
REVIEW
published: 28 September 2018

doi: 10.3389/fimmu.2018.02235

Frontiers in Immunology | www.frontiersin.org 1 September 2018 | Volume 9 | Article 2235

Edited by:

Aaron James Marshall,

University of Manitoba, Canada

Reviewed by:

Jean-Philippe Julien,

Hospital for Sick Children, Canada

James Paulson,

The Scripps Research Institute,

United States

*Correspondence:

Edward A. Clark

eaclark@uw.edu

Specialty section:

This article was submitted to

B Cell Biology,

a section of the journal

Frontiers in Immunology

Received: 10 July 2018

Accepted: 07 September 2018

Published: 28 September 2018

Citation:

Clark EA and Giltiay NV (2018) CD22:

A Regulator of Innate and Adaptive B

Cell Responses and Autoimmunity.

Front. Immunol. 9:2235.

doi: 10.3389/fimmu.2018.02235

CD22: A Regulator of Innate and
Adaptive B Cell Responses and
Autoimmunity
Edward A. Clark 1,2* and Natalia V. Giltiay 2

1Department of Immunology, University of Washington, Seattle, WA, United States, 2Division of Rheumatology, Department

of Medicine, University of Washington, Seattle, WA, United States

CD22 (Siglec 2) is a receptor predominantly restricted to B cells. It was initially

characterized over 30 years ago and named “CD22” in 1984 at the 2nd International

workshop in Boston (1). Several excellent reviews have detailed CD22 functions,

CD22-regulated signaling pathways and B cell subsets regulated by CD22 or Siglec G

(2–4). This review is an attempt to highlight recent and possibly forgotten findings. We

also describe the role of CD22 in autoimmunity and the great potential for CD22-based

immunotherapeutics for the treatment of autoimmune diseases such as systemic lupus

erythematosus (SLE).
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INTRODUCTION

CD22 is classified as an “inhibitory receptor” because it contains four ITIMs within its cytoplasmic
tail. Yet to classify it simply as a receptor that inhibits B cell functions would mean ignoring data
that reveal a more nuanced story. For instance, besides the two distal ITIMs in the cytoplasmic
tail of CD22 that recruit the protein tyrosine phosphatase (PTP), SHP-1, another motif, Y828 (or
mouse Y807), when tyrosine phosphorylated, binds Grb2 and Shc and, forms a complex with SHIP
and activation of a MAP kinase pathway that can regulate cell survival and proliferation (5–7).
Just how and when these two CD22 cytoplasmic domains are utilized are still not well understood.
One possibility is that B cell responses to T cell independent (TI) antigens (Ags) may utilize one
or both binding domains, while other receptor responses use a different domain. In support of this
model, Fujimoto et al. (8) reported that BCR ligation leads to rapid tyrosine phosphorylation of
both the classic ITIMs and the Grb2 recruitment motif, while CD40 ligation only induces tyrosine
phosphorylation of the ITIM domains.

Within the group of B cell-associated surface molecules, CD22 stands out not only because it
can physically associate with the B cell receptor (BCR), but also because crosslinking the BCR
on CD22-deficient B cells induces elevated responses such as mobilization of intracellular calcium
(9–11). Hence, it has been emphasized that CD22’s main function is to inhibit BCR signaling (2).
Yet several initial studies of CD22-deficient mice showed that CD22 regulates TLR signaling and
the survival of B cells and not just BCR signaling (see below). In our initial study, we reported that
CD22 KO B cells proliferated less well than WT B cells after anti-IgM treatment but better after
treatment with LPS (10).

The extracellular domain of CD22 binds to α 2,6-linked sialic acid ligands linked to galactose,
which are expressed on a number of cell types including hematopoetic cells, certain endothelial
cells and T and B cells. The enzyme α 2,6 sialyltransferase 1 (ST6Gal1) synthesizes this ligand,
and ST6Gal1−/− mice phenocopy many but not all of the defects seen in CD22−/− mice
(12, 13). CD22 itself expresses its ligand as does surface IgM (sIgM) and CD45, so CD22
can associate with itself or other cell surface molecules on B cells in a “cis” configuration or
with ligands on other cells in a “trans” configuration. Endogenous CD22-CD22 cis-interactions
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can “mask” CD22, limiting its ability for binding to ligands in
trans. Not all CD22 expresses its ligand, so CD22 also is found
on B cells in a ligand-free, “un-masked” form. The relative roles
of “masked” and “unmasked” forms of CD22 working in “cis” or
“trans” are presented in detail elsewhere (3, 13–15).

REGULATION OF BCR SIGNALING BY
CD22

The model that others and we helped to develop is as follows:
After BCR ligation the protein tyrosine kinase (PTK) Lyn is
activated to phosphorylate two distal ITIM motifs of CD22,
which in effect then recruit the PTP, SHP-1, to come to
the plasma membrane and get tyrosine-phosphorylated and
activated (2–4, 13–15). Both genetic and biochemical data
support the importance of this pathway.Mice with a combination
of half doses of Lyn, CD22 and SHP-1 have a defective phenotype
found in homozygous parents (16). Recruitment of SHP-1
(PTP.1C) to the plasma membrane may increase its enzymatic
activity more than a 1,000 fold (17). Thus, there is no question
that the SHP-1 associating with CD22 is ready and able to
dephosphorylate its substrates.

Just what all those substrates might be in B cells still
is not entirely clear. Yes, phosphorylated ITIMs can be
dephosphorylated by SHP-1 in vitro (18, 19), but in vitro data
do not necessarily reflect in vivo substrates. A phosphopeptide
of the cytoplasmic tail of CD22 is not a particularly good
substrate for SHP-1, unlike phosphopeptides from some other
ITIM-containing receptors (20). Using a catalytically inactive
trapping mutant of SHP-1, the Hozumi group showed that after
BCR ligation both myosin and CD72 are substrates for SHP-1
(21, 22). SLP-76 and BLNK may also be SHP-1 substrates in B
cells (23, 24).

Several studies have emphasized functions of CD22 that do
not rely entirely on SHP-1. Chen et al. (25) found that CD22
can associate with plasma membrane calcium ATPase (PMCA)
to enhance calcium efflux after BCR ligation; this association
only occurs if CD22 is tyrosine phosphorylated. The non-ITIM
Y828 site in CD22 that associates with Grb2 must be tyrosine
phosphorylated for PMCA to interact with CD22, and Grb2 is
required for this association (26). Chen et al. (25, 26) propose
that PMCA regulates Ca2+ in B cells through its interaction
with CD22 via a SHP-1-independent pathway. Grb2 has been
previously implicated in the negative regulation of Ca2+ in B
cells through its localization by the adaptor protein Dok-3 to the
plasma membrane and subsequent inhibition of Btk (27). CD22,
which like Dok-3 is a substrate for Lyn, may help to facilitate this
process.

Most studies examining the role of CD22 in BCR signaling
have used biochemical assays. Han et al. in a different approach
used in situ photoaffnity crosslinking of glycan ligands to CD22
(28). Their results showed recognition of formation glycans
of neighboring CD22 molecules, forming homomultimeric
complexes, suggesting that CD22 is distributed in membrane
microdomains, which the authors suggested restricts CD22
interactions with other glycoproteins. More recently, Gasparrini

et al. (29) used super-resolution microscopy to examine the
interactions of CD22 with the actin cytoskeleton. They found that
CD22 works within the “cortical cytoskeleton” to regulate BCR
signaling including tonic signaling and that it is organized into
nanodomains. Simple inhibition of actin polymerization with
latrunculin A led to rapid tyrosine phosphorylation of both CD22
and SHP-1. Using advanced microscopic methods such as dual-
color structured illumination microscopy, they found that IgM,
IgD, CD19, and CD22 exist on the cell surface of resting B cells in
“preformed but distinct islands,” with some co-localization. CD22
was not randomly distributed but rather more likely to be found
in clusters about 100 nm in radius. In silicomodeling showed that
a high lateral mobility of CD22 nanoclusters would enable CD22
to come in contact with many BCR nanoclusters and thereby
regulate tonic or Ag-induced signaling. Indeed, CD22, when
tracked, turned out to be highly mobile, able to diffuse about four
to five times faster than either sIgD or CD19 and nearly twice as
fast as sIgM. The authors suggested that this would enable CD22
to mediate “global BCR surveillance.”

Interestingly, Gasparrini et al. (29) also found that the extent
of CD22 nanoclustering is regulated by the PTP, CD45; the less
CD45 on B cells, the larger the CD22 nanoclusters were and the
slower CD22 diffused. CD45 expresses α-2,6 sialic acid and, like
CD22, is a CD22 ligand (30, 31). A reduction or absence of CD45
most likely leads to more CD22-CD22 homotypic interactions
and thus larger clusters. Couglin et al. (32) also implicated
extracellular CD45 in the regulation of CD22. They found that
expression of transgenes encoding either extracellular CD45
without its cytoplasmic domain or CD45 with a catalytically
inactive form of CD45 in CD45−/− mice rescued B cell defects
seen in these mice such as elevated basal Ca2+ levels but not T
cell defects. This effect required CD22.

Recently, the crystal structure of the first three extracellular
domains (ECD) of human CD22 was deduced at a 2.1 A
resolution (33). Strands of domain 1 elongate and extend into a
ß-hairpin that shapes a preformed binding site for the sialic acid
ligand. Analysis of CD22 molecules including a full length CD22
ECD revealed that CD22 is relatively inflexible and behaves as a
tilted “elongated rod,” which does not change its conformation
much after ligand binding (33). The authors propose that
“the elongated, tilted CD22 structure—and the location of its
binding site at the N-terminus—is ideal for inter-molecular
interactions with flexible bi-, tri-, and/or tetra-antennary glycans”
that terminate in sialic acid. Because the bent-in CD22 molecules
have relatively weak interactions within the cis nanoclusters,
contact with other cells could lead CD22 to redistribute to sites
of cell contact and via its elongated rod bind to ligands in trans.

ROLE OF CD22 IN RESPONSE TO
ANTIGENS AND PATHOGENIC PRODUCTS

CD22 has been implicated in the regulation of B cell responses to
T cell-independent (TI) type 2 antigens (Ags), TLR agonists and
T cell-dependent (TD) Ags.

Antibody (Ab) responses to TI-2 Ags are impaired in
CD22−/− mice (9–11), perhaps because they are deficient in
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marginal zone (MZ) B cells andMZB cell precursors (34, 35). Just
why MZ B cells require CD22 is unclear. One possibility is that
they are more sensitive to dysregulated signaling in the absence
of CD22 (34); but it is also noteworthy that MZ precursors
express the highest levels of CD22 of any B cell subset (35),
implying that CD22 may be more or less required during stages
in B cell development. Mice expressing all of CD22 except the
extracellular domains 1 and 2 (CD2211-2 mice) have reduced
MZ B cells but normal TI-2 Ab responses (15, 36, 37), so a MZ
B cell deficiency alone is not sufficient to lead to impaired TI-
2 Ab responses. Recently, Haas et al. (36) reported that B-1b
cells from CD22−/− mice have impaired proliferative responses
and elevated Ca2+ responses to anti-IgM ligation and that
CD22−/− mice have reduced expansion of splenic B-1b B cells
after immunization with TNP-Ficoll. There results suggest that
whether or not CD22−/− mice have defective TI-2 Ab responses
depends on the Ag complexity and route of administration used.

