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IVIg modulates BCR signaling through CD22 and promotes apoptosis in mature

human B lymphocytes

Jean-Frangois Séité," Divi Cornec,'? Yves Renaudineau,'2 Pierre Youinou,'2 Rizgar A. Mageed,? and Sophie Hillion'

1EA2216 Immunology and Pathology and Institut Fédératif de Recherche 148, Université de Bretagne Occidentale, Brest, France; 2Laboratory of Immunology,
Brest University Medical School Hospital, Brest, France; and 3William Harvey Research Institute, Queen Mary School of Medicine, London, United Kingdom

Among various mechanisms for interac-
tions with B cells, intravenous immuno-
globulin (IVlg) may operate through the
insertion of its Fc part into the Fc-y recep-
tor, or the binding of its sialic acid (SA)-
bearing glycans to the negatively regulat-
ing CD22 lectin. It appeared that IVig
reduces B lymphocyte viability in a dose-

and time-dependent manner. Furthermore,
we show by confocal microscopy that SA-
positive IgG, but not SA-negative IgG bind
to CD22. This interaction reduces the
strength of B-cell receptor-mediated signal-
ing trough down-regulating tyrosine phos-
phorylation of Lyn and the B-cell linker pro-
teins, and up-regulating phospholipase Cy2

activation. This cascade resulted in a sus-
tained activation of Erk 1/2 and arrest of the
cell cycle at the G; phase. These changes
may be accounted for the efficacy of IVIg in
autoimmune diseases. (Blood. 2010;116(10):
1698-1704)

Introduction

Although intravenous immunoglobulin (IVIg) is widely used to
treat idiopathic thrombocytopenic purpura, Kawasaki disease,
systemic lupus erythrematosus and Guillain-Barré syndrome,! the
mechanisms by which immune functions are influenced by such
preparations remain to be delineated.? Because B lymphocytes play
a central role in the immunopathologic processes that cause these
diseases, several studies have suggested that B cells are the target
cells for the beneficial effect of IVIg. For this hypothesis to apply,
IVIg would modulate a broad range of B lymphocyte functions
including activation, proliferation,® and survival.* In other words,
IVIg would interfere with the expression of genes and, potentially,
the functions of proteins involved in cell growth and death.

The interaction between IVIg and B lymphocytes could thus
modulate intracellular signaling resulting from the engagement of
the B-cell antigen (Ag) receptor (BCR). The earliest signaling
events of the ensuing cascade involves activation of the Src-family
protein-tyrosine kinase (PTK) Lyn.> Activated Lyn phosphorylates
immunoreceptor tyrosine-based activation motifs (ITAMs) on the
cytoplasmic domain of the membrane o and (3 proteins (CD79a
and CD79f). Once phosphorylated, CD79a and CD79f recruit
another PTK protein, Syk. Syk associates with phospho-ITAMs via
its tandem Src-homology 2 (SH2) domains, is phosphorylated, and
in turn, phosphorylates the adaptor protein B-cell linker protein
(BLNK). The adaptor thus acquires the capacity to bind to and
activate Bruton’s tyrosine kinase (Btk). This sequence of signaling
events leads to the activation of phospholipase Cy2 (PLCvy2),
hydrolysis of phosphatidylinisitol-4,5-bisphosphate and the produc-
tion of inositol-1,4,5-trisphosphate.

As a result, released intracellular calcium synergizes with other
signals to induce gene transcription.® This promotion implies the
recruitment of several transcription factors (TFs) that influence B-cell
proliferation, differentiation, cytokine production, and apoptosis.”® The
outcome of BCR engagement is variable, depending on the status of the

B cell and commitment of coreceptors. The latter dictate the ultimate
response and associate positive regulators (such as CD19 and CD21)
and negative regulators (such as CD22 and CD32) and these ultimately
determine the outcome of B-cell responses. Under normal conditions,
both groups of proteins are expressed at varying levels on the surface of
all B lymphocytes and their engagement contributes to setting the
threshold of B-cell activation. This is often achieved by increasing or
decreasing tyrosine phosphorylation, thereby enhancing or reducing
signal transduction.’

