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Abstract

CD22 (Siglec-2) is a critical regulator of B cell activation and survival. CD22~/~ mice generate
significantly impaired antibody (Ab) responses to T cell-independent type 2 (T1-2) antigens (Ag)
including haptenated-Ficoll and pneumococcal polysaccharides—Ags which elicit poor T-cell help
and activate BCR signaling via multivalent epitope crosslinking. This has been proposed to be due
to impaired marginal zone B (MZB) cell development/maintenance in CD22~/~ mice. However,
mice expressing a mutant form of CD22 unable to bind sialic acid ligands generated normal TI-2
Ab responses, despite significantly reduced MZB cells. Moreover, mice treated with CD22 ligand
binding blocking mAbs which deplete MZB cells had little effect on TI-2 Ab responses. We
therefore investigated the effects of CD22 deficiency on B-1b cells—an innate-like B cell
population that plays a key role in TI-2 Ab responses. B-1b cells from CD22~/~ mice had impaired
BCR-induced proliferation and significantly increased [Ca**]i responses following BCR
crosslinking. Ag-specific B-1b cell expansion and plasmablast differentiation following TI-2 Ag
immunization was significantly impaired in CD22~/~ mice, consistent with reduced TI-2 Ab
responses. We generated CD22~/~ mice with reduced CD19 levels (CD227/~CD19*/") to test the
hypothesis that augmented B-1b cell BCR signaling in CD22~/~ mice contributes to impaired TI-2
Ab responses. BCR-induced proliferation and [Ca**]i responses were normalized in
CD227/~-CD19*~ B-1b cells. Consistent with this, TI-2 Ag-specific B-1b cell expansion,
plasmablast differentiation, survival, and Ab responses were rescued in CD22~/~CD19*/~ mice.
Thus, CD22 plays a critical role in regulating TI-2 Ab responses through regulating B-1b cell
signaling thresholds.

Introduction

Humoral immune responses to T cell independent type 2 (T1-2) antigens (Ag) are critical for
protective immunity to encapsulated bacteria such as Streptococcus pneumoniae, an
important cause of localized and systemic life-threatening infections(1). TI-2 Ags, such as
pneumococcal polysaccharides, are often carbohydrate structures consisting of repeating
epitopes that extensively crosslink Ag-specific B cell receptors (BCR) and can induce Ab
production in the absence of major histocompatibility complex class Il-restricted T cell help
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(2). TI-2 Ags present unique challenges to vaccine development (3-5). Thus, a better
understanding of the mechanisms regulating TI-2 Ab production is necessary to develop
enhanced TI-2 Ag-based vaccines.

Ab responses to T1-2 Ags differ in multiple respects to those elicited by T cell dependent
(TD) Ags. B-1b and marginal zone B (MZ B) cells produce Ab responses to classical
carbohydrate TI-2 Ags including pneumococcal polysaccharide (6), NP-Ficoll (7), and a1-3
dextran (8), as well as protein-based TI Ags present on clinically relevant pathogens (9-15).
In contrast, follicular B cells play a more critical role in TD Ab production. Optimal
humoral responses to TI-2 Ags rely heavily on distinct BCR signaling pathways (16, 17) as
well as key regulators of these pathways. This includes immunoinhibitory cell surface
receptors that regulate BCR signaling, such as CD22 and programmed cell death 1 (PD-1)
(18-21).

CD22 (Siglec-2) is a B cell-specific glycoprotein of the sialic acid binding lectin (Siglec)
family expressed on the surface of maturing B cells (20-22). CD22 binds a 2-6-linked
Neu5Gc/Neu5Ac sialic acid ligands via its extracellular domains and regulates signaling via
its intracellular inhibitory ITIMs (immunoreceptor tyrosine-based inhibition motifs)
domains. CD22 regulates B cell function via both sialic ligand-dependent and —independent
mechanisms. Following BCR ligation in conventional B cells, the tyrosine phosphorylated
cytoplasmic domain of CD22 recruits effector molecules that regulate BCR and CD19
signaling, including the protein tyrosine phosphatase SHP-1 which dephosphorylates
components of the BCR signalling cascade and hence, dampens BCR signaling (20).
Activated SHP-1 targets Vav-1, CD19 and SLP65/BLNK (23-26), each of which promotes
intracellular calcium ([Ca2*];) signaling. CD22 also regulates [Ca2*]; signaling by
facilitating SHP-1 association and activation of the plasma membrane calcium-ATPase
(PMCAA4), which promotes calcium efflux and attenuates BCR signaling (27). In addition to
SHP-1 mediated-regulation, CD22, Shc, Grb2 and SHIP-1 have been shown to form a
quaternary complex that regulates [Ca2*]i responses (28). Interestingly, work conducted with
peritoneal B-1(a) cells suggests CD22 is less critical for [Ca2*]i responses (29) although
additional inhibitory receptors, such as Siglec-G have been shown to play a role (30, 31).
Less is known regarding the potential of CD22 to regulate B-1b cells. In addition, although
decoration of TI-2 Ags with sialic acid ligands suppresses Ab responses (32), less is known
regarding the role of CD22 sialic acid binding in regulating responses to non-sialylated TI-2
Ags.

Ab responses to TI-2 Ags are significantly impaired in CD227/~ mice, whereas responses to
TD Ags are normal or augmented (33-36, 58). Decreased TI-2 Ab responses observed in
CD22~/~ mice have been primarily attributed to decreased numbers of MZ B cells in
CD227/~ mice (37). However, since the effect of CD22 on B-1b cell functions has not been
well-studied, we evaluated the impact of CD22 ligand-dependent and independent functions
on regulating B-1b cell signaling, activation, proliferation, survival, and differentiation in
response to BCR crosslinking in vitro and TI-2 Ag immunization in vivo. Our results
suggest a critical role for CD22 in regulating BCR-induced [Ca2*]i signaling and
proliferation as well as B-1b cell expansion, isotype switching, and plasmablast
differentiation in response to T1-2 Ag in vivo. Importantly, defects in signaling, proliferation,
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isotype switching, and plasmablast differentiation in CD22~/~ B-1b cells were rescued by
reducing CD19 expression, thereby suggesting alterations in BCR and/or CD19 signaling
thresholds contribute to impaired TI-2 Ab responses in CD22 deficiency.