Ab responses to LPS are elevated in CD22−/− mice (9–
11), and CD22−/− B cells proliferate in vitro more strongly
than WT B cells to TLR7 (R848) and TLR9 (CpG) agonists
(38, 39). Kawasaki et al. (39) showed that CD22−/− B cells also
are hyperproliferative to the TLR3 agonist poly I:C and that
some of this hyperproliferation, unlike the hyperproliferation to
TLR4 and TLR9 agonists, is MyD88-independent. TLR agonists
also induced larger increases in MHC class II and CD86 in
CD22−/− B cells than WT B cells, suggesting that B cells
with dysregulated CD22 may more readily become effective Ag
presenting cells, possibly to autoAgs. Kawasaki et al. concluded
that this hyperresponsiveness to TLR agonists was not due
to CD22−/− B cells expressing higher levels of TLRs; rather
their results suggest that CD22 may normally function during
TLR signaling of B cells to activate suppressors of cytokine
signaling (SOCS) SOCS1 and SOCS3 proteins that are known
to blunt responses to TLR ligands. Thus, CD22 normally may
play a role in the direct inhibition of TLR signaling in B cells.
The natural ligands for CD22 apparently do not play a direct
role in regulating proliferative responses to TLR agonists since
CD22 ligand-deficient ST6Gal1−/− B cells have normal responses
to LPS and CpG (40). CD22 is an endocytic receptor that
recycles between the cell surface and the endosomes, where
endosomal TLRs resides (41). A model proposed by Paulson
et al. (42) suggests that sequestration of CD22 and/or other
changes in the CD22microdomain organizationmay affect CD22
concentrations in the endosomes and further affect endosomal
TLR signaling.

The role for CD22 in TD Ab responses is controversial. Initial
studies reported that CD22−/− mice have normal responses
to TD Ags (9–11); however, mice were evaluated for short
times following immunization, and Ag boosts were administered
before primary immune responses had subsided. Ligands for
CD22 have been identified on CD22 itself and on T cells (28, 30,
43). Thus, CD22may engage CD22 ligands in trans on T cells and
affect T cell activation (14, 44). Furthermore, ST6GalI−/− mice
unable to express CD22 ligands have normal T cells but defective
TDAb responses to Ag+ adjuvant or influenza infection (12, 45).
B cell proliferation induced via the “T cell-help” CD40 receptor is
elevated in CD22−/− B cells (37). CD22 also affects intracellular

free calcium released by IgG+ B cells (46, 47), again implying that
CD22-CD22L interactions may influence TD B cell responses.

A recent study suggested that CD22 plays a role in the
generation of memory B cells in response to a TD Ag. CD22−/−

B1-8hi B cells with a BCR specific for the hapten, 4(hydroxy-3-
nitrophenyl)-acetyl (NP) were able to respond to immunization
with a TD Ag (NP-CGG in alum) and develop into germinal
center (GC) B cells; however, they did not differentiate efficiently
into memory B cells or long-lived plasma cells (LLPCs) or
sustain Ab levels over time (48). The lack of GC B cell output
was associated with a failure of CD22−/− B cells to develop a
subset of CXCR4+CD38+ GC B cells, which may be GC-derived
precursors of memory B cells and LLPCs.

In contrast, Onodera et al. (49) reported that after
immunization CD22−/− B cells, including GC B cells, rapidly
expand and generate short-lived AFCs and antibodies. Unlike in
Chappell et al. the recipient mice were previously immunized
with CGG (“carrier primed”). Thus, both CGG-specific Tfh cells
and CGG-anti-CGG immune complexes that can be taken up by
FcγR+ cells may have contributed to the rapid hyperproliferative
and extrafollicular B cell responses observed, as has been
reported (50). Such hyperproliferation was not evident in the
bona fide primary immune responses (48). Nevertheless, both
studies suggest that CD22−/− B cells do not efficiently generate
memory B cells.

SHP-1, which can be recruited to bind CD22, plays a role in
GC maintenance and memory cell development (51, 52). Thus,
it is possible that the absence of CD22 leads to decreased SHP-
1 recruitment required for efficient memory B cell development.
Unlike SHP-1 deletion, however, GCs are not completely ablated
in the absence of CD22; rather, a small subset of CXCR4+CD38+

PNA+ GC B cells fail to develop that normally appear early
in the immune response (48). Cognate interactions between B
and T cells are critical for GC initiation and maintenance, and
CD22 ligands (CD22Ls) are expressed on T cells as well as B
cells (30, 53). Interestingly, a recent study showed that CD22
on naïve and memory B cells is masked through interactions
with “high affinity” ligand (Neu5Ac2– 6Gal1– 4(6S)GlcNAc);
however, loss of the 6S sulfate modification on GC B-cells results
in the appearance of Neu5Ac2– 6Gal1– 4GlcNAc glycans with
a lower affinity for CD22 (54). Thus, it is possible that once
CD22 is unmasked on GC B cells, CD22L-CD22 interactions may
then occur in trans between CD22L+ CD4 TFH cells and CD22+

GC B cells to promote further B cell survival and maturation.
CD22−/− GC B cells that are not capable of receiving this type
of “help” from TFH cells may not be as competent as WT B cells
for memory B cell formation. Thus, in addition to altered BCR
signaling, defective interactions between B and T cells may also
contribute to the lack of memory formation by CD22−/− B cells.

Hass et al. found CD22−/− mice have elevated IgM and
IgG Ab primary and secondary responses to DNP-KLH, while
Jellusova et al. found that CD22−/− mice have reduced
primary Ab responses to NP-OVA in alum (36, 38). How
can these differences be explained? Given that CD22 clearly
regulates innate immune and TI signaling, one possibility is
that role CD22 plays depends of the nature of the Ag or
adjuvant used with the Ag. CD22 may be an attenuator of Ab

Frontiers in Immunology | www.frontiersin.org 3 September 2018 | Volume 9 | Article 2235

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Clark and Giltiay CD22 Regulation of B Cells

responses, which does not simply function along a TD vs. TI
dichotomy.

ROLE OF CD22 IN MIGRATION AND
OTHER TRANS INTERACTIONS

CD22 has long been known to be an adhesion molecule (1).
But recent studies from Eugene Butcher’s group at Stanford
have uncovered a surprising and new role for CD22 in B
cell homing to gut associated lymphoid tissues. The Peyer’s
patches (PP) in the gut are major site for B cell responses
to intestinal Ags and attract large numbers of circulating
B cells. TheSt6Gal1 ligand for CD22 is selectively expressed
on mouse PP high endothelial venules (HEVs) and not on
peripheral lymph node (LN) HEVs or on endothelial cells in
capillaries (55). Homing to PP is dramatically reduced in both
CD22−/− and ST6Gal1−/− mice. An Ab specific for human
St6Gal1 binds to mucosal lymphoid organs (56), suggesting
that homing to human GALT may be regulated by CD22 as
well.

CD22−/− mice are highly susceptible to infection by West
Nile virus (WNV) and die within 10 days post-infection (57).
Humoral immune responses are normal in WNV-infected
CD22−/− mice; however, homing to draining LNs in infected
mice is defective. Fewer CD22−/− NK cells, CD4T cells and
CD8T cells enter LNs than WT counterparts, while migration
of CD22−/− B cell and dendritic cells (DCs) is normal. These
results suggest that CD22 may regulate cell migration not simply
by CD22L-CD22 interactions, but also indirectly, perhaps via
regulation of chemokine or chemokine receptor expression.
Indeed, the draining LNs of WNV-infected CD22−/− mice had
reduced expression of both Ccl3 and Ccl5 genes (57).

CD22 also plays a role in the migration of recirculating B cells
to the bone marrow (BM). Although B cell development in the
BM is not affected in CD22−/− mice, numbers of recirculating
B220hisIgMlo B cells (or IgDhi B cells) are reduced in CD22−/−

mice (9, 10) as well as CD22L deficient ST6Gal1−/− mice (58).
The endothelial cells in BM sinusoids express the α2,6-linked
sialic acid ligand for CD22 (59).WTB cells adoptively transferred
into ST6Gal1−/− mice have reduced migration to the BM but not
to the spleen (58).

DCs can directly regulate and activate B cells (60), and CD22
can bind to ligands expressed on DCs. Immature DCs but
not mature DCs can inhibit B cell proliferation in a contact-
dependent manner that requires CD22 expression on B cells
(35, 61). Immature DCs can also inhibit TLR2- or TLR4-induced
proliferation of mouse B cells via a contact and CD22-dependent
mechanism (61). Surprisingly, ST6Gal1−/− DCs were just as
efficient as wildtype DCs in inhibiting B cell responses to either
BCR-ligation or LPS (35, 61), suggesting that CD22 may mediate
inhibition of B cells through an interaction not dependent on
ST6Gal1. Two groups found that murine CD22 is expressed on
a subset of splenic CD8α− DCs (57, 62). CD22 has also been
reported to be expressed on human plasmacytoid DC tumors and
follicular dendritic cells (63, 64). It is not clear how non-B cell
CD22 might function.

CD22 AND INFECTIONS

Although CD22 regulates multiple B cell functions, the role
of CD22 in protection against viral pathogens is unclear.
For example, CD22−/− mice infected with lymphocytic
choriomeningitis virus, vesicular stomatitis virus (65), or
Staphylococcus aureus (66) have no differences in survival
compared to wild-type (WT) mice. CD22-deficiency not only
leads to increased susceptibility toWNV (55), but also accelerates
murine AIDS MAIDS induced by a murine leukemia virus (67),
CD22−/− mice had a more rapid onset of splenomegaly and
lymphadenopathy 4 weeks after infection.

CD22 AND AUTOIMMUNITY

While B cells are critical for protection against pathogens, they
can also contribute to harmful immune responses in many
autoimmune diseases by producing Ab directed toward self-
Ags, by presenting self-Ags and producing pro-inflammatory
cytokines. A number of studies in human and mouse SLE have
shown that hyper-responsiveness of B cells due to defects in
the regulation of BCR signaling or increased signaling thought
the nuclear-sensing TLRs can alter the selection of autoreactive
B cells and promote the production of pathogenic auto-Abs
(68). CD22 contributes to the regulation of autoimmunity. Some
recent data suggest that targeting CD22 can suppress pathogenic
B cell responses.

CD22 ALLELES AND CD22 DEFICIENCY IN
MICE

Several studies in autoimmune-prone mice have identified Cd22
as a candidate gene associated with susceptibility to lupus-like
disease (69, 70). Mapping of autoimmune loci in B6.NZW (New
Zealand White) x B6.Yaa (Y-linked autoimmune accelerator) F1
backcross males revealed the presence of a major autoimmune
locus on chromosome 7 in the vicinity of Cd22a. This allele was
associated with the production of IgG anti-DNA autoantibodies
and the development of glomerulonephritis (69).

This brings us back to the original isolation of genomic clones
of mouse Cd22 which demonstrated the presence of at least
two (or more) Cd22 alleles (71). The Cd22a allele expressed in
DBA/2J, DBNl, NZB, and NZC mice has a distinct polypeptide
coding sequences, as compared to the Cd22b allele, expressed
in BALB/c, B10, C3H, and C57BL mice (71). This is due to the
presence of a restriction fragment length polymorphism (RFLP)
within the Cd22 gene. The two allelic forms of Cd22 (Cd22a

and Cd22b) differ in the exons encoding the distal extracellular
region of mCD22, suggestive of functional differences between
the two CD22 isoforms. Others studies confirmed that lupus-
prone NZB and NZW mice carry the Cd22a allele (70, 72) and
later, the expression of a third Cd22 allele, Cd22c, was described
in autoimmune prone BXSB mice and the parental SB/Le strain.
Similar to the “autoimmune” Cd22a allele, the Cd22c showed
differences in the distal extracellular regions constituting the
ligand-binding domains of CD22. Mary et al. (70) found that, in
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addition to the wild-type Cd22 transcripts, Cd22a and Cd22c-alle
bearing autoimmune mice express abnormally processed Cd22
mRNA transcripts; this was due to the presence of interspersed
nucleotide element (B1-, B4-, and ID) insertions, a class of
retrotransposons, found in intron 2 of the Cd22a and Cd22c

alleles that are not present in the non-autoimmune (Cd22b)
allele. Sequence analysis of aberrant Cd22mRNA Cd22a revealed
that some of the mRNAs produce truncated forms of CD22
and others might not be expressed at all due the presence of
premature stop-codons. These data suggest that the expression of
Cd22a and other alleles can result in lower CD22 expression. The
presence of the defective mRNA transcript was further associated
with a reduced ability of LPS-activated B cells to up-regulate
CD22 (70). Studies by Nitschke et al. (72) showed that CD22
encoded by the Cd22a allele expressed on B cells in lupus-prone
mice is less efficient in binding to CD22L as compared to the
Cd22b counterparts. A significant portion of CD22 in Cd22a

mice was constitutively unmasked and did not bind surface cis-
ligands. Similar to Mary et al., the Nitschke group showed that
CD22 expression on Cd22a B cells is lower both in a steady-
state condition and upon B cell stimulation. As a result, Cd22a

B cells display a constitutively active phenotype, similar to the
phenotype of B cells expressing a mutant CD22 missing its
ligand-binding domain (72).