CD22 conveys the SH2 domain-containing phosphatase
1 (SHP-1) over to the BCR through the immunoreceptor tyrosine-
based inhibition motifs (ITIMs) located in its cytoplasmic do-
main.'® This membrane protein belongs to the sialic acid (SA)-
binding Ig-like lectin (Siglec) superfamily, with 7 Ig-like
extracellular domains and an amino-terminal Ig domain. CD22 is
unique in that its amino terminal domain recognizes the galactose-
linked SAa2-6 sequence that is typically found on N-linked
glycans of glycoproteins widely expressed on the surface of
various cell types. Known ligands for CD22 include polysaccha-
rides attached to antibodies (Abs),!! but the intimate nature of the
binding of CD22 to endogenous glycoproteins in a cis manner
remains to be determined. In contrast, there is good evidence that
CD22 binding by exogenous cross-linkers affects B-cell re-
sponses.!? Whether different ligands produce different effects on
B-cell responses is unclear, yet the ligand-binding domain of CD22
most notably its a2-6-linked SA-binding domain is needed for
CD22 to inhibit BCR signaling.!314

To gain insights into how IVIg modulates immune responses,
we explored the capacity of IVIg to modulate BCR signaling and
thus influence the fate of B cells. Our results suggest that SA-
containing IgG within IVIg peparations bind to CD22 on B cells.
This binding modulates B-cell functions, and could therefore
contribute to the therapeutic efficacy of IVIg.



Methods

B-cell isolation and culture

Blood samples were collected from healthy volunteers, and tonsils from
children undergoing routine tonsillectomy. All volunteers and parents of
children gave informed consent in accordance with the Declaration of
Helsinki, and the study was approved by the Institutional Review Board at
the Brest University Medical School Hospital. Peripheral blood mono-
nuclear cells were separated on Ficoll-Hypaque, T lymphocytes rosetted
out, and B-cell-enriched preparations collected. All monoclonal Abs
(mAbs) were from Beckman-Coulter unless otherwise specified. Fluores-
cein isothiocyanate (FITC)—conjugated anti-CD19 and phycoerythrin (PE)—
conjugated anti-CD5 mAbs were combined to ensure the sample purity by
fluorescence-activated cell sorting (FACS) analyses. There were more than
98% B lymphocytes in all preparations.

Human Ramos lymphoma line B cells were purchased from ATCC.
B cells were cultured in RPMI-1640 medium containing 10% fetal calf
serum and supplemented with 2mM L-glutamine, 200 U/mL penicillin and
1 pg/mL streptomycin.

Assessment of apoptosis

To assess their apoptosis, 2 X 10° B cells in RPMI-1640 were incubated for
24 hours with increasing amount of IVIg (LFB). Cells were then stained
with FITC-annexin V (AV) and propidium iodide (PI) according to
Beckman Coulter’s instructions. Briefly, B cells were suspended in 100 pL
phosphate-buffered saline (PBS) buffer and incubated for 10 minutes at 4°C
with 4 pL PI, and 1 pL FITC-AV. In the FACS analyses, cells in the early
stage of apoptosis were positive for FITC-AV and negative for PI. They
were enumerated, and their mean fluorescence intensities (MFIs) recorded.

IVIg preparation

IVIg was dissolved in serum-free RPMI-1640 medium to a concentration of
100 mg/mL, and prepared for conjugation with FITC by dialysis of IVIg in
carbonate-bicarbonate buffer, pH 9.5. Fluorescein-5-thiosemicarbazide (Mo-
lecular Probes) was then added with 100 pg in dimethylsulfoxyde for each
1 mg of IVIg for 1 hour at 37°C. Excess FITC was removed by extensive
dialysis against PBS. This preparation was assessed in an UV2 spectropho-
tometer (Unicam) by reading the absorbance at 280 nm and 495 nm, and by
expressing the fluorescence as [(absorbance 280 nm) — 0.31(absorbance
495 nm)}/1.4. An IVIg-devoid preparation was examined in parallel to
guarantee that the fluorescence came from conjugated IVIg, and not from
dissociated FITC.

