reduced CD22 surface expression may have been
caused unintentionally by the gene targeting approach. Our
results are fully compatible with ST6GalI−/− mice, where ligands
of CD22 are missing on the B-cell surface, which also shows
reduced Ca2+ responses (18, 31). The higher inhibitory function
of R130E CD22 can be explained by an enhanced association to
the B-cell receptor. This was detected by our PLA assay in the
resting state. After pervanadate or anti-IgD stimulation, the as-
sociation of R130E-mutated CD22 with the BCR was not in-
creased, in contrast to WT CD22. Also, R130E-mutated CD22
was higher tyrosine phosphorylated and recruited more SHP-1
after activation.
Surprisingly, the anti-kappa IP did not show increased copre-

cipitation of total R130E-mutated CD22, but enriched tyrosine-
phosphorylated CD22. This may be due to technical reasons and
may be explained by a new model. CD22 is normally associated to
clathrin-coated pits where the protein forms oligomers via 2,6Sia
binding on other CD22 molecules (18). The BCR is usually
minimally associated with these microdomains. In ST6GalI-
deficient mice, which lack CD22 ligands, more colocalization of the
BCR to CD22 in fused raft/clathrin-coated pit domains has been
detected (18). This increased colocalization of the BCR and
CD22 apparently also happens in CD22-R130E mice as detected
by the in situ PLA assay. The higher amount of CD22 that is
colocalized with the BCR are likely single CD22 molecules that
can be detected by the PLA, but not by the kappa-IP assay (see
model in Fig. S8). Kappa IP leads to a lower amount of CD22
being coprecipitated with the kappa light chain, as this technique
requires lysis of the cells and would therefore lead to loss of
CD22 molecules, which are not bound in CD22 clusters anymore.
One would predict that these single molecules are higher tyrosine
phosphorylated in the case of CD22-R130E, exactly as detected
and explained by our new model (Fig. S8). Therefore, our results

show that there is a crucial cis-ligand binding function of CD22,
which normally keeps CD22 away from the BCR.
What biological sense would it make to regulate the inhibition

of BCR signaling by CD22 via cis-ligand binding? The 2,6Sia
expression on the B-cell surface is not static but seems to be
regulated by sialic acid transferases, sialidases, and enzymes that
modify sialic acids (4). Activated B cells show stronger CD22
unmasking, i.e., a down-regulation of cis-ligands (32). Germinal
center (GC) B cells can be stained by peanut agglutinin, a lectin,
which stains the core carbohydrate structures lacking sialic acids.
Thus, GC B cells potentially express fewer CD22 ligands in cis,
leading to a potentially stronger CD22–BCR association and
likely a stronger BCR signal inhibition. Recently it was shown
that GC B cells are not able to signal via their BCR, due to high
association of SHP-1 to the BCR (33). Whether CD22 re-
cruitment to the BCR is involved in this, has to be determined,
but it is an interesting possibility. Additionally, trans-ligand
interactions with other cells also determine the association of
CD22 with the BCR, as has been shown (19, 21). This could also
influence the level of CD22 inhibition by stronger recruitment to
the BCR in cases when cells are densely packed like in B-cell
follicles (29). Additionally, trans-CD22 ligands can tolerize B cells
when attached next to antigens on a carrier (21). Thus, recruit-
ment of CD22 molecules to the BCR by trans-CD22 ligands could
be important to suppress autoimmune responses.
Despite reduced MZ B-cell populations, all CD22 knockin

mice did not produce lower TI type 2 responses. Because MZ B
cells participate in these responses, the decreased TI type 2 re-
sponse of CD22-deficient mice was explained by this defect (22).
In mice with a mutated ligand-binding domain or mutated ITIM
motifs, apparently other B cells can replace the missing MZ
B cells in these responses, or the defect of the MZ population
is not as profound as in CD22-deficient mice. Several groups
have found normal TD antibody responses to various antigens
in CD22-deficient mice (9, 11, 12). However, here we clearly
identify higher IgG1 responses of the CD22-Y2,5,6F mice with
mutated ITIM motifs to NP-KLH at almost all time points both
in primary responses, as well as on rechallenge. This means that
the CD22 ITIM motifs do inhibit this response. When CD22−/−
mice were crossed to anti-NP transgenic quasimonoclonal mice
(34), an earlier and stronger germinal center response was de-
tected compared with transgenic controls. These results fit well
with our observations in CD22-Y2,5,6F mice.
In conclusion we have found that the ligand-binding domain

of CD22 is important for regulation of B-cell Ca2+ signaling. This
control is mediated by ligand-dependent regulation of the asso-
ciation with the BCR. In contrast, the CD22 ITIM motifs are
crucial for a direct inhibition of BCR Ca2+ signaling. The reg-
ulation of BCR signaling by the ligand-binding domain of CD22
has implications on regulation of autoimmunity, as sialic acids
are self ligands, being mainly expressed in vertebrates.

Materials and Methods
Mice. CD22 knockin mice were generated as described in SI Materials
and Methods. All mice were on a mixed C57BL/6 × 129 background. Wild-
type controls were littermates or age matched to the same background.
Animal experiments were approved by a local ethics committee (Regierung
Mittelfranken).