Materials & Methods

Mice

Mice were bred in-house and included wild type and CD227/~ mice on a C57BL/6
background (The Jackson Laboratory) and CD22A1-2 (38) and CD22/~-CD19*/~ mice on a
C57BL/6 background. Mice were housed in specific pathogen-free conditions. Studies and
procedures were approved by the Wake Forest Animal Care and Use Committee.

Immunizations and ELISAs

TNP-Ficoll-specific B cell expansion experiments were performed on mice immunized
intraperitoneally (i.p.) with 50 pg TNPgs-Ficoll (Biosearch Technologies, Novato, CA) as
previously described (18). For serum Ab analyses, mice were immunized i.p. with 25 ug of
TNPgs-Ficoll. Ags were diluted in sterile PBS and injected in a final volume of 200 pl. In
some experiments, mice were administered 250 pg MB22-10 mAb (39) or control mouse
IgG2a (Southern Biotechnology Associates, Birmingham, AL) in 200 pl sterile PBS i.p. the
day before immunization.

ELISAs were as previously described (18, 19, 40, 41). Sera were diluted 1:1000 for IgM
detection and 1:500 for 1gG detection in TBS containing 1% BSA. TNP-specific Ab levels
were measured by adding diluted serum samples to Costar plates that had been coated with 5
ug/ml TNP-BSA (Biosearch Technologies) in 0.1 M borate buffered saline overnight at 4°C.
PPS-3-specific ELISAs used Nunc Maxisorp plates that were coated at room temperature
with 5 pg/ml PPS-3 (ATCC) overnight, blocked with TBS containing 1% BSA, and
incubated with serum that had been pre-blocked with 10 pug/ml cell wall polysaccharide
(Serum Statens Institute). AP-conjugated polyclonal goat anti-mouse IgM, 1gG3, and 1gG
Abs (all from Southern Biotechnology Associates) and pNPP (Sigma) were used to detect
Ag-specific Ab.

B cell phenotyping

Single-cell suspensions (2 x 107/mL) were washed with PBS containing 2% newborn calf
serum and then incubated with Fc Block (eBioscience) for 15 minutes, followed by staining
with a combination of the following fluorochrome-conjugated Abs: CD5 (53-7.3), B220
(RA3-6B2), CD86 (GL-1), CD11b (M1/70), CD86 (GL1) (BioLegend); CD19 (1D3),
CD138 (281-2) (eBioscience) and goat F(ab”), anti-mouse IgM (Southern Biotechnology).
TNP-reactive B cells were detected as previously described (18). Cells were incubated with
20 pg/ml TNP3o-Ficoll-Fluorescein (Biosearch Technologies) in PBS containing 2% normal
calf serum for 30 min. at room temperature, followed by subsequent staining with
fluorochrome-labeled mAbs on ice for 25 min. Cells were then stained with Annexin V-PE
or anti-Caspase-3 according to manufacturer’s instructions. Fluorochrome-labeled isotype
controls were used to determine background staining levels. Stained cells were analyzed
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using a FACS Canto Il cytometer (BD Biosciences) with forward light scatter (FSC)-A/FSC-
H doublet exclusion. Data were analyzed using FlowJo analysis software (Tree Star).

B cell in vitro activation assays

CD5" cells were purified from peritoneal cavity lavage by a negative depletion procedure as
previously described (18). Macrophages were removed by plate adherence in RPMI
containing 5% FCS (1 hr at 37°C, 5% C0O2). Nonadherent cells were depleted of Thy1.2*
cells using magnetic bead depletion (Dynal). Thy1.2™ cells were further depleted using
biotinylated F4/80, GR1, DX5, CD11c, and CD5 mAbs (Biolegend) in conjunction with
magnetic depletion using Biotin binder beads (Dynal). CD11b* B cells were further purified
using Miltenyi bead purification. Purities were typically ~85-95% B cells. Purified
peritoneal B cells were CFSE-labeled (0.6 pM) using Vybrant’s CFDA SE Cell Tracer Kit
(Invitrogen), according to manufacturer’s instructions. Cells (2 x 108/ml) were cultured in
complete RPMI 1640 medium containing 10% FCS (Gibco Certified serum, Invitrogen) for
4 days in medium alone or in the presence of 5 pg/ml F(ab”), goat anti-mouse IgM (Jackson
Immunoresearch, West Grove, PA), or 2.5 ug/ml biotinylated F(ab”), goat anti-mouse IgM
(Jackson Immunoresearch) along with 5 pg/ml streptavidin (Sigma). Cells were harvested on
d4, stained with fluorochrome-labeled mAbs against CD11b and B220, as well 7AAD and
Annexin V-PE. An equal number of CD11b*B220* events were collected using a
FACSCantoll instrument and data was analyzed using FlowJo analysis software.

For BCR-induced intracellular calcium flux assays, peritoneal cells were labeled with 2.5
UM Fluo-3 (Invitrogen) according to manufacturer’s instructions, washed, and stained with
fluorochrome-labeled mAbs against CD5, CD11b, and B220. Following washing, cells were
resuspended in PBS containing 1 mM CaCl, and 5% FCS (2x108/ml). Following 15 minutes
of incubation, cells were analyzed using a FACSCantoll instrument. Baseline readings were
taken for 1 min, followed by addition of 5 ug/ml F(ab”), goat anti-mouse IgM and collection
of cells for 6 additional minutes. Data was analyzed using FlowJo analysis software.

Statistical analysis

Data are shown as means + SEM. Differences between sample means were assessed using
the unpaired Student’s #test or one-way ANOVA with Tukey’s post-hoc analysis unless
otherwise indicated.