SA-IgG was purified from the bulk of IVIg preparations by lectin-
affinity chromatography with a Sambucus nigra agglutinin (SNA) agarose
column (Vector Laboratories). Enrichment of the eluate was verified by
Western blotting (WB) with biotinylated SNA at 4 pg/mL and horseradish
peroxidase (HRP)—conjugated Streptavidin.

For preparing Fab and Fc fragment, IVIg preparations were digested
with 2 mg/mL papain in 0.04M cystein-PBS for 6 hours at 37°C. The
resulting Fab and Fc fragments were separated from the undigested IVIg
using a Sepharose S300 column and the Fc fragments were further
separated from the Fab fragments on a protein G column. All purification
steps were carried out using a fast protein liquid chromatography system
(Pharmacia). Purity of the fragments was assessed by WB using Abs
specific either for Fab of for Fc.

Analysis of phosphorylation by FACS

Phosphorylation assays were carried out using PE-conjugated mouse
anti—-phospho-BLNK (Phosphotyrosine PY 84; BD Biosciences), PE-
conjugated mouse anti—phospho-PLCy2 (PY759) mAbs (BD Biosciences),
rabbit anti—-phospho-CD19 (PY531) Ab, rabbit anti—phospho-Lyn (PY396)
and rabbit anti—-phospho-CD22 (PY822) Abs (all from Abcam) developed
by FITC donkey anti—rabbit Ab (Jackson ImmunoResearch Laboratories).
For FACS analysis of phosphorylation, the cells were either unstimulated or

stimulated with 20 pg/mL anti-IgM—coated onto beads in the presence, or
absence of 20 mg/mL IVIg for 20 minutes at 4°C, and then for 3 minutes at
37°C. In some experiments, 1 mg/mL sialylated IVIg (IVIg SA+), or
20 mg/mL nonsialylated IgG (IVIg SA—) was added. Activated cells were
fixed and permeabilized by incubation for 30 minutes in 70% methanol
before staining. Data were analyzed using EXPO32 program. Changes in
phosphorylation expressed in folds increase and decrease were calculated in
cells stimulated in the presence or absence of IVIg.

Confocal microscopy

To evaluate its relationships with CD22, 20 mg/mL of IVIg was associated
with 5 X 105 B lymphocytes. Interactions were revealed using goat
FITC-conjugated Fab’, anti-human IgG Ab (Jackson ImmunoResearch
Laboratories), and rabbit anti-CD22 (Abcam), wich was revealed with
tetrarhodamine isothiocyanate (TRITC)—conjugated donkey anti-rabbit Ig
Ab (Jackson ImmunoResearch Laboratories). In some experiments, 1 mg/
mL of purified IVIg SA+ or 20 mg/mL of the IVIg SA— fraction was added
to 5 X 10° tonsil B cells, and binding revealed as before. After a 1-hour
incubation at 4°C, B lymphocytes were fixed with 4% filtered
p-formaldehyde solution, cytospined and visualized on a Leica TCS laser
scanning confocal microscope at 100X magnification. Slides were mounted
with Vectashield from Vector Laboratories. Acquisition was made with TCS
NT Leica software.

Immunoprecipitation

B cells were incubated with 20 pg/mL anti-IgM Ab-coated beads and/or
20 mg/mL IVIg for 20 minutes at 4°C before activation at 37°C for
3 minutes. The cells were then lysed in 50mM Tris (hydroxymethyl)
aminomethane, 150mM NaCl, 5mM sodium fluoride, 2mM ethylenediami-
netetraacetic acid, 40 uM sodium orthovanadate, protease inhibitor cocktail
and 0.2% Brij-96 (all from Sigma-Aldrich) for 1 hour at 4°C. After centrifuga-
tion, supernatants were collected and pre-cleared with 50 pL protein G—coated
Sepharose beads for 30 minutes at 4°C. The lysates were incubated with
10 pg/mL rabbit anti-CD22 Ab, or rabbit anti-PY476-SHP-1 Ab and 100 nL
protein G—coated Sepharose beads overnight at 4°C. The beads were
washed 5 times with lysis buffer and bound proteins in the immunoprecipi-
tates eluted with 80 wL of warm reducing loading buffer containing
0.125mM Tris, 10% glycerol, 4% SDS and 1.8% B-mercaptoethanol, and
separated on 7% polyacrylamide gel electrophoresis (PAGE). WB was
carried out with the same anti-CD22 and anti—-SHP-1 Abs. Bindings of the
Abs was revealed with HRP-conjugated anti-rabbit Ab (Amersham) and
enhanced chemiluminescence (ECL) detection kit.