An initial study showed that aged CD22−/− mice have
increases in auto-Ab production (73). However, since the
CD22−/− mice used were generated using 129/Sv embryonic
stem (ES) cells, it is possible that 129-derived loci may have
contributed to the autoimmune phenotype (74). Other studies
show that CD22−/− mice generated using C57BL/6 ES cells
do not develop an autoimmune phenotype spontaneously (9).
CD22 deficiency however does accelerate the development of
autoimmunity in autoimmune-susceptible mice, Mary at al.
showed that crossing CD22−/− mice onto mice carrying the
Yaa locus, which predisposes mice to develop lupus-like disease
due to duplication of TLR7 and other genes, significantly
increased auto-Ab production (70). This study also demonstrated
a Cd22 “gene dosage” effect, since even a partial reduction of
CD22 expression (i.e., in heterozygous CD22+/− mice) increased
auto-Ab production. Another interesting study showed that
deletion ofCd22 in anti-DNA transgenic (D42HTg)mice rescued
autoreactive cells from peripheral toleralization and further
promoted the production of high-affinity, class-switched anti-
DNA Auto-Abs (75).

The fact that deletion of Cd22 alone might not be sufficient
to drive autoimmune disease in some mice can be explained
by some functional redundancy between CD22 and Siglec-
G, another Siglec family member, expressed on B cells also
implicated in the regulation of BCR signaling (2, 76, 77). Unlike
other autoimmune models, Cd22 deficiency does not promote
significant changes in B cell development, except for a decrease
in MZ B cells (34). One alternative explanation for the decrease
in MZ B cells is that CD22−/− MZ B cells might be partially
activated. Similar egress of MZ B cells can be found in other
autoimmune models, particularly those associated with TLR7
overexpression (78, 79). The role of CD22 in regulating MZ B
cells and a possible link betweenMZB cell decrease and increased
autoimmunity needs further elucidation.

CD22 GENE VARIANTS IN HUMAN
AUTOIMMUNE DISEASES

Genetic variants of CD22, or enzymes involved in the
glycosylation of ligands of CD22 have been linked to
susceptibility in human autoimmune diseases (80, 81). One
example is the loss-of-function mutations in the enzyme sialic
acid esterase (SIAE), which mediates the deacetylation of N-
glycan sialic acids of CD22 ligands, a modification that enables
ligand binding to CD22. These rare mutations were found
more frequently in patients with autoimmune diseases, such
as rheumatoid arthritis (RA), type 1 diabetes (T1D), and SLE
(82–84). Furthermore, Siae mutant mice display defects in B cell
tolerance and spontaneously develop autoantibodies, further
supporting the link to autoimmunity (85).

Polymorphisms in the CD22 gene itself have also been linked
to autoimmunity. Hatta et al. (81) performed a systematic
variation screening of the humanCD22 gene and studied possible
associations between CD22 polymorphisms and susceptibility to
RA and SLE. They identified more than 13 SNPs within the CD22
locus, the majority of which fell within the coding sequence,
and some within introns flanking the exon-intron junctions.
Seven of the SNPs resulted in amino acid substitutions within
the extracellular domains of CD22. Among these variations,
the Q152E substitution was more frequently found in SLE
patients, particularly, those with central nervous system (CNS)
involvement. Although the association of the Q152E variant
with SLE was only marginally significant (81), of interest
is that the Q152E substitution is located within the CD22
extracellular domain (at the interface between Ig domains 2
and 3) and introduces a charge difference; since it is located
far from the SA-binding pocket, it is unlikely to directly
affect CD22 binding to α2-6 sialylated ligands; however, this
polymorphismmight affect other aspects of CD22 biology such as
stability, adhesion and trafficking. Another CD22 polymorphism,
identified by Hatta et al. is a non-conservative amino acid
substitution (G745D) within the cytoplasmic domain, proximal
to a YXXM motif that is a binding site for PI3K (7). While
no associations with this polymorphism and SLE or RA disease
susceptibility were found, the amino acid change within the
CD22 cytoplasmic tail nonetheless might interfere its binding
to PI3K, Lyn or SHP-1 and thus, affect CD22 downstream
signaling.

A study of patients with cutaneous systemic sclerosis (SSc),
an autoimmune disease associated with B cell hyperactivation
and the production of autoantibodies, showed a significant
association between SSc disease susceptibility and synonymous
SNP c.2304C > A (P768P, rs34826052) located within exon 13 of
the CD22 gene (86). The A/A genotype was present exclusively in
patients with limited cutaneous SSc; furthermore, this genotype
was associated with a decreased surface expression of CD22 in B
cells compared to the A/C and C/C genotypes (86). Studies in a
European population, however, found no significant association
between CD22 gene variations, including the rs34826052 SNP,
and susceptibility of SSc (87); this most likely reflects differences
in the allele distributions in different populations. In fact data
from the 1,000 Genomes project, showed that theA allele is found
in only 1–3% in Africans, Americans or Europeans, but is more
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frequent (9–15%) in East Asians and South Asians, which could
explain the difference between these studies.

Genome-wide association studies (GWAS) do not support
CD22 as disease susceptibility locus in SLE or other autoimmune
diseases; however it seems that polymorphisms in CD22 are
relatively rare and variable between populations. More studies
are needed to assess the functional significance of different CD22
SNPs and their possible contribution to autoimmune disease.

REGULATION OF CD22 EXPRESSION
WITH IMPLICATIONS IN AUTOIMMUNITY

How the expression of CD22 is regulated in B cells is still not well
understood. CD22 on murine B2 cells is down-regulated after
BCR cross-linking with anti-IgMmAb, but it is up-regulated after
stimulation with other stimuli such as LPS, anti-CD40 mAb, or
IL-4. In contrast, BCR crosslinking of CD5+ B1 B cells did not
change the expression levels of CD22, and B1 cells downregulated
CD22 in response to LPS or CpG (88). Thus, CD22 expression
is differentially regulated in B1 and B2 cells. CD22 expression
can be regulated at the mRNA level (88) or by CD22 endocytosis
and recycling. John et al. (89) reported a clathrin-mediated
internalization of CD22 and CD22 association with AP50,
one of the subunits of the clathrin-associated AP-2 protein
adapter complex. Furthermore, BCR crosslinking and CD22
phosphorylation can transiently inhibit CD22 endocytosis. It is
not known if upon inflammatory/autoimmune conditions, CD22
mRNA expression and endocytosis is altered. As mentioned
above, the presence of Cd22a allele in mice has been associated
with a decrease of CD22 expression.

Relatively few studies have examined the expression of CD22
on B cells from SLE patients; one study reported a decrease
in CD22 levels on B cells from SLE patients with active
disease; another study showed an association between disease
improvement and increased CD22 expression after treatment
(90, 91). SSc patients may also have decreases in CD22 expression
and reduced CD22 phosphorylation (92). Interestingly, anti-
CD22 Abs capable of inhibiting tyrosine phosphorylation of
CD22 have been found in both SSc and SLE patients, which
might be another, yet-to-be-explored, mechanism for regulation
of CD22 function (93).

Another important question is how CD22 expression is
regulated during different stages of B cell development and its
possible impact on the selection of autoreactive B cells. CD22
is most highly expressed on MZ B cell precursors (35) and
remains at high levels onmature B cells; some studies suggest that
developing B cells in the BM express low levels of CD22, starting
at the Pre-B stage (9). Whereas the numbers of B cell precursors
are normal in the BM of CD22-deficient mice, the effects of CD22
on the selection of B cell progenitors have not been studied in
detail. Given its role in the regulation of BCR and TLR signaling,
it is possible that CD22 may also control the signaling thresholds
on developing B cells, and therefore, play a role in the central
selection and tolerance induction.

We found that in healthy conditions newly-formed
transitional (TR) B cells in both human and mice express

relatively high levels of CD22 (Giltiay NV, unpublished data),
which might function to prevent unwanted activation, as a
number of studies have shown that TR B cells express BCRs that
are polyreactive and can bind endogenous antigens (94, 95).
Danzer at al. found that the proportion of murine B cells with
unmasked CD22 is increased in splenic TR and MZ B cells and
peritoneal B1 cells when compared to other mature B cells (96).
They proposed that unmasking of CD22 could be functionally
involved in lowering the signaling threshold at “developmental
checkpoints,” or might be a consequence of cell activation. A
combination of predisposing factors such as TLR signals along
with the unmasking of CD22 at the TR stage would favor the
activation of poly/autoreactive TR B cells and thus contribute to
the development of autoimmunity. Of future interest would be to
compare the expression (and unmasking) of CD22 on different
human B cell subsets in healthy or autoimmune conditions.
Studies using auto-Ag-specific BCR transgenic mice lacking
Cd22 might be also useful to study the contribution of CD22 in
regulating the selection and activation of autoreactive B cells at
different stages of B cell development.

A ROLE OF CD22 IN SELF- AND
NON-SELF-DISCRIMINATION

An important question is how CD22-CD22L cis- or trans-
interactions affect the association of CD22 with sIgM and BCR
signaling. A model proposed by Cyster and Goodnow (97)
suggested that lower levels of sialylated proteins in non-lymphoid
tissues promote CD22-sIg associations that “dampen the BCR
signaling”; however, when B cells enter a lymphoid environment
which is richer in α2,6-sialylated proteins, CD22might be “drawn
away” from sIgM through trans-interactions, thus promoting
BCR signaling and B cell activation. Such “release” of the BCR
from control by CD22 might be necessary when Ag-engaged B
cells migrate into the B-cell follicles and interact with TFH cells
and form GCs. This model fits well with a study that showed
changes in the glycosylation patterns due to altered enzyme
activity in the GC, leading to unmasking of CD22 on GC B cells
compared naive and memory B-cells, (54).

However, what happens when a B cell binds self-Ag? Some
studies proposed that engagement of CD22 may provide a
signal to distinguish between self-Ags and non-self, foreign Ags
and to prevent self-reactivity (43, 98, 99). It is important to
point out that sialyated glycans are abundant in vertebrates’
cells/tissues and are usually absent in bacteria. Thus, they can
be regarded as “self-structures” (100). Lanoue et al. (98), showed
that expression of αST6Gall on self-Ags diminishes the activation
of self-Ag-specific B cells, supporting the idea that CD22-2,6-
sialoglycoconjugate interactions could bias against B cells being
selected by self-Ags arrayed on such cells. More recently, Duong
et al. reported that “decorating” TI-2 Ags with native sialylated
ligands for CD22 and Siglec-G strongly suppresses antibody
responses and promotes a sustained immune tolerance (99).
These findings suggest CD22 influences how B cells maintain
self-tolerance to cell surface proteins, or secreted high-molecular
weight self-Ags.
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CD22 also binds soluble self-molecules present in serum. For
example, soluble IgM has been proposed as a α2,6-sialylated
ligand for CD22 (43). Thus, CD22 might be recruited to the BCR
when B cells bind IgM-antigen complexes, or IgM alone and
thereby inhibit cell activation by acting as a kind of an inhibitory
“IgM-Fc” receptor (97). This might be relevant to therapies using
immunomodulatory IVIg. Séïté et al. recently showed that SA-
positive IgG, but not SA-negative IgG from IVIg binds to CD22
and can inhibit B cell activation (101).