Results

CD22 deficiency impairs Ab responses to TI-2, but not TD Ags

As previously reported, CD227/~ mice generate impaired IgM and IgG responses to
haptenated Ficoll, including TNPoo-Ficoll (Fig. 1A) and TNPs»-Ficoll (not shown).
Responses to weakly haptenated Ficoll (TNP4-Ficoll) were modest in WT and CD227/~
mice, but were not significantly different (not shown). We found the humoral response to the
clinically relevant TI-2 Ag, type 3 pneumococcal polysaccharide (PPS-3), was also
significantly impaired in CD22~/~ mice (Fig. 1B). In contrast, Ab responses to haptenated
KLH (DNP-KLH) were augmented in CD22~~ mice (Fig. 1C) similar to that observed for
the TD Ag, NP-CGG (36, 58).
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Mice lacking the CD22 sialic acid ligand binding domain generate normal TI-2 Ab

responses

The contribution CD22 sialic acid ligand binding plays in regulating TI-2 Ab responses has
not been extensively investigated. One study demonstrated responses to sialylated TI-2 Ags
were diminished in the presence of CD22 (32), while another showed mice with a point
mutation disrupting CD22 sialic acid ligand binding had near-normal IgM and normal 1gG
responses to TNP-Ficoll (56). We therefore carried out further studies to assess the extent to
which CD22 a.2-6-linked sialic acid binding contributes to regulation of TI-2 Ab responses.
To do this, we used mice expressing a form of CD22 lacking the 2 amino terminal sialic acid
ligand binding domains (CD22A1-2). Although CD22A1-2 mice have reduced marginal zone
B cells (38), they generated normal IgM and 1gG responses to TNP-Ficoll delivered i.p. (Fig.
2A) as well as i.v. (Fig. 2B). Similarly, CD22A1-2 mice generated normal IgM and 1gG
responses to PPS-3 (Fig. 2C). Notably, secondary immunization with PPS-3 (Fig. 2C) and
TNP-Ficoll (data not shown) did not increase Ab levels in CD22A1-2 mice relative to WT
mice, suggesting that sialylated Abs proposed to be produced in response to TI-2 Ags (42)
do not suppress secondary responses via binding to CD22. Thus, CD22A1-2 mice generate
normal responses to T1-2 Ags.

A CD22 ligand blocking mADb that also depletes marginal zone B cells has no effect on TI-2
Ab responses to TNP-Ficoll or PPS3, but impairs Ab responses to PC-Ficoll delivered i.v

We further investigated the role of CD22 sialic acid ligand binding using a CD22 mAb,
MB22-10, which blocks interactions with sialic acid ligands and depletes marginal zone B
cells and other subpopulations (39, 43). MB22-10 had no effect on IgM or 1gG responses to
TNP-Ficoll or PPS-3 delivered i.p.(Fig. 3A-B). MB22-10 diminished early (d7) IgM and
1gG responses to TNP-Ficoll delivered i.v, but by d14, IgM and 1gG responses were normal
(Fig. 3C). Notably, Ab responses to PC-Ficoll, known to involve B-1a and marginal zone B
cells (6, 13) were normal when Ag was delivered i.p (Fig. 3D), but were significantly
impaired when Ag was delivered i.v. (Fig. 3E). This can be explained by the critical role
marginal zone B cells play in response to PC delivered i.v.. Marginal zone B cells play a
limited role in the Ab response to TNP-Ficoll and PPS-3, as we have previously shown (6,
18), and along with results derived using CD22A1-2 mice, the data supports that the sialic
acid-binding function of CD22 does not regulate Ab responses to non-sialylated T1-2 Ags.

CD22 regulates BCR signaling in B-1b cells

Impaired Ab responses to TI-2 Ags in CD22~/~ mice have been suggested to be due to
reductions and alterations in MZ B cells (37); however, the data generated with the classical
TI1-2 Ags, TNP-Ficoll and PPS-3 (Figs. 1-3) suggest another mechanism may be at play.
Indeed, some mice lacking MZ B cells mount normal Ab responses to highly haptenated
Ficoll and PPS-3 (6, 44-48). Given the key role B-1b cells play in these responses (6, 18,
19), we investigated the effect of CD22 deficiency on these cells. CD22~~ mice had
significantly increased peritoneal B-1a cell and significantly decreased peritoneal B-2 cell
frequencies and numbers, but B-1b cell frequencies and numbers were normal (Fig. 4A).
However, BCR-induced proliferation (as measured by CFSE loss) in response to soluble
anti-IgM crosslinking (Fig. 4B), or hyper-crosslinking using biotinylated anti-IgM in
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conjunction with streptavidin (Fig. 4C), was impaired in peritoneal B-1b cells from CD227/~
mice. Proliferative responses to LPS were similar between WT and CD227/~ B-1b cells (Fig.
4D), in contrast to what has been reported for spleen B cells from CD22~/~ mice (33, 35).
Consistent with a role for CD22 in regulating BCR-induced intracellular calcium ([Ca**]i)
responses, peritoneal B-1b cells from CD22~/~ mice exhibited significantly increased [Ca
*+1i following IgM crosslinking (Fig. 4E). These results for B-1b cells contrast to the limited
role CD22 has been demonstrated to have in regulating B-1a cell signaling (29). Thus, CD22
dampens B-1b cell BCR-induced calcium signaling and is required for optimal proliferation
in response to Ag receptor crosslinking.

CD22 promotes Ag-specific B-1b cell responses to TI-2 Ags

TNP-specific B-1b cells can be identified in the spleen following TNP-Ficoll immunization
using CD11b as a marker (18, 49). WT mice show a significant expansion in TNP-specific
B-1b cells in both the spleen (6-fold) and peritoneal cavity (2-fold) following immunization
(Fig. 5A-B), as we have previously demonstrated (18). In contrast, CD22~~ mice did not
demonstrate increases in TNP-specific spleen and peritoneal B-1b cells 3 days following
immunization (Fig. 5A-B). TNP-specific splenic and peritoneal B-1b cell responses in
CD227/~ mice were also impaired at days 5 (Fig. 5C) and 7 (Supplemental Fig. 1D). We did
not detect differences in either the frequencies or numbers of TNP-specific splenic or
peritoneal B-1a or B-2 cells in CD22~/~ mice relative to WT mice (Fig. 5C and
Supplemental Fig. 1D). Of note, there was evidence of activation in TNP-specific B cells
from CD22~/~ mice, as they had increased size (FSC) and expressed CD86 (Fig. 5D and data
not shown), similar to WT cells. Thus, CD22 promotes Ag-specific B-1b cell expansion, but
not B cell activation, in response to TNP-Ficoll.