Western blotting

Lysates were prepared as described above and analyzed on 7% to
13% SDS-PAGE. Separated proteins were transferred to a polyvinylidene
difluoride membrane, and quenched with 5% nonfat milk in PBS or with
5% of BSA for 1 hour at room temperature and then incubated with primary
Ab for 1 to 6 hours, depending on the Ab. Rabbit anti-caspase 9 and
anti-caspase 3 Abs were from Cell Signaling Technology. Rabbit anti-
CDK2, mouse anti-E2F, anti-phosphoP38 (PT180+PY182), anti-phospho-
Erk1/Erk2, anti-p27, and anti-p85 of phosphoinositide 3-kinase Abs were
from Abcam. The anti-poly ADP-ribose polymerase (PARP) was Ab from
Roche Applied Science and HRP-conjugated sheep anti-mouse as well as
HRP-conjugated donkey anti—rabbit Abs were from GE Healthcare. These
Abs were used at 1 in 40 000 dilution in 1% nonfat milk protein containing
0.05% Tween in PBS. Bound Abs were revealed using the ECL kit.

Statistical analyses

Analysis of variance and 2-tailed paired Student ¢ test were used to
determine the significance of difference between sample means. Signifi-
cance refers to difference from the controls unless otherwise indicated.
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Figure 1. Reduced B-cell viability in the presence of IVIg. (A) Blood and tonsillar
B cells and lymphoma cell line B cells (2 X 105) were incubated for 24 hours with
increasing concentrations of 1VIlg. Cell viability was assessed by FITC-AV uptake.
BSA was used at 20 mg/mL as a control for the effect of high protein content.
(B) Tonsillar B cells were cultured in the presence of 20 mg of 1Vig (W), IgG F(ab’)>
(#), BSA(A), orin medium alone (®) for the indicated periods. The figure depicts the
mean * SD values from 5 independent experiments. Statistical analysis was per-
formed using the 2-tailed paired Student ¢ test. *P < .05 vs cells cultured in medium
alone.

Results
IVlg induces B-cell apoptosis through a selective pathway

We first examined the influence of IVIg on B-cell survival.
FITC-AV/IP staining of blood and tonsillar primary B cells and
lymphoma B-cell line cells revealed that these cells underwent
apoptosis in a dose-dependent and time-related manner in the
presence of IVIg (Figure 1A and supplemental Figure 1, available
on the Blood Web site; see the Supplemental Materials link at the
top of the online article). IVIg at 20 mg/mL significantly reduced
cell viability at 16 to 24 hours (P < .005). Thus, the basal rate of
apoptosis at 16 and 24 hours were significantly enhanced by the
presence of IVIg. Intriguingly, B lymphocytes from blood and
Ramos cells were somewhat resistant to spontaneous and [VIg-
induced death, compared with tonsillar B cells.

To ensure that IVIg was the genuine killing agent, this
preparation was dialyzed against RPMI 1640 to exclude that
stabilizers were responsible for cell death. We repeated the
experiments using Fab’, fragments of IVIg instead of the whole
molecules. Culturing dialyzed IVIg preparation with tonsillar

B cells showed similar kinetics, thus excluding a role for stabiliz-
ers. In addition, significant differences in the uptake of AV
conjugate by the B cells was seen when the cells were cultured in
the presence of the complete Ig comparing with their F(ab’),
fractions at 8 hours (Figure 1B). Next, the induction of apoptosis
was assessed with high protein concentration by comparing the rate
of cell death in the presence of IVIg with an equimolar concentra-
tion of bovine serum albumin (BSA). The apoptosis rate in the
presence of BSA was identical to spontaneous apoptosis and
significantly less than with IVIg (P < .01).