A ROLE FOR CD22 IN TLR REGULATION
OF B CELL RESPONSES TO AUTO-Ags

Many studies suggest that B cells that recognize self-Ags,
especially nuclear Ags, receive second signals from TLRs that
recognize DNA or RNA motifs and drive their activation
(68). TLR7 and TLR9 in particular have been implicated in
the activation of autoreactive cells and antinuclear auto-Ab
production inmouse models of lupus (78, 79, 102, 103). Signaling
though TLRs can promotemultiple functions of B cells, including
cytokine production, cell differentiation, class-switch and Ab
production. CD22-null mouse B cells have increased proliferative
responses to TLR4, TLR7 or TLR9 ligands (38, 39); CD22 as
noted above may inhibit TLR signaling in part by reducing the
expression of SOCS1 and SOCS3 (39).

We found that engagement of CD22 on human B cells
by anti-CD22 Ab inhibits the expression of PRDM1 in
response to TLR7 ligand or a combination of anti-IgM plus
TLR7 ligand stimulation (104). PRDM1 encodes Blimp1, a
key transcription factor required for B cells to mature into
antibody-secreting plasma cells. CD22 ligation limited B cell
differentiation into plasmablasts in response to TLR7 ligation,
suggesting that in vivo CD22 may function to inhibit TLR7-
driven B cell activation of autoreactive B cells. Engagement
of CD22 also affects cytokine production by human B cells
in response to TLR7 or TLR9 stimulation. CD22 ligation
inhibited IL-6 production and increased IL-10 production (104,
105), which might further inhibit pathogenic B cell responses.
Mechanistically, CD22 engagement by antibody can induce
MAPK/ERK phosphorylation, which can turn on the production
of IL-10 (106, 107).

A balance between TLR7 signaling and CD22/CD22L
interactions might be important for maintaining self-tolerance
and keeping autoreactive B cells “in check” (Figure 1). Since a
large proportion of peripheral B cells are poly/autoreactive, and
presumably can encounter nuclear Ags in the form of nuclear
debris of dying cells, CD22 ligation might be an important
mechanism for limiting BCR and TLR signaling. Some studies
suggest that cells undergoing apoptosis have a reduced surface
expression of α2,3- and α2,6-linked sialic acids, which could
affect CD22-trans binding and possibly-limit the ability of CD22
to regulate BCR and/or TLR7 responses (108). This might occur
in SLE where the accumulation of necrotic/apoptotic cells and
improper clearance play a major role in promoting immune
cell activation (109). Genetic factors affecting CD22 or TLR7
expression may affect the ability of CD22 to regulate TLR7-
mediated B cell activation and contribute to autoimmunity.

Inflammatory conditions such as viral infections associated
with type I IFN production, increase TLR7 expression and can
promote changes in protein glycosylation, and further affect
CD22/TLR7 crosstalk. Increased expression of TLR7 promotes
the expansion and activation of newly-formed TR B cells,
which, may contribute to the production of anti-RNA/RNP auto-
Abs (79, 95). Increased TLR7 signaling and dysregulation of
CD22/CD22L interactions may further affect the activation of TR
B cells.

It will be important to further explore the mechanisms for
CD22-mediated inhibition of TLR7-indiced B cell activation.
For example, it is possible that a crosstalk between TLR7
and CD22 might occur after CD22 internalization. Interaction
between CD22 and TLR7 might depend on the CD22 “cargo”
in the endosomal compartment and may be affected by changes
in CD22 microdomain localization. CD22 ligation by self-Ags
possibly could add to co-localizationwith TLR7 in the endosomes
and promote inhibition on TLR7 signaling. A recent study
showed that CD72 binds to endogenous TLR7 ligand Sm/RNP
and inhibits TLR7-driven B cell responses (110). This finding is
in line with previous studies which showed that CD72 deficiency
in mice causes lupus-like disease, and associations between CD72
polymorphisms with SLE (111). CD72 and CD22 share similar
signalingmolecules; furthermore, the ITIMmotif of CD72 can be
a substrate for SHP-1, possibly downstream of CD22. In addition
to that, CD22 signaling might interfere with B cell survival and
cell-proliferation induced downstream of TLR7 by affecting the
activation of NF-κB and pro-survival molecules, such as BclXL
and Mcl1 (106). Siglec-G/10 has been shown to suppress TLR4
signaling and NFkB activation by forming a complex with CD24,
which binds endogenous TLR ligands such as HSP and HMGB1,
but not LPS, providing selective repression of the inflammatory
responses to Danger-Associated Molecular Patterns (DAMPs),
but not pathogen-associated molecular patterns (PAMS) (42,
112).

CD22: A TARGET FOR IMMUNOTHERAPY

CD22 is expressed on the surface of most B-cell leukemias and
lymphomas and therefore has been explored as a target for
Ab-based therapies [reviewed by (113, 114)]. The first fully-
humanized anti-CD22 IgG1 antibody, Epratuzumab (Emab) has
been evaluated in clinical trials of B-cell NHL and ALL (113).
Unlike Rituximab, which depletes circulating B cells, Emab
does not induce complement-dependent cytotoxicity or Ab-
dependent cellular cytotoxicity (115). While Emab is not very
potent in killing malignant B cells as a single agent, positive
results were reported when it was used in a combination
with Rituximab and different types of chemotherapy (114,
116). Another anti-CD22Ab (HB22.7), which binds the ligand-
binding domains of CD22, is under investigation (114). Upon
antibody binding, CD22 is internalized, and because of that,
it has been utilized for targeting Ab-drug conjugates (ADCs)
or immunotoxins. The use of inotuzumab ozogamicin, which
combines an anti-CD22 mAb with calicheamicin, an enediyne
antibiotic, which, binds DNA and causes DNA breakage is now
approved for use in relapsed or refractory B-cell precursor ALL.
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FIGURE 1 | Model for the role of CD22 in regulating BCR/TLR-mediated B cell responses to autoantigens. CD22 molecules are organized in nanodomains, regulated

by interactions with CD45. Self-Ags, decorated with sialylated ligands may recruit CD22 molecules close to the BCR, upon which CD22-SHP-1 activation inhibits

downstream signaling. The uptake up of nuclear-containing Ags triggers TLR7 and TLR9 activation in the endosomes. CD22 may inhibit TLRs activation via several

mechanisms: promoting the activation of CD72, direct inhibition of TLR signaling after internalization, and/or affecting the expression and activation of NF-κB and

pro-survival pathways. Crosslinking of CD22 with a therapeutic antibody Epratuzumab, inhibits the expression of Blimp1 and pro-inflammatory cytokines in response

to TLRs stimulation. Antibody-mediated CD22 ligation induces internalization of CD22, SHP-1, and Grb2 activation and may also promote co-localization with TLRs in

the endosomes.
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Another drug, Moxetumomab Pasudotox, which combines anti-
CD22 with PE38, a fragment of Pseudomonas exotoxin A, has
shown efficacy in patients with hairy cell leukemia (HCL) (114).
Other approaches for targeting CD22 in B cell malignancies have
utilized high-affinity CD22 ligands (117, 118). Recently, the use
of chimeric antigen receptor (CAR) T-cell therapy, specific for
CD22 was reported to provide high response rates for patients
with B-cell acute lymphoblastic leukemia (B-ALL) who had failed
chemotherapy and/or a CD19-targeted CAR T-cell treatment
(119).

There has been a significant interest in adopting CD22-
targeted agents, such as Emab as therapies for autoimmune
diseases, and in particular, for SLE (120, 121). The safety
and efficacy of Emab in SLE have been evaluated in several
clinical trials (120). Since Emab potentiates reduced BCR
signaling and B cell activation, it was predicted to have potent
immunomodulatory effects and a good safety profile. Indeed,
Phase I and II clinical trials demonstrated clinically relevant,
sustained improvements in patients withmoderate-to-severe SLE
and with no significant side effects (121). However, Emab did not
reach its primary clinical endpoint at phase III clinical trial in
SLE (122). A very high placebo response and early rescue of non-
responders with increased doses of glucocorticoids might have
confounded the results of this particular trail. A post-hoc analysis
of the Phase III trial showed improved SLE disease activity in
response to Emab in a subgroup of SLE patients with associated
Sjogren’s Syndrome (SjS), suggesting a future use of Emab (123)
or other CD22-based drugs.

The mode-of-action of Emab in SLE is not fully understood.
CD22 ligation by Emab induces rapid internalization and
phosphorylation of CD22, inhibition of Syk and PLCγ2, and
reduces intracellular Ca2+ mobilization after BCR stimulation in
vitro (124). Emab-induced CD22 phosphorylation also enhances
its co-localization with SHP-1 and Grb2 (125). Epratuzumab
induces a partial reduction of circulating B cells in SLE patients,
which might be associated with the effects of Emab on the
expression of the adhesionmolecules such as CD62L, β7 integrin,
and β1 integrin and changes of B-cell migration (124).

Emab affects the production of cytokines in response
to BCR/TLR stimulation, by skewing B cells to produce
immunoregulatory cytokines such as IL-10 while inhibiting IL-
6 and TNF alpha production (104, 105). Thus, targeting CD22
may restore IL-10 production by regulatory B cells, reported to
be impaired in SLE patients (126). Emab inhibits the activation
and the expression of PRDM1/Blimp1 in response to BCR and
TLR7 stimulation in a subset of CD27−IgD− double-negative
(DN)memory B-cells (104), known to be elevated in SLE patients
with more active disease (127).

More work needs to be done to understand the possible
therapeutic effects of CD22-based drugs in SLE and potentially
to predict which patients respond to CD22-mediated therapies;
genetic factors, including defects in CD22 and CD22L, might
play a role in responsiveness to CD22 targeting. Recently, Ereño-
Orbea et al. delineated the CD22 site targeted by Emab and
showed that glycosylation of CD22, which might be altered in
B-cell malignancies and autoimmune conditions such as SLE, can
affect the ability of Emab to bind its epitope on CD22 (33).

Macauley et al. (128) used liposomal nanoparticles bearing
a synthetic high-affinity ligand for CD22, which contained
optimized ratios of Ag that can deliver Ag to B cell while
engaging CD22. The administration of these SIGLEC-engaging
Ag-liposomes (STALs) in mice decreased Ab responses upon
a second challenge with the same particles without CD22L,
suggesting the induction of Ag-specific immunogenic tolerance
(128, 129). The authors showed that STAL-induced B cell
tolerance was associated with CD22-mediated inhibition of
BCR signaling and recruitment of SHP-1. The potential of
STALs was also demonstrated in a mouse model of hemophilia
A, which showed a sustained inhibition of anti-VIII Ab
responses after mice were administered recombinant FVIII
replacement therapy. Another study in MRL/lpr mice has
demonstrated the use of chimeric antibody constructed by
coupling copies of a DNA mimotope peptide and CD22-binding
STN peptide to a mouse IgG backbone. This triple chimera
targeted selectively autoreactive B cells and the simultaneous
engagement of the BCR, CD22 and, FcgRIIb inhibited anti-
DNA Ab production and delayed the development of disease
(130). Targeting anti-CD22 was also shown to partly deplete
and reprogram B-cells in autoimmune NOD mice, thereby
reversing the development of autoimmune diabetes (131).
Recently STALS targeting hCD22 ligand were reported to induce
to immunological tolerance in humanized CD22 Tg mice. This
new model may provide a valuable tool to study the function
of human CD22 in vivo and for future preclinical studies
(132).