Reduction in CD19 expression rescues BCR-induced proliferation and normalizes BCR-
induced [CaZ*]; responses in CD227/~ B-1b cells

The impaired BCR-induced in vitro proliferation and impaired in vivo expansion of B-1b
cells from CD22~/~ mice, despite activation, lead us to hypothesize that excessive BCR
signaling in CD227~/~ B-1b cells might contribute to failed proliferation. CD22 plays a key
role in modulating B cell activation through regulating both CD19 and BCR signaling (22,
24, 25). We therefore assessed whether reducing CD19 expression in CD227/~ B cells
(thereby reducing the B cell activation potential), would affect BCR-induced proliferation
and signaling. CD227/-CD19*/~ mice had normal frequencies of B-1b and B-1a cells, but
peritoneal B-2 cells and marginal zone B cell frequencies were significantly decreased,
similar to CD227~ mice (Fig. 6A). Spleen and peritoneal cavity cell yields were comparable
among CD227/-CD19*~, CD22~/~, and WT mice (not shown). Importantly, in contrast to
the elevated BCR-induced [Ca**]; responses observed in CD227/~ B-1b cells, [Ca**]i
responses were normal in CD227/-CD19%/~ B-1b cells (Fig. 6B). Moreover, in contrast to
the impaired BCR-induced proliferation observed for CD22~/~ B-1b cells, BCR-induced
proliferation in CD227/-CD19*/~ B-1b cells was much more comparable to that observed for
WT B-1b cells (Fig. 6C). Thus, reducing CD19 expression in CD22~/~ B-1b cells restores
BCR-induced proliferation and [Ca2*]; responses to near-normal levels.
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We next compared intracellular calcium increases following IgM crosslinking in WT,
CD227/=, and CD227/-CD19*/~ peritoneal B-1a, B-1b, and B-2 cells, as well as splenic B
cells. Performing these experiments on peritoneal B cells within the same sample indicated
that relative to the other subsets, peritoneal B-1a cells exhibited modest increases in [Ca*™]i
following BCR crosslinking (Fig. 6D and Supplemental Fig. 1A-B). In contrast to results
with CD227/~ B-1b cells, no differences were detected among WT, CD227/~, and
CD227/-CD19*~ peritoneal B-1a cell [Ca**]i responses (Fig. 6D and Supplemental Fig.
1B). BCR-induced [Ca**]i, responses were increased in CD22~/~ peritoneal B-2 cells (Fig.
6D, Supplemental Fig. 1B—C). However, in contrast to results with B-1b cells (Fig. 6B),
CD19 heterozygosity did not restore BCR-induced [Ca**]i responses to WT levels in
CD227/~ peritoneal B-2 cells. In CD227/~CD19*/~ peritoneal B-2 cells, BCR-induced [Ca
**1i responses either overlapped (4 out of 7 experiments) those of CD227/~ B-2 cells or were
intermediate (3 out of 7 experiments) between CD22~/~ and WT B-2 cells, whereas
responses of CD22~/~CD19*/~ peritoneal B-1b cells were normalized to WT levels (Fig. 6B
and D and Supplemental Fig. 1B—C). This could perhaps be due to heterogeneity in the
CD11b-negative B cell pool, which is known to contain recirculating (CD11b-negative) B-1
cells or due to the effect of CD11b on CD22-mediated regulation (61). Notably, B-1b cells
from CD22A1-2 mice exhibited BCR-induced increases in [Ca**]i that were similar to WT
mice (Supplemental Fig. 1C).

Consistent with previous studies, splenic CD227/~ B cells (largely B-2 cells) exhibited much
higher [Ca**]; responses than WT spleen B cells (Fig. 6E and Supplemental Fig. 1C). In
contrast to results with B-1b cells, CD19 heterozygosity did not normalize BCR-induced [Ca
**]i responses in splenic CD227/~ B cells. In anti-lgM proliferation assays,
CD227/-CD19*~ splenic B cells exhibited proliferation that was intermediate between WT
and CD22~/~ mice, indicating CD19 reduction had a modest effect on proliferation of
CD227/~ spleen B cells (Fig. 6F). In contrast, LPS-induced proliferation in splenic CD22~/-
B cells, as previously shown (33, 35), as well as in CD22/~CD19*/~ B cells was much
higher than in WT B cells (Fig. 6G). Thus, in the absence of CD22, B-1b cells are similar to
peritoneal and splenic B-2 cells in that they have augmented BCR-induced [Ca**]; responses
and reduced BCR-induced proliferation. This is in contrast to B-1a cells, which do not
appear to be affected at the level of calcium signaling. However, reducing CD19 levels
uniquely normalizes BCR-induced [Ca**]i responses and BCR-induced proliferation in
CD227/= B-1b cells, but is ineffective in normalizing these responses in CD227/~ B-2 cells.

Reduction in CD19 expression restores Ag-specific B-1b cell expansion and ASC
differentiation, B cell survival, and Ab production in response to TI-2 Ag in CD22™~ mice