The binding of IVIg to B cells is mediated by interaction with
CD22

Given that no direct interaction between IVIg and B cells has
hitherto been proven, we labeled IVIg with FITC to obtain direct
evidence for its binding to B cells. The IVIg bound Ramos cells in a
dose-dependent manner (Figure 2A), until the cells were saturated,
thus, confirming specificity of the binding. To identify the potential
molecule through which IVIg bind B cells, we analyzed the
interactions between IVIg and B cells obtained from different
sources. This experiment was carried out based on the hypothesis
that different B-cell populations would have different expression
levels of the molecule(s) to which the IVIg binds. This experiment
revealed that, indeed, the IVIg bound more to Ramos cells than to
cells from tonsils and blood (Figure 2B). IVIg could thus have a
selective effect on a subpopulation of B cells.

To gain insight into how IVIg modulate B-cell functions, we
examined the capacity of IVIg to bind potential membrane proteins
on the B cells. B cells express several molecules that have potential
to modulate B-cell functions upon interaction with their specific
ligands and receptors. CD22, a member of the SA binding Ig Siglec
family, is one such key molecule. It is a B cell-specific glycopro-
tein that associates with the BCR. The Fc parts of IVIg have a
Siglec N-linked glycan covalently linked with a core containing
N-acetylglucosamine and mannose. Further modification of this
core is observed in the IgG pool of which 5% terminate with SA.

Confocal microscopy analyses served to address the issue of
CD22 as a ligand for IVIg. The use of FITC-conjugated IVIg
confirmed that within the IVIg preparation, some IgG bind to the
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Figure 2. IVIg binds to B-cell surface in a dose-dependent manner. (A) Ramos
B cells were incubated with a range of FITC-labeled IVIg for 1 hour at 4°C. Binding of
IVlg was determined by FACS and MFls measured at each point of FITC-IVIg
binding. Unconjugated FITC was used as the negative control. (B) Blood B cells
(open bars), tonsillar B cells (gray bars) and Ramos B cells (closed bars) were
incubated with increasing concentrations of IVIg-FITC and binding measured by
FACS.



surface of B cells (Figure 3A). This was contrasted with the
binding of aggregated IgG, used as positive control and goat
anti-human IgG as a negative control. The pattern of IVIg binding
to the B cells membrane was somewhat similar to that obtained for
the binding of aggregated IgG. However, the binding of aggregated
IgG show larger green fluorescence lumps than seen for the IVIg,
which appears to spread thinner on the surface. Overlay of
FITC-conjugated IVIg and TRITC-conjugated CD22 shown as
yellow clearly indicated that IVIg and CD22 colocalized on the
B-cell surface (Figure 3B). To directly show that the interaction
between CD22 and IVIg involved SA on IgG, IVIg SA+ and IVIg
SA— fraction were obtained and their purity verified by WB
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Figure 3. IVIg binds to CD22 on the surface of B cells. (A) Tonsillar B cells were
incubated with IVIg (left panel), or with aggregate IgG (middle panel). The binding of
IgG was revealed using FITC-conjugated goat Fab’2 anti-human IgG. The right
panel shows binding of the secondary Ab alone with the TRITC-conjugated donkey
anti-rabbit IgAb, used as negative control. (B) Tonsillar B cells were stained with
rabbit anti-CD22 followed by TRITC conjugated anti—rabbit Ab. After several washes,
the cells were incubated with IVIg and and followed by FITC-conjugated anti-human
1gG F(ab’),. (C) Sialylated IVIg (IVIg SA+) and asialylated (IVIg SA—) fractions were
used to stain B cells followed by FITC-conjugated F(ab’), anti-human IgG antibody.
B cells were also stained with anti-CD22. (D) IVIg was separated according to their
SA content using SNA affinity chromatography. Purity of the fractions was assessed
by lectin blotting. Staining for CD22 was followed by secondary HRP-conjugated Ab,
and the blots developed using the ECL system. (E) Tonsillar B cells were incubated
with IVIg before warming the cells up at 37°C (middle lane) or examined without
warming (left lane). Control for warming up at 37°C without 1VIg is also shown (right
lane) is shown. After the incubation, cell lysates were prepared and immunopreci-
pates with protein G Sepharose beads and analyzed by WB using anti-human CD22
Ab followed by secondary HRP conjugated Ab. The blots were developed using the
ECL system.