CONCLUSIONS

CD22 plays a key role in affecting B cell responses to Ags
and innate immune signals, and CD22-CD22L interactions are
essential for maintaining self-tolerance. Despite the evidence
implicating CD22 in murine lupus, human genetic studies do
not support CD22 as a major disease susceptibility locus in SLE.
However, it is likely that defects in CD22 combined with other
genetic factors have additive or synergistic effects on disease
susceptibility. The ability of CD22 to regulate both BCR and TLRs
represents an attractive therapeutic strategy for manipulating B
cell responses in autoimmunity. A challenge for the future would
be to fully understand the mode-of action of different CD22-
tarageting agents. New methods for CD22-mediated targeting
of pathogenic autoreactive B cells without compromising the
host’s ability to respond to foreign pathogens are a potential new
exciting avenue for immunotherapies.

AUTHOR CONTRIBUTIONS

EC wrote sections of the review and edited sections written by
NG, completed final manuscript. NG wrote section of the review
and edited sections written by EC, prepared Figure.

FUNDING

This work was funded in part by NIH grants AI44257 and
AI52203 to EC.

Frontiers in Immunology | www.frontiersin.org 9 September 2018 | Volume 9 | Article 2235

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Clark and Giltiay CD22 Regulation of B Cells

REFERENCES

1. Clark EA. CD22, a B cell-specific receptor, mediates adhesion and signal

transduction. J Immunol. (1993) 150:4715–8.

2. Jellusova J, Nitschke L. Regulation of B cell functions by the sialic

acid-binding receptors siglec-G and CD22. Front Immunol. (2011) 2:96.

doi: 10.3389/fimmu.2011.00096

3. Tedder TF, Poe JC, Haas KM. CD22: a multifunctional receptor that

regulates B lymphocyte survival and signal transduction. Adv Immunol.

(2005) 88:1–50. doi: 10.1016/S0065-2776(05)88001-0

4. Walker JA, Smith KG. CD22: an inhibitory enigma. Immunology (2008)

123:314–25. doi: 10.1111/j.1365-2567.2007.02752.x

5. Otipoby KL, Draves KE, Clark EA. CD22 regulates B cell receptor-mediated

signals via two domains that independently recruit Grb2 and SHP-1. J Biol

Chem. (2001) 276:44315–22. doi: 10.1074/jbc.M105446200

6. Poe JC, Fujimoto M, Jansen PJ, Miller AS, Tedder TF. CD22 forms a

quaternary complex with SHIP, Grb2, and Shc. A pathway for regulation of

B lymphocyte antigen receptor-induced calcium flux. J Biol Chem. (2000)

275:17420–7. doi: 10.1074/jbc.M001892200

7. Yohannan J, Wienands J, Coggeshall KM, Justement LB. Analysis

of tyrosine phosphorylation-dependent interactions between stimulatory

effector proteins and the B cell co-receptor CD22. J Biol Chem. (1999)

274:18769–76. doi: 10.1074/jbc.274.26.18769

8. Fujimoto M, Kuwano Y, Watanabe R, Asashima N, Nakashima H,

Yoshitake S, et al. B cell antigen receptor and CD40 differentially

regulate CD22 tyrosine phosphorylation. J Immunol. (2006) 176:873–9.

doi: 10.4049/jimmunol.176.2.873

9. Nitschke L, Carsetti R, Ocker B, Kohler G, Lamers MC. CD22 is a

negative regulator of B-cell receptor signalling. Curr Biol. (1997) 7:133–43.

doi: 10.1016/S0960-9822(06)00057-1

10. Otipoby KL, Andersson KB, Draves KE, Klaus SJ, Farr AG, Kerner JD, et al.

CD22 regulates thymus-independent responses and the lifespan of B cells.

Nature (1996) 384:634–7. doi: 10.1038/384634a0

11. Sato S, Miller AS, Inaoki M, Bock CB, Jansen PJ, TangML, et al. CD22 is both

a positive and negative regulator of B lymphocyte antigen receptor signal

transduction: altered signaling in CD22-deficient mice. Immunity (1996)

5:551–62. doi: 10.1016/S1074-7613(00)80270-8

12. Hennet T, Chui D, Paulson JC, Marth JD. Immune regulation by the

ST6Gal sialyltransferase. Proc Natl Acad Sci USA. (1998) 95:4504–9.

doi: 10.1073/pnas.95.8.4504

13. Macauley MS, Crocker PR, Paulson JC. Siglec-mediated regulation of

immune cell function in disease. Nat Rev Immunol. (2014) 14:653–66.

doi: 10.1038/nri3737

14. Collins BE, Blixt O, DeSieno AR, Bovin N, Marth JD, Paulson JC.

Masking of CD22 by cis ligands does not prevent redistribution of CD22

to sites of cell contact. Proc Natl Acad Sci USA. (2004) 101:6104–9.

doi: 10.1073/pnas.0400851101

15. Poe JC, Fujimoto Y, Hasegawa M, Haas KM, Miller AS, Sanford IG,

et al. CD22 regulates B lymphocyte function in vivo through both ligand-

dependent and ligand-independent mechanisms. Nat Immunol. (2004)

5:1078–87. doi: 10.1038/ni1121

16. Cornall RJ, Cyster JG, Hibbs ML, Dunn AR, Otipoby KL, Clark EA, et al.

Polygenic autoimmune traits: Lyn, CD22, and SHP-1 are limiting elements

of a biochemical pathway regulating BCR signaling and selection. Immunity

(1998) 8:497–508. doi: 10.1016/S1074-7613(00)80554-3

17. Zhao Z, Shen SH, Fischer EH. Stimulation by phospholipids of a protein-

tyrosine-phosphatase containing two src homology 2 domains. Proc Natl

Acad Sci USA. (1993) 90:4251–5. doi: 10.1073/pnas.90.9.4251

18. Bone H, Dechert U, Jirik F, Schrader JW, Welham MJ. SHP1 and

SHP2 protein-tyrosine phosphatases associate with betac after interleukin-

3-induced receptor tyrosine phosphorylation. Identification of potential

binding sites and substrates. J Biol Chem. (1997) 272:14470–6.

19. Wheadon H, Paling NR, Welham MJ. Molecular interactions of

SHP1 and SHP2 in IL-3-signalling. Cell Signal. (2002) 14:219–29.

doi: 10.1016/S0898-6568(01)00241-8

20. Burshtyn DN, YangW, Yi T, Long EO. A novel phosphotyrosine motif with a

critical amino acid at position−2 for the SH2 domain-mediated activation

of the tyrosine phosphatase SHP-1. J Biol Chem. (1997) 272:13066–72.

doi: 10.1074/jbc.272.20.13066

21. Baba T, Fusaki N, Shinya N, Iwamatsu A, Hozumi N. Myosin is an

in vivo substrate of the protein tyrosine phosphatase (SHP-1) after

mIgM cross-linking. Biochem Biophys Res Commun. (2003) 304:67–72.

doi: 10.1016/S0006-291X(03)00542-4

22. Wu Y, Nadler MJ, Brennan LA, Gish GD, Timms JF, Fusaki N, et al. The

B-cell transmembrane protein CD72 binds to and is an in vivo substrate

of the protein tyrosine phosphatase SHP-1. Curr Biol. (1998) 8:1009–17.

doi: 10.1016/S0960-9822(07)00421-6

23. Gerlach J, Ghosh S, Jumaa H, Reth M, Wienands J, Chan AC, et al. B cell

defects in SLP65/BLNK-deficient mice can be partially corrected by the

absence of CD22, an inhibitory coreceptor for BCR signaling. Eur J Immunol.

(2003) 33:3418–26. doi: 10.1002/eji.200324290

24. Mizuno K, Tagawa Y, Watanabe N, Ogimoto M, Yakura H. SLP-76 is

recruited to CD22 and dephosphorylated by SHP-1, thereby regulating B cell

receptor-induced c-Jun N-terminal kinase activation. Eur J Immunol. (2005)

35:644–54. doi: 10.1002/eji.200425465

25. Chen J, McLean PA, Neel BG, Okunade G, Shull GE, Wortis HH. CD22

attenuates calcium signaling by potentiating plasma membrane calcium-

ATPase activity. Nat Immunol. (2004) 5:651–7. doi: 10.1038/ni1072

26. Chen J, Wang H, Xu WP, Wei SS, Li HJ, Mei YQ, et al. Besides an

ITIM/SHP-1-dependent pathway, CD22 collaborates with Grb2 and plasma

membrane calcium-ATPase in an ITIM/SHP-1-independent pathway of

attenuation of Ca2+i signal in B cells. Oncotarget (2016) 7:56129–46.

doi: 10.18632/oncotarget.9794

27. Stork B, Neumann K, Goldbeck I, Alers S, Kahne T, Naumann M, et al.

Subcellular localization of Grb2 by the adaptor protein Dok-3 restricts

the intensity of Ca2+ signaling in B cells. EMBO J. (2007) 26:1140–9.

doi: 10.1038/sj.emboj.7601557

28. Han S, Collins BE, Bengtson P, Paulson JC. Homomultimeric complexes of

CD22 in B cells revealed by protein-glycan cross-linking. Nat Chem Biol.

(2005) 1:93–7. doi: 10.1038/nchembio713

29. Gasparrini F, Feest C, Bruckbauer A, Mattila PK, Muller J, Nitschke L, et al.

Nanoscale organization and dynamics of the siglec CD22 cooperate with

the cytoskeleton in restraining BCR signalling. EMBO J. (2016) 35:258–80.

doi: 10.15252/embj.201593027

30. Law CL, Aruffo A, Chandran KA, Doty RT, Clark EA. Ig domains 1 and 2

of murine CD22 constitute the ligand-binding domain and bind multiple

sialylated ligands expressed on B and T cells. J Immunol. (1995) 155:3368–76.

31. Stamenkovic I, Sgroi D, Aruffo A, Sy MS, Anderson T. The B lymphocyte

adhesionmolecule CD22 interacts with leukocyte common antigen CD45RO

on T cells and alpha 2–6 sialyltransferase, CD75, on B cells. Cell (1991)

66:1133–44. doi: 10.1016/0092-8674(91)90036-X

32. Coughlin S, Noviski M, Mueller JL, Chuwonpad A, Raschke WC, Weiss A,

et al. An extracatalytic function of CD45 in B cells is mediated by CD22. Proc

Natl Acad Sci USA. (2015) 112:E6515–24. doi: 10.1073/pnas.1519925112

33. Ereno-Orbea J, Sicard T, Cui H, Mazhab-Jafari MT, Benlekbir S, Guarne A,

et al. Molecular basis of human CD22 function and therapeutic targeting.

Nat Commun. (2017) 8:764. doi: 10.1038/s41467-017-00836-6

34. Samardzic T, Marinkovic D, Danzer CP, Gerlach J, Nitschke

L, Wirth T. Reduction of marginal zone B cells in

CD22-deficient mice. Eur J Immunol. (2002) 32:561–7.

doi: 10.1002/1521-4141(200202)32:2<561::AID-IMMU561>3.0.CO;2-H

35. Santos L, Draves KE, Boton M, Grewal PK, Marth JD, Clark EA. Dendritic

cell-dependent inhibition of B cell proliferation requires CD22. J Immunol.