Since reducing CD19 expression in CD22~/~ B-1b cells rescued BCR-induced proliferation
and [Ca?*]; responses in vitro, we assessed whether responses to TI-2 Ag were also rescued
in vivo. TNP-specific B-1b cells from WT, CD227/~, and CD227/-CD19*/~ mice all became
activated following TNP immunization, as evidenced by increased FSC and CD86
expression (Fig. 7A). Interestingly, CD86 expression was significantly higher on TNP-
specific B-1b cells from CD22-/- mice relative to WT and CD22/-CD19*/~ mice (Fig.
7A). We did not detect differences in frequencies of naive TNP-specific peritoneal and
splenic B-1b cells among WT, CD227/~, and CD22/-CD19*/~ mice prior to immunization
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(Supplemental Fig. 1F). However, following immunization, TNP-specific splenic B-1b cell
frequencies and numbers in CD227/-CD19*/~ mice were significantly increased relative to
CD22~/~ mice and were not significantly different from WT mice (Fig. 7B, and
Supplemental Fig. 1F). We did not detect significant differences in splenic TNP-specific
B-1a or B-2 cell frequencies or numbers among WT, CD227/=, and CD22~/~ CD19*/~ mice,
although TNP-specific CD11b-negative B cell frequencies were generally lower, albeit no
significantly different in CD22~/~ mice. Similar to findings for spleen B-1b cells, TNP-
specific peritoneal B-1b cell frequencies and numbers in CD227/-CD19*/~ mice were
significantly increased relative to CD22~/~ mice and were not significantly different from
WT mice (Fig. 7C and Supplemental Fig. 1F). Notably, we did not detect significant
differences in TNP-specific peritoneal B-1a or B-2 cell frequencies and numbers among
immune WT, CD227/~, and CD227/~CD19*/~ mice, although Ag-specific B-1a cells were
slightly lower in CD227/~-CD19*/~ mice (Fig. 7B-C). Thus, reduction in CD19 expression in
CD227/~ mice partially to fully rescues Ag-specific peritoneal and splenic B-1b cell
expansion in response to TNP-Ficoll.

Excessive BCR-induced activation may lead to impaired survival. Given the strong signaling
associated with high valency TI-2 Ags which extensively crosslink the BCR, it is possible
that in the absence of CD22, signaling overload and excessive [CaZ*]; levels occur,
increasing the potential for apoptosis to occur (50-54). In the absence of survival signals,
such as those typically supplied by CD40L-expressing T cells during TD responses, Ag-
activated B cells may undergo apoptosis in the absence of CD22, resulting in impaired
clonal expansion and ultimately reduced Ab production. Therefore, we examined the extent
to which Ag-specific B cells in WT, CD227/~, and CD227/~-CD19*/~ mice had impaired
survival. As shown in Fig. 7D, 2 days following TNP-Ficoll immunization, the frequencies
of Annexin VM TNP-specific splenic B cells from CD22~/~ mice were significantly
increased relative to TNP-specific splenic B cells from WT and CD227/-CD19*/~ mice.
Notably, there was no difference among groups in the frequencies of non-Ag-specific splenic
B cells that were Annexin VM (WT, 2.9 + 0.69%; CD227/~, 2.8 + 0.65%; CD22~/~ CD19*/~,
2.3 + 0.1%). Moreover, the frequency of caspase-3* TNP-specific splenic B cells at this time
point was increased >3-fold in CD22~/~ mice relative to WT mice (Fig. 7E). In contrast, the
frequency of caspase-3* TNP-specific splenic B cells from CD227/-CD19*/~ mice was
similar to WT mice. Thus, CD22 deficiency results in impaired B cell survival and
expansion during Ag-specific responses to TI-2 Ags, and reduction of CD19 signaling
potential restores Ag-specific B cell survival in the context of CD22 deficiency.

We next examined whether restoration of Ag-specific B-1b cell expansion supported
increased B-1 cell ASC differentiation and 1gG switching in CD227/-CD19*/~ mice. As
shown in Fig. 7F, the frequencies and numbers of TNP-specific CD138* splenic B-1 cell
plasmablasts were significantly decreased in CD22~/~ mice relative to WT mice, but restored
in CD227/~ mice that were heterozygous for CD19 expression. Moreover, TNP-specific
IgG3* B-1 cell frequencies in WT and CD227/-CD19*/~ mice were significantly increased
over frequencies in CD22~/~ mice (WT, 0.66 + 0.08%, CD227/~, 0.18 + 0.05%;
CD227/-CD19*~, 0.31 + 0.01%; naive WT, 0.036 + 0.002)). As shown in Fig. 7G, IgM,
IgG, and 1gG3 responses to TNP-Ficoll were impaired in CD227/~ mice relative to WT
mice. However, IgM, 1gG, and 1gG3 responses to TNP-Ficoll were not significantly different
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between CD22~/~CD19*/~ and WT mice, with the exception of the d14 time point for IgM,
which was higher in CD227/-CD19*/~ mice (Fig. 7G). Thus, TI-2 Ag-specific Ab responses
are rescued in CD22~/~ mice when CD19 expression is reduced. This result is consistent
with the critical role that B-1b cells play in TNP-specific antibody responses and with our
findings indicating rescue of CD22~/~ B-1b cell expansion, plasmablast differentiation, and
IgG class switching upon reduction in CD19 expression.

Discussion

CD22 is a critical regulator of B cell function and as such, disruptions in CD22 impact
vaccine responses, autoimmunity, and malignancy (20, 21). In this study, we have uncovered
an essential role for CD22 in promoting B-1b cell expansion and Ab production in response
to T1-2 Ags. To our knowledge, this study is the first to provide an explanation for the
impaired T1-2 Ab responses observed in CD22-deficient mice. Furthermore, we have
identified this critical CD22-mediated regulation is independent of the CD22 sialic acid
ligand binding function. Thus, in contrast to studies which conclude a limited role for CD22
in regulating B-1 (largely B-1a) cells (29), our study clearly demonstrates CD22 is required
for optimal functioning of the B-1b cell population.