(Figure 3D). IVIg and IVIgSA + fraction, but not IVIg SA— bound
SNA. Thus, only the IVIg SA+ fraction colocalized with CD22
(Figure 3C upper panel), although some in the IVIg SA— fraction
also bound to the B-cell membrane (Figure 3C lower panel).
Binding of the IVIg fraction to CD22 was further confirmed by
immunoprecipitation. B cells were incubated with the IVIg prepa-
rations for 20 minutes at 4°C and for 5 minutes at 37°C, lysed and
bound IgG-CD22 immunoprecipitated. Within the IVIg, IgG was
associated with CD22 on the WB (Figure 3E). Interestingly, these
experiments showed that the optimal binding of the IVIg prepara-
tion with CD22 occurred when the cell-IVIg mixtures were
maintained at 37°C. These experiments provide evidence that the
binding of IgG to CD22 is optimal at a physiologic temperature.

Effect of IVIg on BCR-mediated signaling involves CD22

To assess the likely effects of IVIg binding to B cells on BCR-
mediated signaling, we examined the strength of anti-IgM-
generated signaling. Although the exact dynamics of signaling
events that translate BCR engagement to cell responses are not
fully established, modulation of the level of intracellular calcium
level is considered a reliable measure.

In addition, we assessed the phosphorylation status of several
key molecules associated with BCR-mediated signaling by FACS.
This technique allows the quantification of PY in individual
subpopulations of cells, and reduces the effects of manipulation on
measurement of B cells. Analyses were performed on gated viable
cells. After 3 minutes of stimulation with anti-IgM, 22% of tonsillar
B cells showed elevated levels of phosphorylated CD22 at its
ITIMs in the absence of IVIg (Figure 4A). The percentage
phosphorylated of CD22 in B-cells increased from 22 in cells
cultured without IVIg to 58 of total CD22 in the presence of IVIg.
In contrast, tyrosine phosporylation of CD19 diminished. The
analysis also showed decreased phosphorylation of Lyn, and of
BLNK at Y84, which is one of the 3 tyrosine residues involved in
recruiting PLCy2."5 Indeed, there was a significant reduction
(P < .001) in PLCy2 phosphorylation at Y759 in the presence of
IVIg. No changes in the phosphorylation level of the signaling
proteins were seen in unstimulated B cells in the absence, or
presence of either total IVIg or its fractions (Figure 4A). However,
when B cells were stimulated with anti-IgM in the presence of
either 20mg/ML total IVIg or with 1mg/mL IVIg SA+ there was a
significant elevation in the level of CD22 phosphorylation and
reduction in CD19, Lyn, BLNK and PLCy2 phosphorylation
(Figure 4B). The IVIg SA— fraction, in contrast, did not alter the
level of phosphorylation of these proteins even at 20 mg/mL. All
the noted down-regulation of phosphorylation strongly indicated an
effective modulation of the calcium pathway.