Flow Cytometry. Stainingwas donewith the antibodies (conjugatedwith APC,
biotin, FITC, PerCP-cy5, or PE): anti-B220 (RA3-6B2; BD Biosciences), anti-IgM
(11/41; eBioscience), anti-IgD (11-26C; our hybridoma), anti-CD5 (53-7-3; BD
Biosciences), anti-CD23 (B3B4; eBioscience), anti-CD21 (7G6; our hybridoma),
anti-AA4.1 (eBioscience), anti-MHC-II (I-Ab, AF6-120.1; BD Biosciences), anti-
CD1d (233; our hybridoma), anti-CD22 (Cy34.1; BD Biosciences), and Fc-Block
(clone 2.4G2; our hybridoma). Biotinylated antibodies were stained with
steptavidin PE-cy5 (BD Biosciences) or PerCP-cy5.5 (eBioscience). Sialidase
treatment: 5 × 106 cells were incubated in 150 μL PBS with 1.5 μL sialidase
(0.015 units) at 37 °C for 1 h. After addition of 1.5 mM sialidase inhibitor
(50 mM a2,3-dehydroneuraminic acid) and incubation for 2 min at 37 °C,
cells were washed. Staining was carried out with B220-PE and Neu5Gc-a2,6-
Gal-SAAP-FITC.
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Calcium Mobilization Assays in Primary Mouse Cells. Splenic cells were
loaded with Indo-1 as described (35). Cells were extracellularly stained
with anti-CD5 and anti-CD11b and unstimulated cells were analyzed for
40 s using an LSR II (Becton Dickinson). Cells were stimulated with anti-
IgM [F(ab′)2], (Jackson ImmunoResearch) and cells were further analyzed
as described (35).

BCR Stimulation and Immunoblot Analysis. T-cell removal from splenic cell
suspensions was achieved as described (35). After 1 h of starvation, cells were
stimulated with 10 μg/mL anti-IgM [F(ab′)2] at 37 °C. Then cells were lysed
with Brij lysis buffer for 30 min on ice. CD22 or Ig-kappa were precipitated
as described (36). Rabbit anti-CD22 (gift of P. Crocker, Dundee University,
Dundee, UK), anti-κ (Southern Biotech), anti-p-Tyr (4G10; our hybridoma),
anti–SHP-1 (Millipore), and antiactin (Cedarlane) were used in 1:1,000 or
1:4,000 concentrations. Proteins were detected with anti-mouse IgG HRP
(Jackson Dianova), anti-rabbit IgG HRP (Cell Signaling), anti-goat IgG HRP
(Cell Signaling), and the ECL detection kit (Amersham).

Cell Apoptosis Measurement and BrdU Incorporation Measurements. The cell
apoptosis assay and the BrdU assay were performed as described (35).

Adoptive Transfer of CFSE-Labeled Cells. After T-cell lysis, splenic cells of donor
mice were labeled with 0.5 μM carboxyfluorescein succinimidyl ester (CFSE;
Molecular Probes) for 5 min at room temperature (RT). Cells were washed in
supplemented 10% (vol/vol) FCS RPMI 1640. After incubation for an addi-
tional 30 min at RT in 10% FCS RPMI 1640, cells were then washed twice with
PBS and 1 × 107 cells were resuspended in 100 μL PBS and i.v. injected into
recipient mice (1 × 107 cells per mouse). Twenty-four hours later, mice were

killed. Bone marrow cells and splenic cells were stained for B220 and IgD and
analyzed for percentage of CFSE-labeled cells by flow cytometry.

Proximity Ligation Assay. Antibodies and chemicals for PLA. For PLA probes, the
following antibodies were used: IgD (11-26c.2a; BioLegend), IgM (R33.24.12;
our hybridoma), and CD22 (Cy34.1). Latrunculin A (Cayman Chemicals).
Pervanadate was prepared from sodium orthovanadate by reacting with
H2O2 at equimolar ratio.
PLA probe preparation and experiment. Specific oligos (Eurofins MWG) were
conjugated to purified Fab fragments as described (37). Fab fragments were
prepared by Pierce Fab preparation kit. The purified Fabs (20–50 μg) were la-
beled with C6-N-succinimidyl-6-hydrazino-nicotinamide (C6-s-HyNic) and the
oligos were labeled with C6-N-succinimidyl-4-formylbenzamide (C6-s-4FB),
(Solulink). HyNic modified Fab and the 5′ 4FB modified oligo were purified and
reacted together. All of the Fab-PLA probes have average protein: oligo cou-
pling ratio within the range of 1–1.5. PLA reaction was performed following
the protocol described (26). PLA results were analyzed by fluorescence micro-
scope and quantified (27).
Microscopy and image analysis. Fluorescence microscopy was performed with
a Zeiss 510 Meta confocal microscope (Carl Zeiss). At least 100 cells from
several images were analyzed by BlobFinder software and the average
number of PLA dots per cell was calculated.
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