Our results demonstrate the effects of CD22 on promoting TI1-2 Ab responses, B-1b cell
development, and B-1b cell BCR-induced calcium signaling are independent of the ability of
the 2 amino terminal domains of CD22 to interact with sialic acid ligands. Mice lacking
CD22 ligand binding domains as well as wild type mice administered a well-characterized
mAb which blocks sialic acid binding and significantly depletes MZ B cells and reduces
IL-10 producing regulatory B cell numbers (39, 55) mounted normal Ab responses to PPS-3
and TNP-Ficoll delivered i.p., and near-normal responses to TNP-Ficoll delivered i.v. A
similar finding was reported in another strain of mice expressing a mutant form of CD22
unable to bind sialic acid ligands (56). Importantly, additional knockout mice with MZ B
cell defects have also been shown to generate normal responses to T1-2 Ags (6, 44-48),
thereby demonstrating the importance of non-MZ B cell populations in these responses,
especially B-1b cells. In contrast, Ab responses to i.v.-delivered PC-Ficoll, known to be
dependent on MZ B cells, were severely impaired following CD22 mAb administration.
Notably, it was recently reported that TI-2 Abs are differentially sialylated and that this
contributes to regulation of TI-2 Ab responses, including boosting (42). However, our results
show TI-2 Ab responses in CD22A1-2 mice are refractive to boosting, suggesting that Ab-
mediated suppression of boosting does not solely depend upon sialylated Ab interactions
with CD22. Thus, while there is a clear role for CD22 sialic acid ligand binding in regulating
responses to sialylated Ags (20, 32, 57), our data support a sialic acid ligand-independent
role for CD22 in regulating Ab responses to non-sialylated TI-2 Ags.

Sialic acid ligand-dependent and —independent roles have been established for CD22 outside
of regulation of TI-2 Ab responses. In vivo studies show CD227/~ and CD22A1-2 B cells, as
well as B cells in wild type mice treated with mAbs that inhibit CD22 ligand binding,
exhibit significantly enhanced B cell turnover due to impaired survival, along with reduced
mature recirculating B cells and MZ B cells (33, 35, 38, 39). More recent work with
additional knock-in mouse lines suggests a role for the ITIM signaling domains in
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maintaining recirculating B cell numbers and both signaling and ligand binding domains in
maintaining MZ B cell numbers (56). CD22 binds to sialic acids in a2-6 linkages in cis
(present on the surface of the same B cell) or in trans (on non-associated molecules).
Although we detected normal BCR-induced [Ca**]i responses in B-1b cells from CD22A1-2
mice, similar to spleen B cells (38, 39), other work has demonstrated that the loss of sialic
acid ligand binding, which contributes to cis-interactions with CD22, leads to hyporeactive
B-cells (ie., reduced Ca** signaling), due to the increased association of CD22 with the
BCR (56). The reason for difference is not clear although alterations in CD22 expression
levels could contribute. Despite these differences in in vitro responses, CD22A1-2 mice and
the CD22 mutant mice generated by Muller et al. (56) both approximate wild-type antibody
responses to TI-2 Ags. In any case, the data strongly support that CD22 ligand binding is
physiologically relevant and is critical for conventional B cell survival and function in vivo,
especially in MZ B cells. In contrast, we did not find alterations in naive peritoneal B-1b cell
numbers in either CD22~/~ or CD22A1-2 mice, suggesting these cells may be regulated
differently than MZ B cells, at least in the peritoneal environment. CD22 deficiency in mice
has been reported to cause significant increases in B-1a cell numbers ((34, 58); Fig. 4) as
well as disrupted B-1a cell function during CHS reactions (59), despite the apparent lack of
effect CD22 has in regulating CD5* B-1a cell signaling (29). Nonetheless, Siglec-G appears
to be more critical for regulating some aspects of B-1a cell signaling (31). While Siglec-G is
also expressed on B-1b cells and may have the potential to regulate TI-2 Ab responses
(especially when Ags are decorated with Siglec-G ligands (60)), it is clear from our study
that CD22-mediated regulation of B-1b cells during these responses is critical.

Our data supports that CD22 promotes Ab responses to TI-2 Ags through regulating Ag
receptor and/or CD19 signaling in B-1b cells, which is likely to be intense when triggered
by TI-2 Ags displaying multiple epitopes and C3-bound fragments that stimulate CD21/35-
CD19 signaling. Despite evidence of BCR-induced activation in CD227/~ B-1b cells in vitro
(ie., strong increases in [CaZ*li and blasting), BCR-induced proliferation was nonetheless
impaired. Consistent with this finding, Ag-specific B-1b cells in CD227/~ mice became
activated following TI-2 Ag immunization, but showed reduced expansion, isotype
switching, and differentiation to CD138" plasmablasts. Given the strong signaling associated
with high valency TI-2 Ags which extensively crosslink the BCR, it is possible that in the
absence of CD22, signaling overload and excessive [CaZ*]i levels increase the potential for
apoptosis to occur (50-54). Of note, increased BCR-induced apoptosis also occurs in
conventional B cells lacking CD22 on a B6 background (35, 62). This effect is due to
regulation of c-myc by a modifier gene, EndoU (63). However, BCR-induced survival and
proliferation can be rescued in these B cells by signals supplied through CD40 and therefore,
augmented Ab responses in CD22~/~ mice likely involve rescue by T cell-derived CD40L. In
contrast, during TI-2 Ab responses exogenous survival factors may be more limiting, and
hence, survival of activated B-1b cells may be more dependent upon CD22 for attenuation of
excessive BCR signaling. Interestingly, CD11b, which is typically selectively expressed on
B-1 cells including Ag-activated B-1b cells outside of the peritoneal cavity (18, 19, 41, 49),
has been shown to associate with CD22 and promote its inhibitory effects on BCR signaling
(61). It is presently unclear as to whether the lack of association of CD11b with CD22 in
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CD227/~ B-1b cells contributes to dysregulation that is unique to B-1b cells. Further work is
needed to understand the function of CD11b on B-1b cells, especially as it relates to CD22.