(2008) 180:4561–9. doi: 10.4049/jimmunol.180.7.4561

36. Haas KM, Johnson KL, Phipps JP, Do C. CD22 Promotes B-1b cell responses

to T cell-independent type 2 antigens. J Immunol. (2018) 200:1671–1681.

doi: 10.4049/jimmunol.1701578

37. Poe JC, Haas KM, Uchida J, Lee Y, Fujimoto M, Tedder TF. Severely

impaired B lymphocyte proliferation, survival, and induction of the c-

Myc:Cullin 1 ubiquitin ligase pathway resulting from CD22 deficiency

on the C57BL/6 genetic background. J Immunol. (2004) 172:2100–10.

doi: 10.4049/jimmunol.172.4.2100

38. Jellusova J, Wellmann U, Amann K, Winkler TH, Nitschke L. CD22 x

Siglec-G double-deficient mice have massively increased B1 cell numbers

Frontiers in Immunology | www.frontiersin.org 10 September 2018 | Volume 9 | Article 2235

https://doi.org/10.3389/fimmu.2011.00096
https://doi.org/10.1016/S0065-2776(05)88001-0
https://doi.org/10.1111/j.1365-2567.2007.02752.x
https://doi.org/10.1074/jbc.M105446200
https://doi.org/10.1074/jbc.M001892200
https://doi.org/10.1074/jbc.274.26.18769
https://doi.org/10.4049/jimmunol.176.2.873
https://doi.org/10.1016/S0960-9822(06)00057-1
https://doi.org/10.1038/384634a0
https://doi.org/10.1016/S1074-7613(00)80270-8
https://doi.org/10.1073/pnas.95.8.4504
https://doi.org/10.1038/nri3737
https://doi.org/10.1073/pnas.0400851101
https://doi.org/10.1038/ni1121
https://doi.org/10.1016/S1074-7613(00)80554-3
https://doi.org/10.1073/pnas.90.9.4251
https://doi.org/10.1016/S0898-6568(01)00241-8
https://doi.org/10.1074/jbc.272.20.13066
https://doi.org/10.1016/S0006-291X(03)00542-4
https://doi.org/10.1016/S0960-9822(07)00421-6
https://doi.org/10.1002/eji.200324290
https://doi.org/10.1002/eji.200425465
https://doi.org/10.1038/ni1072
https://doi.org/10.18632/oncotarget.9794
https://doi.org/10.1038/sj.emboj.7601557
https://doi.org/10.1038/nchembio713
https://doi.org/10.15252/embj.201593027
https://doi.org/10.1016/0092-8674(91)90036-X
https://doi.org/10.1073/pnas.1519925112
https://doi.org/10.1038/s41467-017-00836-6
https://doi.org/10.1002/1521-4141(200202)32:2$<$561::AID-IMMU561$>$3.0.CO;2-H
https://doi.org/10.4049/jimmunol.180.7.4561
https://doi.org/10.4049/jimmunol.1701578
https://doi.org/10.4049/jimmunol.172.4.2100
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Clark and Giltiay CD22 Regulation of B Cells

and develop systemic autoimmunity. J Immunol. (2010) 184:3618–27.

doi: 10.4049/jimmunol.0902711

39. Kawasaki N, Rademacher C, Paulson JC. CD22 regulates adaptive and

innate immune responses of B cells. J Innate Immun. (2011) 3:411–9.

doi: 10.1159/000322375

40. Matsubara N, Imamura A, Yonemizu T, Akatsu C, Yang H, Ueki

A, et al. CD22-binding synthetic sialosides regulate b lymphocyte

proliferation through CD22 ligand-dependent and independent pathways,

and enhance antibody production in mice. Front Immunol. (2018) 9:820.

doi: 10.3389/fimmu.2018.00820

41. O’Reilly MK, Tian H, Paulson JC. CD22 is a recycling receptor that

can shuttle cargo between the cell surface and endosomal compartments

of B cells. J Immunol. (2011) 186:1554–63. doi: 10.4049/jimmunol.

1003005

42. Paulson JC, Macauley MS, Kawasaki N. Siglecs as sensors of self in innate

and adaptive immune responses. Ann N Y Acad Sci. (2012) 1253:37–48.

doi: 10.1111/j.1749-6632.2011.06362.x

43. Hanasaki K, Powell LD, Varki A. Binding of human plasma

sialoglycoproteins by the B cell-specific lectin CD22. Selective recognition of

immunoglobulin M and haptoglobin. J Biol Chem. (1995) 270:7543–50.

44. Tuscano J, Engel P, Tedder TF, Kehrl JH. Engagement of the adhesion

receptor CD22 triggers a potent stimulatory signal for B cells and

blocking CD22/CD22L interactions impairs T-cell proliferation. Blood

(1996) 87:4723–30.

45. Zeng J, Joo HM, Rajini B, Wrammert JP, Sangster MY, Onami

TM. The generation of influenza-specific humoral responses is

impaired in ST6Gal I-deficient mice. J Immunol. (2009) 182:4721–7.

doi: 10.4049/jimmunol.0802833

46. Horikawa K, Martin SW, Pogue SL, Silver K, Peng K, Takatsu K, et al.

Enhancement and suppression of signaling by the conserved tail of IgG

memory-type B cell antigen receptors. J Exp Med. (2007) 204:759–69.

doi: 10.1084/jem.20061923

47. Waisman A, Kraus M, Seagal J, Ghosh S, Melamed D, Song J, et al. IgG1 B

cell receptor signaling is inhibited by CD22 and promotes the development

of B cells whose survival is less dependent on Ig alpha/beta. J ExpMed. (2007)

204:747–58. doi: 10.1084/jem.20062024

48. Chappell CP, Draves KE, Clark EA. CD22 is required for formation of

memory B cell precursors within germinal centers. PLoS ONE (2017)

12:e0174661. doi: 10.1371/journal.pone.0174661

49. Onodera T, Poe JC, Tedder TF, Tsubata T. CD22 regulates time course of

both B cell division and antibody response. J Immunol. (2008) 180:907–13.

doi: 10.4049/jimmunol.180.2.907

50. Goins CL, Chappell CP, Shashidharamurthy R, Selvaraj P, Jacob J.

Immune complex-mediated enhancement of secondary antibody responses.

J Immunol. (2010) 184:6293–8. doi: 10.4049/jimmunol.0902530

51. Khalil AM, Cambier JC, Shlomchik MJ. B cell receptor signal transduction

in the GC is short-circuited by high phosphatase activity. Science (2012)

336:1178–81. doi: 10.1126/science.1213368

52. Li YF, Xu S, Ou X, Lam KP. Shp1 signalling is required to establish the

long-lived bone marrow plasma cell pool. Nat Commun. (2014) 5:4273.

doi: 10.1038/ncomms5273

53. Lajaunias F, Ida A, Kikuchi S, Fossati-Jimack L, Martinez-Soria E, Moll T,

et al. Differential control of CD22 ligand expression on B and T lymphocytes,

and enhanced expression in murine systemic lupus. Arthritis Rheum. (2003)

48:1612–21. doi: 10.1002/art.11021

54. Macauley MS, Kawasaki N, Peng W, Wang SH, He Y, Arlian BM, et al.

Unmasking of CD22 Co-receptor on germinal center b-cells occurs by

alternative mechanisms in mouse and man. J Biol Chem. (2015) 290:30066–

77. doi: 10.1074/jbc.M115.691337

55. Lee M, Kiefel H, LaJevic MD, Macauley MS, Kawashima H, O’Hara E, et al.

Transcriptional programs of lymphoid tissue capillary and high endothelium

reveal control mechanisms for lymphocyte homing. Nat Immunol. (2014)

15:982–95. doi: 10.1038/ni.2983

56. Kimura N, Ohmori K, Miyazaki K, Izawa M, Matsuzaki Y, Yasuda

Y, et al. Human B-lymphocytes express alpha2–6-sialylated 6-sulfo-N-

acetyllactosamine serving as a preferred ligand for CD22/Siglec-2. J Biol

Chem. (2007) 282:32200–7. doi: 10.1074/jbc.M702341200

57. Ma DY, Suthar MS, Kasahara S, Gale M Jr, Clark EA. CD22 is required

for protection against West Nile virus Infection. J Virol. (2013) 87:3361–75.

doi: 10.1128/JVI.02368-12

58. Ghosh S, Bandulet C, Nitschke L. Regulation of B cell development and B cell

signalling by CD22 and its ligands alpha2,6-linked sialic acids. Int Immunol.

(2006) 18:603–11. doi: 10.1093/intimm/dxh402

59. Nitschke L, Floyd H, Ferguson DJ, Crocker PR. Identification of CD22

ligands on bone marrow sinusoidal endothelium implicated in CD22-

dependent homing of recirculating B cells. J Exp Med. (1999) 189:1513–8.

doi: 10.1084/jem.189.9.1513

60. Chappell CP, Draves KE, Giltiay NV, Clark EA. Extrafollicular B cell

activation by marginal zone dendritic cells drives T cell-dependent antibody

responses. J Exp Med. (2012) 209:1825–40. doi: 10.1084/jem.20120774

61. Sindhava VJ, Tuna H, Gachuki BW, DiLillo DJ, Avdiushko MG, Onami

TM, et al. Bone marrow dendritic cell-mediated regulation of TLR and

B cell receptor signaling in B cells. J Immunol. (2012) 189:3355–67.

doi: 10.4049/jimmunol.1101352

62. Edwards AD, Chaussabel D, Tomlinson S, Schulz O, Sher A, Reis e Sousa,

C. Relationships among murine CD11c(high) dendritic cell subsets as

revealed by baseline gene expression patterns. J Immunol. (2003) 171:47–60.

doi: 10.4049/jimmunol.171.1.47

63. Ogata T, Yamakawa M, Imai Y, Takahashi T. Follicular dendritic cells adhere

to fibronectin and laminin fibers via their respective receptors. Blood (1996)

88:2995–3003.

64. Reineks EZ, Osei ES, Rosenberg A, Auletta J, Meyerson HJ. CD22 expression

on blastic plasmacytoid dendritic cell neoplasms and reactivity of anti-CD22

antibodies to peripheral blood dendritic cells. Cytometry B Clin Cytom.

(2009) 76:237–48. doi: 10.1002/cyto.b.20469

65. Fehr T, Lopez-Macias C, Odermatt B, Torres RM, Schubart DB, O’Keefe

TL, et al. Correlation of anti-viral B cell responses and splenic morphology

with expression of B cell-specificmolecules. Int Immunol. (2000) 12:1275–84.

doi: 10.1093/intimm/12.9.1275

66. Gjertsson I, Nitschke L, Tarkowski A. The role of B cell CD22 expression in

Staphylococcus aureus arthritis and sepsis. Microbes Infect. (2004) 6:377–82.

doi: 10.1016/j.micinf.2003.12.013

67. Knoetig SM, Torrey TA, Naghashfar Z, McCarty T, Morse HC

III. CD19 signaling pathways play a major role for murine

AIDS induction and progression. J Immunol. (2002) 169:5607–14.

doi: 10.4049/jimmunol.169.10.5607

68. Green NM, Marshak-Rothstein A. Toll-like receptor driven B cell activation

in the induction of systemic autoimmunity. Semin Immunol. (2011) 23:106–

12. . doi: 10.1016/j.smim.2011.01.016

69. Santiago ML, Mary C, Parzy D, Jacquet C, Montagutelli X, Parkhouse

RM et al. Linkage of a major quantitative trait locus to Yaa gene-induced

lupus-like nephritis in (NZW x C57BL/6)F1 mice. Eur J Immunol. (1998)

28:4257–67.

70. Mary C, Laporte C, Parzy D, Santiago ML, Stefani F, Lajaunias F, et al.

Dysregulated expression of the Cd22 gene as a result of a short interspersed

nucleotide element insertion in Cd22a lupus-prone mice. J Immunol. (2000)

165:2987–96. doi: 10.4049/jimmunol.165.6.2987

71. Law CL, Torres RM, Sundberg HA, Parkhouse RM, Brannan CI, Copeland

NG, et al. Organization of the murine Cd22 locus. Mapping to chromosome

7 and characterization of two alleles. J Immunol. (1993) 151:175–87.