Reduction in CD19 expression restored BCR-induced calcium responses and proliferation in
CD227/~ B-1b cells in vitro, and partially to fully rescued Ag-specific B-1b cell expansion,
ASC differentiation, isotype switching, as well as Ag-specific B cell survival and Ab
production in vivo. This effect may have been due to a general reduction in the strength of
BCR-induced intracellular signaling in CD19*/~CD227/~ B-1b cells, as CD19 can associate
with the BCR to enhance Ag receptor signaling, including [Ca**]; signaling independently
of the CD21/35 coreceptor (46, 64-68). In response to strong T1-2 Ags, CD19 may intensify
Ag receptor signaling and contribute to enhanced BCR-induced apoptosis in the absence of
survival factors, thereby inhibiting T1-2 Ab responses (50). In support of this, CD19~/~ mice
generate normal to augmented Ab responses to strong TI-2 Ags (6, 44, 45, 69). Thus, CD19
is not required for B-1b cells to productively respond to T1-2 Ags in vivo and excessive
CD19 expression, as occurs in the absence of CD21/35 expression, results in impaired TI-2
Ab responses (6, 46). It is possible that CD22 inhibits CD19 activity in B-1b cells by
targeting CD19 dephosphorylation, as has been shown for conventional B cells (25),
although one group has suggested CD19 phosphorylation is regulated differently in B-1b
cells than in conventional splenic B cells (70, 71). However, these studies found B-1b cells
were largely nonresponsive to BCR crosslinking, in contrast to our current and previous
results (46) as well as those of Dal Porto et al. (72). This discrepancy could be the result of
differences in activation conditions or B-1b cell purification given the heterogeneity in the
B-1b cell population (49). In addition to our in vivo data demonstrating a selective effect of
CD22 deficiency on B-1b cell responses to TI-2 Ags, our in vitro data further support that
B-1b cells may be uniquely regulated by CD22 and CD19 as CD19 heterozygosity
normalized proliferation as well as BCR-induced Ca** signaling in CD227/~ B-1b cells, but
did not achieve this effect in B-2 cells. This supports a unique role for CD22 and CD19 in
regulating B-1b cells. Indeed, the rescue of CD22~/~ B-1b cells, but not B-2 cells, by
lowered CD19 expression could be due to the fact that B-1b cells exhibit weaker BCR
signaling relative to B-2 cells, and are thus more sensitive to the effects of CD19
heterozygosity in dampening responses. Alternatively, the selective effect on CD227/~ B-1b
cells could be due to altered role CD19 plays in regulating B-1b cells versus B-2 cells (6, 46,
70-71).

Our findings demonstrating a role for CD22 in regulating B-1b cell responses to T1-2 Ags,
including bacterial polysaccharides, may have implications for human health. We have
identified a population of B-1b-like cells (CD22-expressing) in nonhuman primates that
responds to TI-2 Ags in a manner quite similar to mice (73). This supports the likelihood of
a CD22-regulated B-1b-like population in humans. Anti-CD22 mAb treatment for
malignancies and autoimmunity is associated with CD22 surface downregulation (74) and
could therefore have implications for quality of TI-2 Ab responses in these patients.
Nonetheless, CD19 levels following anti-CD22 treatment are also reduced in patients (39,
74), and this may ultimately rescue these responses based on the results of our current study.
In further support of this, CD22 mAb treatment in mice induces partial downregulation of
CD22 (39), yet our results demonstrates this had minimal effect on T1-2 Ab responses, with
the exception of responses to i.v.-administered PC-Ficoll, which requires MZ B cells.
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Evaluation of responses to TI-2 Ags, such as responses to Pneumovax23, in patients treated
with CD22 mAb therapies is nonetheless warranted.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. cD227/~ mice generate impaired Ab responses to T1-2 Ags, but augmented responses to
aTD Ag

A) TNP-specific serum IgM, and 1gG levels in WT and CD22~/~ mice after immunization
with 25 pg TNPo,-Ficoll i.p. (RAU = relative absorbance units). B) PPS3-specific serum
IgM and IgG levels in WT and CD227/~ mice after immunization with 1 pg PPS-3 i.p. C)
DNP-specific serum IgM and 1gG levels in WT and CD22~/~ mice after immunization with
100 pg DNP-KLH i.p. on d0 and d21. Asterisks indicate significant differences in means
(+SEM) between WT and CD22~/~ mice (* p<0.05; n=4 mice/group).
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Figure 2. CD22A1-2 mice generate normal Ab responses to T1-2 Ags
A) TNP-specific serum IgM, and 1gG levels in WT and CD22A1-2 mice after immunization

with 25 pg TNPoo-Ficoll i.p. B) TNP-specific serum IgM, and 1gG levels in WT and
CD22A1-2 mice after immunization with 25 pg TNP»»-Ficoll i.v. C) PPS3-specific serum
IgM and IgG levels in WT and CD22A1-2 mice after immunization with 1 ug PPS3 i.p. on
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d0 and d30.
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Figure 3. A CD22 ligand blocking mAb has no effect on Ab responses to TNP-Ficoll or PPS3, but
impairs Ab responses to PC-Ficoll delivered i.v

A) TNP-specific serum IgM, and IgG levels in WT mice administered 250 ug MB22-10 or
1gG control mAb (i.p.) prior to immunization (d-1) with 25 ug TNPy,-Ficoll i.p. B) PPS3-
specific serum IgM and 1gG levels in WT mice administered 250 ug MB22-10 or IgG
control mAb (i.p.) with 1 pg PPS3 i.p. C) TNP-specific serum IgM, and IgG levels in WT
mice administered 250 pg MB22-10 or 1gG control mAb (i.p.) prior to immunization (d-1)
with 25 pg TNPo-Ficoll i.v. D) PC-specific serum IgM, and IgG levels in WT mice
administered 250 pg MB22-10 or IgG control mAb (i.p.) prior to immunization with 25 pg
PC-Ficoll i.p. E) PC-specific serum IgM, and IgG levels in WT mice administered 250 pg
MB22-10 or IgG control mAb (i.p.) prior to immunization with 25 pg PC-Ficoll i.v.
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Asterisks indicate significant differences in means (+SEM) between WT mice treated with
MB22-10 and control 1gG (* p<0.05).
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Figure 4. CD22 regulates B-1b cell proliferation and calcium signaling
A) Frequencies and numbers of peritoneal B-1a, B-1b, and B-2 cells in WT and CD227/~