72. Nitschke L, Lajaunias F, Moll T, Ho L, Martinez-Soria E, Kikuchi S,

et al. Expression of aberrant forms of CD22 on B lymphocytes in Cd22a

lupus-prone mice affects ligand binding. Int Immunol. (2006) 18:59–68.

doi: 10.1093/intimm/dxh349

73. O’Keefe TL, Williams GT, Batista FD, Neuberger MS. Deficiency in

CD22, a B cell-specific inhibitory receptor, is sufficient to predispose to

development of high affinity autoantibodies. J Exp Med. (1999) 189:1307–13.

doi: 10.1084/jem.189.8.1307

74. Bygrave AE, Rose KL, Cortes-Hernandez J, Warren J, Rigby RJ, Cook HT,

et al. Spontaneous autoimmunity in 129 and C57BL/6 mice-implications for

autoimmunity described in gene-targeted mice. PLoS Biol. (2004) 2:E243.

doi: 10.1371/journal.pbio.0020243

75. Yarkoni Y, Fischel R, Kat I, Yachimovich-Cohen N, Eilat D. Peripheral

B cell receptor editing may promote the production of high-affinity

Frontiers in Immunology | www.frontiersin.org 11 September 2018 | Volume 9 | Article 2235

https://doi.org/10.4049/jimmunol.0902711
https://doi.org/10.1159/000322375
https://doi.org/10.3389/fimmu.2018.00820
https://doi.org/10.4049/jimmunol.1003005
https://doi.org/10.1111/j.1749-6632.2011.06362.x
https://doi.org/10.4049/jimmunol.0802833
https://doi.org/10.1084/jem.20061923
https://doi.org/10.1084/jem.20062024
https://doi.org/10.1371/journal.pone.0174661
https://doi.org/10.4049/jimmunol.180.2.907
https://doi.org/10.4049/jimmunol.0902530
https://doi.org/10.1126/science.1213368
https://doi.org/10.1038/ncomms5273
https://doi.org/10.1002/art.11021
https://doi.org/10.1074/jbc.M115.691337
https://doi.org/10.1038/ni.2983
https://doi.org/10.1074/jbc.M702341200
https://doi.org/10.1128/JVI.02368-12
https://doi.org/10.1093/intimm/dxh402
https://doi.org/10.1084/jem.189.9.1513
https://doi.org/10.1084/jem.20120774
https://doi.org/10.4049/jimmunol.1101352
https://doi.org/10.4049/jimmunol.171.1.47
https://doi.org/10.1002/cyto.b.20469
https://doi.org/10.1093/intimm/12.9.1275
https://doi.org/10.1016/j.micinf.2003.12.013
https://doi.org/10.4049/jimmunol.169.10.5607
https://doi.org/10.1016/j.smim.2011.01.016
https://doi.org/10.4049/jimmunol.165.6.2987
https://doi.org/10.1093/intimm/dxh349
https://doi.org/10.1084/jem.189.8.1307
https://doi.org/10.1371/journal.pbio.0020243
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Clark and Giltiay CD22 Regulation of B Cells

autoantibodies in CD22-deficient mice. Eur J Immunol. (2006) 36:2755–67.

doi: 10.1002/eji.200636190

76. Bokers S, Urbat A, Daniel C, Amann K, Smith KG, Espeli M, et al. Siglec-G

deficiency leads to more severe collagen-induced arthritis and earlier onset

of lupus-like symptoms in MRL/lpr mice. J Immunol. (2014) 192:2994–3002.

doi: 10.4049/jimmunol.1303367

77. Muller J, Nitschke L. The role of CD22 and Siglec-G in B-cell

tolerance and autoimmune disease. Nat Rev Rheumatol. (2014) 10:422–8.

doi: 10.1038/nrrheum.2014.54

78. Pisitkun P, Deane JA, Difilippantonio MJ, Tarasenko T, Satterthwaite

AB, Bolland S. Autoreactive B cell responses to RNA-related

antigens due to TLR7 gene duplication. Science (2006) 312:1669–72.

doi: 10.1126/science.1124978

79. Giltiay NV, Chappell CP, Sun X, Kolhatkar N, Teal TH, Wiedeman AE, et al.

Overexpression of TLR7 promotes cell-intrinsic expansion and autoantibody

production by transitional T1 B cells. J Exp Med. (2013) 210:2773–89.

doi: 10.1084/jem.20122798

80. Angata T. Associations of genetic polymorphisms of Siglecs with human

diseases. Glycobiology (2014) 24:785–93. doi: 10.1093/glycob/cwu043

81. Hatta Y, Tsuchiya N, Matsushita M, Shiota M, Hagiwara K, Tokunaga K.

Identification of the gene variations in human CD22. Immunogenetics (1999)

49:280–6. doi: 10.1007/s002510050494

82. Pillai S, Cariappa A, Pirnie SP. Esterases and autoimmunity: the sialic acid

acetylesterase pathway and the regulation of peripheral B cell tolerance.

Trends Immunol. (2009) 30:488–93. doi: 10.1016/j.it.2009.07.006

83. Surolia I, Pirnie SP, Chellappa V, Taylor KN, Cariappa A, Moya J, et al.

Functionally defective germline variants of sialic acid acetylesterase in

autoimmunity. Nature (2010) 466:243–7. doi: 10.1038/nature09115

84. Chellappa V, Taylor KN, Pedrick K, Donado C, Netravali IA, Haider K,

et al. M89V Sialic acid Acetyl Esterase (SIAE) and all other non-synonymous

common variants of this gene are catalytically normal. PLoS ONE (2013)

8:e53453. doi: 10.1371/journal.pone.0053453

85. Cariappa A, Takematsu H, Liu H, Diaz S, Haider K, Boboila C, et al. B

cell antigen receptor signal strength and peripheral B cell development are

regulated by a 9-O-acetyl sialic acid esterase. J Exp Med. (2009) 206:125–38.

doi: 10.1084/jem.20081399

86. Hitomi Y, Tsuchiya N, Hasegawa M, Fujimoto M, Takehara K, Tokunaga

K, et al. Association of CD22 gene polymorphism with susceptibility

to limited cutaneous systemic sclerosis. Tissue Antigens (2007) 69:242–9.

doi: 10.1111/j.1399-0039.2007.00801.x

87. Dawidowicz K, Dieudé P, Avouac J, Wipff J, Hachulla E, Diot E, et al.

Association study of B-cell marker gene polymorphisms in European

Caucasian patients with systemic sclerosis. Clin Exp Rheumatol. (2011)

29:839–42.

88. Lajaunias F, Nitschke L, Moll T, Martinez-Soria E, Semac I, Chicheportiche

Y, et al. Differentially regulated expression and function of CD22 in

activated B-1 and B-2 lymphocytes. J Immunol. (2002) 168:6078–83.

doi: 10.4049/jimmunol.168.12.6078

89. John B, Herrin BR, Raman C, Wang YN, Bobbitt KR, Brody BA, et al.The

B cell coreceptor CD22 associates with AP50, a clathrin-coated pit adapter

protein, via tyrosine-dependent interaction. J Immunol. (2003) 170:3534–43.

doi: 10.4049/jimmunol.170.7.3534

90. El-Sayed ZA, Ragab SM, Khalifa KA, El Ashmawy RA. Altered CD19/CD22

balance in Egyptian children and adolescents with systemic lupus

erythematosus. Egypt J Immunol. (2009) 16:27–38.

91. Suzuki J, Nakano S, Nakairi Y, Mitsuo A, Amano H, Morimoto S,

et al. CD19/22 balance relates to improvement of disease activity

in systemic lupus erythematosus. Mod Rheumatol. (2006) 16:235–8.

doi: 10.3109/s10165-006-0497-z

92. Melissaropoulos K, Liossis SN. Decreased CD22 expression and intracellular

signaling aberrations in B cells of patients with systemic sclerosis. Rheumatol

Int. (2018) 38:1225–34. doi: 10.1007/s00296-018-4076-3

93. Odaka M, Hasegawa M, Hamaguchi Y, Ishiura N, Kumada S, Matsushita T,

(2012) Autoantibody-mediated regulation of B cell responses by functional

anti-CD22 autoantibodies in patients with systemic sclerosis. Clin Exp

Immunol. (2010) 159:176–84. doi: 10.1111/j.1365-2249.2009.04059.x

94. Giltiay NV, Chappell CP, Clark EA. B-cell selection and the development

of autoantibodies. Arthritis Res Ther. (2012) 14(Suppl. 4):S1.

doi: 10.1186/ar3918

95. Meffre E, Wardemann H. B-cell tolerance checkpoints in health

and autoimmunity. Curr Opin Immunol. (2008) 20:632–8.

doi: 10.1016/j.coi.2008.09.001

96. Danzer CP, Collins BE, Blixt O, Paulson JC, Nitschke L. Transitional

and marginal zone B cells have a high proportion of unmasked

CD22: implications for BCR signaling. Int Immunol. (2003) 15:1137–47.

doi: 10.1093/intimm/dxg114

97. Cyster JG, Goodnow CC. Tuning antigen receptor signaling by CD22:

integrating cues from antigens and the microenvironment. Immunity (1997)

6:509–17. doi: 10.1016/S1074-7613(00)80339-8

98. Lanoue A, Batista FD, Stewart M, Neuberger MS. Interaction of CD22 with

alpha2,6-linked sialoglycoconjugates: innate recognition of self to dampen

B cell autoreactivity? Eur J Immunol. (2002) 32:348–55. doi: 10.1002/1521-

4141(200202)32:2<348::AID-IMMU348>3.0.CO;2-5

99. Duong BH, Tian H, Ota T, Completo G, Han S, Vela JL, et al. Decoration

of T-independent antigen with ligands for CD22 and Siglec-G can suppress

immunity and induce B cell tolerance in vivo. J Exp Med. (2010) 207:173–87.

doi: 10.1084/jem.20091873

100. Gagneux P, Varki A. Evolutionary considerations in relating oligosaccharide

diversity to biological function. Glycobiology (1999) 9:747–55.

doi: 10.1093/glycob/9.8.747

101. Seite JF, Cornec D, Renaudineau Y, Youinou P, Mageed RA, Hillion

S. IVIg modulates BCR signaling through CD22 and promotes

apoptosis in mature human B lymphocytes. Blood (2010) 116:1698–704.

doi: 10.1182/blood-2009-12-261461

102. Berland R, Fernandez L, Kari E, Han JH, Lomakin I, Akira S, et al. Toll-

like receptor 7-dependent loss of B cell tolerance in pathogenic autoantibody

knockin mice. Immunity (2006) 25:429–40.

103. Christensen SR, Shupe J, Nickerson K, Kashgarian M, Flavell RA, Shlomchik

MJ. Toll-like receptor 7 and TLR9 dictate autoantibody specificity and have

opposing inflammatory and regulatory roles in a murine model of lupus.

Immunity (2006) 25:417–28. doi: 10.1016/j.immuni.2006.07.013

104. Giltiay NV, Shu GL, Shock A, Clark EA. Targeting CD22 with the

monoclonal antibody epratuzumab modulates human B-cell maturation

and cytokine production in response to Toll-like receptor 7 (TLR7)

and B-cell receptor (BCR) signaling. Arthritis Res Ther. (2017) 19:91.

doi: 10.1186/s13075-017-1284-2

105. Fleischer V, Sieber J, Fleischer SJ, Shock A, Heine G, Daridon C, et al.

pratuzumab inhibits the production of the proinflammatory cytokines

IL-6 and TNF-alpha, but not the regulatory cytokine IL-10, by B cells

from healthy donors and SLE patients. Arthritis Res. Ther (2015) 17:185.

doi: 10.1186/s13075-015-0686-2

106. Tuscano JM, Riva A, Toscano SN, Tedder TF, Kehrl JH. CD22 cross-

linking generates B-cell antigen receptor-independent signals that activate

the JNK/SAPK signaling cascade. Blood (1999) 94:1382–92.

107. Liu BS, Cao Y, Huizinga TW, Hafler DA, Toes RE. TLR-mediated STAT3 and

ERK activation controls IL-10 secretion by human B cells. Eur J Immunol.

(2014) 44:2121–9. doi: 10.1002/eji.201344341

108. MeesmannHM, Fehr EM, Kierschke S, HerrmannM, Bilyy R, Heyder P, et al.

Decrease of sialic acid residues as an eat-me signal on the surface of apoptotic

lymphocytes. J Cell Sci. (2010) 123:3347–56. doi: 10.1242/jcs.066696

109. Colonna L, Lood C, Elkon KB. Beyond apoptosis in lupus. Curr Opin

Rheumatol. (2014) 26:459–66. doi: 10.1097/BOR.0000000000000083

110. Akatsu C, Shinagawa K, Numoto N, Liu Z, Ucar AK, Aslam M, et al. CD72

negatively regulates B lymphocyte responses to the lupus-related endogenous

toll-like receptor 7 ligand Sm/RNP. J Exp Med. (2016) 213:2691–2706.

doi: 10.1084/jem.20160560

111. Xu M, Hou R, Sato-Hayashizaki A, Man R, Zhu C, Wakabayashi C, et al.

Cd72(c) is a modifier gene that regulates Fas(lpr)-induced autoimmune

disease. J Immunol. (2013) 190:5436–45. doi: 10.4049/jimmunol.1203576

112. Liu Y, Chen GY, Zheng P. CD24-Siglec G/10 discriminates danger- from

pathogen-associated molecular patterns. Trends Immunol. (2009) 30:557–61.

doi: 10.1016/j.it.2009.09.006

Frontiers in Immunology | www.frontiersin.org 12 September 2018 | Volume 9 | Article 2235

https://doi.org/10.1002/eji.200636190
https://doi.org/10.4049/jimmunol.1303367
https://doi.org/10.1038/nrrheum.2014.54
https://doi.org/10.1126/science.1124978
https://doi.org/10.1084/jem.20122798
https://doi.org/10.1093/glycob/cwu043
https://doi.org/10.1007/s002510050494
https://doi.org/10.1016/j.it.2009.07.006
https://doi.org/10.1038/nature09115
https://doi.org/10.1371/journal.pone.0053453
https://doi.org/10.1084/jem.20081399
https://doi.org/10.1111/j.1399-0039.2007.00801.x
https://doi.org/10.4049/jimmunol.168.12.6078
https://doi.org/10.4049/jimmunol.170.7.3534
https://doi.org/10.3109/s10165-006-0497-z
https://doi.org/10.1007/s00296-018-4076-3
https://doi.org/10.1111/j.1365-2249.2009.04059.x
https://doi.org/10.1186/ar3918
https://doi.org/10.1016/j.coi.2008.09.001
https://doi.org/10.1093/intimm/dxg114
https://doi.org/10.1016/S1074-7613(00)80339-8
https://doi.org/10.1002/1521-4141(200202)32:2<348::AID-IMMU348>3.0.CO;2-5
https://doi.org/10.1084/jem.20091873
https://doi.org/10.1093/glycob/9.8.747
https://doi.org/10.1182/blood-2009-12-261461
https://doi.org/10.1016/j.immuni.2006.07.013
https://doi.org/10.1186/s13075-017-1284-2
https://doi.org/10.1186/s13075-015-0686-2
https://doi.org/10.1002/eji.201344341
https://doi.org/10.1242/jcs.066696
https://doi.org/10.1097/BOR.0000000000000083
https://doi.org/10.1084/jem.20160560
https://doi.org/10.4049/jimmunol.1203576
https://doi.org/10.1016/j.it.2009.09.006
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Clark and Giltiay CD22 Regulation of B Cells

113. Leonard JP, Goldenberg DM. Preclinical and clinical evaluation of

epratuzumab (anti-CD22 IgG) in B-cell malignancies. Oncogene (2007)

26:3704–13. doi: 10.1038/sj.onc.1210370

114. Sullivan-Chang L, O’Donnell RT, Tuscano JM. Targeting CD22 in B-cell

malignancies: current status and clinical outlook. BioDrugs (2013) 27:293–

304. doi: 10.1007/s40259-013-0016-7

115. Carnahan J, Stein R, Qu Z, Hess K, Cesano A, Hansen HJ, et al.

Epratuzumab, a CD22-targeting recombinant humanized antibody with a

different mode of action from rituximab. Mol Immunol. (2007) 44:1331–41.

doi: 10.1016/j.molimm.2006.05.007

116. Leonard JP, Coleman M, Ketas JC, Chadburn A, Ely S, Furman RR,

et al. Phase I/II trial of epratuzumab (humanized anti-CD22 antibody)

in indolent non-Hodgkin’s lymphoma. J Clin Oncol. (2003) 21:3051–9.

doi: 10.1200/JCO.2003.01.082

117. Chen WC, Sigal DS, Saven A, Paulson JC. Targeting B lymphoma with

nanoparticles bearing glycan ligands of CD22. Leuk Lymphoma (2012)

53:208–10. doi: 10.3109/10428194.2011.604755

118. Collins BE, Blixt O, Han S, Duong B, Li H, Nathan JK, et al. High-affinity

ligand probes of CD22 overcome the threshold set by cis ligands to allow

for binding, endocytosis, and killing of B cells. J Immunol. (2006) 177:2994–

3003. doi: 10.4049/jimmunol.177.5.2994

119. Fry TJ, ShahNN,Orentas RJ, Stetler-StevensonM, YuanCM, Ramakrishna S,

et al. CD22-targeted CAR T cells induce remission in B-ALL that is naive or

resistant to CD19-targeted CAR immunotherapy. Nat Med. (2018) 24:20–8.

doi: 10.1038/nm.4441

120. Geh D, Gordon C. Epratuzumab for the treatment of systemic

lupus erythematosus. Expert Rev Clin Immunol. (2018) 14:245–58.

doi: 10.1080/1744666X.2018.1450141

121. Wallace DJ, Goldenberg DM. Epratuzumab for systemic lupus

erythematosus. Lupus (2013) 22:400–5. doi: 10.1177/0961203312

469692

122. Clowse ME, Wallace DJ, Furie RA, Petri MA, Pike MC, Leszczynski P,

et al. Efficacy and safety of epratuzumab in moderately to severely active

systemic lupus erythematosus: results from two phase III randomized,

double-blind, placebo-controlled trials. Arthritis Rheumatol. (2017) 69:362–

75. doi: 10.1002/art.39856

123. Gottenberg JE, Dorner T, Bootsma H, Devauchelle-Pensec V, Bowman SJ,

Mariette X, et al. Efficacy of epratuzumab, an anti-CD22 monoclonal IgG

antibody, in systemic lupus erythematosus patients with associated sjogren’s

syndrome: post hoc analyses from the EMBODY trials. Arthritis Rheumatol.

(2018) 70:763–73. doi: 10.1002/art.40425

124. Dorner T, Shock A, Goldenberg DM, Lipsky PE. The mechanistic impact

of CD22 engagement with epratuzumab on B cell function: implications

for the treatment of systemic lupus erythematosus. Autoimmun Rev. (2015)

14:1079–86. doi: 10.1016/j.autrev.2015.07.013

125. Lumb S, Fleischer SJ, Wiedemann A, Daridon C, Maloney A, Shock A,

et al. Engagement of CD22 on B cells with the monoclonal antibody

epratuzumab stimulates the phosphorylation of upstream inhibitory

signals of the B cell receptor. J Cell Commun Signal. (2016) 10:143–51.

doi: 10.1007/s12079-016-0322-1

126. Sim JH, Kim HR, Chang SH, Kim IJ, Lipsky PE, Lee J. Autoregulatory

function of interleukin-10-producing pre-naive B cells is defective

in systemic lupus erythematosus. Arthritis Res Ther. (2015) 17:190.

doi: 10.1186/s13075-015-0687-1

127. Jacobi AM, Reiter K, Mackay M, Aranow C, Hiepe F, Radbruch A, et al.

Activated memory B cell subsets correlate with disease activity in systemic

lupus erythematosus: delineation by expression of CD27, IgD, and CD95.

Arthritis Rheum. (2008) 58:1762–73. doi: 10.1002/art.23498

128. Macauley MS, Pfrengle F, Rademacher C, Nycholat CM, Gale AJ, von

Drygalski A, et al. Antigenic liposomes displaying CD22 ligands induce

antigen-specific B cell apoptosis. J Clin Invest. (2013) 123:3074–83.

doi: 10.1172/JCI69187

129. Chappell CP, Clark EA. STALing B cell responses with CD22. J Clin Invest.

(2013) 123:2778–80. doi: 10.1172/JCI69670

130. Mihaylova V, Salih MA, Mukhtar MM, Abuzeid HA, El-Sadig SM, von

der Hagen, Huebner AM, et al. Refinement of the clinical phenotype in

musk-related congenital myasthenic syndromes. Neurology (2009) 73:1926–

8. doi: 10.1212/WNL.0b013e3181c3fce9

131. Fiorina P, Vergani A, Dada S, Jurewicz M, Wong M, Law K, et al. Targeting

CD22 reprograms B-cells and reverses autoimmune diabetes. Diabetes (2008)

57:3013–24. doi: 10.2337/db08-0420

132. Bednar KJ, Shanina E, Ballet R, Connors EP, Duan S, Juan J, et al.

Human CD22 inhibits murine B cell receptor activation in a human

CD22 transgenic mouse model. J Immunol. (2017) 199:3116–28.

doi: 10.4049/jimmunol.1700898

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Clark and Giltiay. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 13 September 2018 | Volume 9 | Article 2235

https://doi.org/10.1038/sj.onc.1210370
https://doi.org/10.1007/s40259-013-0016-7
https://doi.org/10.1016/j.molimm.2006.05.007
https://doi.org/10.1200/JCO.2003.01.082
https://doi.org/10.3109/10428194.2011.604755
https://doi.org/10.4049/jimmunol.177.5.2994
https://doi.org/10.1038/nm.4441
https://doi.org/10.1080/1744666X.2018.1450141
https://doi.org/10.1177/0961203312469692
https://doi.org/10.1002/art.39856
https://doi.org/10.1002/art.40425
https://doi.org/10.1016/j.autrev.2015.07.013
https://doi.org/10.1007/s12079-016-0322-1
https://doi.org/10.1186/s13075-015-0687-1
https://doi.org/10.1002/art.23498
https://doi.org/10.1172/JCI69187
https://doi.org/10.1172/JCI69670
https://doi.org/10.1212/WNL.0b013e3181c3fce9
https://doi.org/10.2337/db08-0420
https://doi.org/10.4049/jimmunol.1700898
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	CD22: A Regulator of Innate and Adaptive B Cell Responses and Autoimmunity
	Introduction
	Regulation of BCR Signaling by CD22
	Role of CD22 in Response to Antigens and Pathogenic Products
	Role of CD22 in Migration and Other Trans Interactions
	CD22 and Infections
	CD22 and Autoimmunity
	Cd22 Alleles and Cd22 Deficiency in Mice
	CD22 Gene Variants in Human Autoimmune Diseases
	Regulation of CD22 Expression With Implications in Autoimmunity
	A role of CD22 in Self- and Non-Self-Discrimination
	A role for CD22 in TLR Regulation of B Cell Responses to Auto-Ags
	CD22: A Target for Immunotherapy
	Conclusions
	Author Contributions
	Funding
	References