mice. Asterisks indicate significant differences in means (+SEM) between WT and CD227/~
mice (* p<0.05; n=9/group). B-C) CFSE-labeled peritoneal B-1b cells from WT and
CD227/~ mice were cultured with 5 ug/ml goat anti-mouse IgM F(ab’), (B; 2 independent
experiments shown) or 2.5 pg/ml goat anti-mouse IgM F(ab’), plus 5 pg/ml streptavidin (C)
or LPS (D; 5 pg/ml) and analyzed for division by flow cytometry at day 4. Bold and thin
lines indicate stimulated CD22~/~ and WT B-1b cell proliferation, respectively. In D, the
dashed line and gray filled histograms indicate unstimulated CD22~/~ and WT B-1b cells. E)
BCR-induced [Ca?*]; responses in peritoneal B-1b cells from wild type (WT) and CD227/~
mice. F(ab"), goat anti-mouse IgM Ab (5 pg/ml) was added to the cells after 1 min
(arrowhead) with relative [CaZ*]; concentrations (indicated by Fluo-3 mean fluorescent
intensity) assessed by flow cytometry. Results are representative of those obtained in 3
independent experiments.
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Figure 5. CD22 promotes Ag-specific B-1b cell expansion in response to T1-2 Ag
A-B) In vivo expansion of TNP-specific spleen and peritoneal B cells in WT and CD227/~

mice 3 days following immunization with TNPgy-Ficoll. A) Representative frequencies of
TNP3o-FITC-Ficoll-binding by splenic B220* B cells from WT and CD22~/~ mice before
and 3 days after immunization. Left panels indicate gating of CD11b* (B-1b cells). B)
Frequencies and numbers of TNP-specific spleen and peritoneal B-1b cells before and 3
days after immunization. C) TNP-specific spleen and peritoneal B cell subset cell
frequencies and numbers in WT and CD22~/~ mice 5 days following immunization with
TNPso-Ficoll as determined by flow cytometry with identification of TNP-specific B-1a
(B220*CD5*CD11b%), B-1b (B220*CD11b*CD5"), and B-2 (B220*CD11b~CD5") cell
subsets in WT and CD227/~ mice. D) Representative CD86 staining on TNP-specific spleen
B-1b cells from naive and immune WT and CD22~/~ mice. Significant differences in mean
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values (£SEM) are indicated by asterisks; *, p<0.05 (n=3 naive and n=5 immune mice/
group).
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Figure 6. Reduction in CD19 expression rescues proliferation and normalizes BCR-induced
[Ca2*]; responses in CD227/~ B-1b cells

A) Frequencies of peritoneal B-1a, B-1b, and B-2 cells (n=5-6/group) and splenic marginal
zone (n>8/group) B cells in WT, CD227/~, and CD22/-19*/~ mice. Asterisks indicate
significant differences in means (+SEM) between WT and CD22~/~ mice and between WT
and CD227/~19*/~ mice (* p<0.05). B) BCR-induced [Ca%*]; responses in peritoneal B-1b
cells from WT, CD227/~ and CD22/-CD19*/~ mice. F(ab”), goat anti-mouse IlgM Ab (5
pg/ml) was added to the cells after 1 min (arrowhead) with relative [Ca2*]; concentrations
(indicated by Fluo-3 mean fluorescent intensity) assessed by flow cytometry. Results are
representative of those obtained in 3 independent experiments. C) CFSE-labeled peritoneal
B-1b cells from WT, CD227/~, and CD227/-CD19*/~ mice were cultured with 5 pg/ml goat
anti-mouse IgM F(ab”), and analyzed for division by flow cytometry at day 4. Results are
representative of those obtained in 3 independent experiments. D-E) BCR-induced [Ca?*];
responses in peritoneal B-1a (B220*CD5*CD11b"), B-1b (B220"CD11b*CD57), and B-2
(B220"CD11b~CD5") cell subsets (D) and spleen B220* B cells (E) from WT, CD227/~,
and CD227/~-CD19*/~ mice. F(ab’), goat anti-mouse IgM Ab (5 pg/ml) was added to the
cells after 1 min (arrowhead) with relative [Ca2*]; concentrations (indicated by Fluo-3 mean
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fluorescent intensity) assessed by flow cytometry. Results are representative of those
obtained in 3 or more experiments. F-G) CFSE-labeled CD43"€ spleen B cells from WT,
CD227/~, and CD22/~CD19*~ mice were cultured with 5 ug/ml goat anti-mouse IgM F(ab
"), (F) or LPS (G) and analyzed for division by flow cytometry at day 4. Results are
representative of those obtained in 3-4 independent experiments.
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Figure 7. Reduction in CD19 expression rescues T1-2 Ag-specific B-1b cell expansion and
plasmablast differentiation, reduces Ag-specific B cell apoptosis and restores T1-2 Ab responses
CD227"~ mice

A-C) In vivo activation and expansion of TNP-specific B cells in WT, CD22~/~ and
CD227/-CD19*~ mice 5 days following immunization with TNPs,-Ficoll. A) Activation of
TNP-specific B cells as measured by increased FSC and CD86 expression. Isotype control
staining for TNP-specific B cells from immune WT mice is indicated for CD86 staining
(dashed line). Dashed horizontal line in the bar graphs indicates naive baseline values for

TNP-specific B cells. Results from 3-4 mice/genotype. B-C) Frequencies and numbers of
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TNP-specific spleen (B) and peritoneal (C) B-1a, B-1b, and B-2 cells in immune (d5) WT,
CD227/~ and CD22/-CD19*/~ mice (n=4-8/group). Populations were identified using the
gating strategy shown in Supplemental Fig. 1E. D-E) Frequencies of Annexin Vi (E) and
caspase-3* (E) cells among TNP-specific spleen B cells in WT, CD227/~ and
CD227/-CD19*~ mice 2 days following immunization (n=5-7 mice/group for Annexin VV
stain and 3-6 mice/group for caspase-3). F) Frequencies and numbers of
CD138*B220*CD11b" splenic TNP-specific B-1 cells 5 days post TNP-Ficoll immunization
in WT, CD227/~ and CD227/~CD19*/~ mice. (G) TNP-specific serum IgM, and 1gG levels in
WT, CD227/~ and CD22/-CD19*~ mice after immunization with 25 pg TNP,-Ficoll i.p.
(n=4/group). Significant differences in mean values (+SEM) are indicated by asterisks; *,
p<0.05, In B-F, one-way ANOVA with Tukey’s post-hoc test was used.
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