To confirm that the reduction in the calcium signaling pathway
was due to CD22, we immunoprecipitated CD22 and measured
associated SHP-1. As a result of hypo-phosphorylation of CD19,
Lyn, BLNK and PLCy2, SHP-1 was more recruited by adherence
of IVIg to CD22 (Figure 5A). The constitutive association between
CD22 and SHP-1 was slightly increased upon BCR cross-linking
but significantly so in the presence of IVIg (Figure 5B). The ability
of CD22 to modulate B-cell responses by interacting in trans with
glycosylated Ags has previously been demonstrated.'® Here, we
show that high concentrations of IVIg could act in a similar manner
and reduce the strength of BCR-mediated signaling. This occurs
through the CD22-SHP-1 inhibitory pathway and by down-
regulating calcium pathway activation, that determine the fate
of B cells.
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Figure 4. IVlg modulate BCR-associated signaling pathways. Phosphorylation
levels of CD22, CD19, Lyn, BLNK and PLC+2 were determined by FACS. (A) Tonsillar
B-cell subpopulations were incubated with or without 20 mg/mL IVIg or 1 mg/mL IVIg
SA+ or 20 mg/mL IVlg SA— for 20 minutes at 4°C and warmed up for 3 minutes at
37°C without any stimulation. B cells were subsequently fixed with p-formaldehyde,
permeabilized and then stained with rabbit anti-phospho-CD22, anti-phosphoCD19,
and anti-phospho-Lyn and developed by FITC-donkey anti-rabbit Ig Ab, and with
PE-conjugated anti-phospho-BLNK and anti—phospho-PLC~2. (B) Tonsillar B cells
were stimulated with anti-lgM Ab—coated beads for 3 minutes at 37°C in the presence
or absence of 20 mg/mL IVIG, 1 mg/mL IVIg SA+ or 20 mg/mL IVIg SA— for
20 minutes at 4°C. Activated B cells were stained with anti-phospho-CD22, anti—
phospho-CD19, anti-phospho-Lyn, anti-phospho-BLNK and anti-phospho-PLCvy2
with the same protocol as before. The results represent mean percentages * SD of
3 independent experiments. Statistical analyses were performed using the 2-tailed
paired Student ttest. *P < .001 vs cells incubated with no IVIg.

IVIlg promotes apoptosis through sustained activation of
Erk 1/2 and cell-cycle arrest

Erk1/2 phosphorylation results from BCR signaling, and influences
the behavior of B-cells.'” As IVIg binding influences BCR
signaling, we next assessed the effect of this interaction on Erk1/2
phosphorylation. For this purpose, we studied tonsillar B cells in
presence of IVIg, with and without BCR engagement. Treatment
with IVIg for 30 seconds induced Erk1/2 phosphorylation sus-
tained after 2 minutes (Figure 6A). Further study of the impact of
IVIg binding on other MAPK kinases showed that IVIg decreased
p85 PI3K level but increased p38 phosphorylation (Figure 6B).
Erk1/2 thus has a dual role in regulating cell proliferation and cell
cycle arrest, so that the outcome of altered phosphorylation of these
proteins depends on several factors including duration of the
modulating stimulus.

To determine the consequences of these changes in phosphory-
lation on the fate of B cells, we studied the level of several proteins
involved in the cell cycle. Because IVIg promoted apoptosis, we
examined the effect of IVIg binding on proteins regulating the G,
phase of the cell cycle. Previous studies have highlighted a critical
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20 minutes at 4°C and 3 minutes at 37°C before lysing the cells. Lysates were
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tates analyzed by WB using anti-CD22 or anti-SHP-1 Ab. Nonstimulated B cells
(Unst.) are shown as control. (B) The degree of coprecipitation is presented as a ratio
of intensity of SHP-1 band/intensity of CD22 band.

role for p27/Kipl in cell cycle progression though the Gy-G,
phase,'® as we also confirmed in another model.! Treatment of
B cells with IVIg resulted in a significant increase in the level of
p27/Kip1 with and without BCR engagement (Figure 7A). Semi-
quantitative measurements, based on band density showed a 2-fold
increase in the level of p27/Kip1 expression. In contrast, a 24-hour
treatment of B cells with IVIg abrogated cyclin-dependent kinase
(CDK)2 expression. This reduction was exaggerated by BCR
engagement, in line with up-regulation of its inhibitor p27/Kip1.
Because down-regulation of CDK2 inhibits the E2F-1 growth
promoting agent,?’ we therefore evaluated the expression of the
latter TF. A 24-hour BCR engagement in the presence of IVIg
resulted in a striking reduction in the E2F-1 expression (Figure
7A). Consistent with this data, IVIg induced a G, cell cycle arrest
and led to apoptosis. Both processes are controlled by p53, which
governs expression of key pro- and anti-apoptotic molecules such
as Bcl2, which, in turn, regulate activation of caspases. In this
respect, treatment of B cells with IVIg and BCR engagement
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Figure 6. IVlg modulates the MAPK pathway. Tonsillar B cells were incubated with
anti-lgM—coated beads in the presence or absence of IVIg for 30 seconds or
2 minutes before lysis. Total cell lysates were prepared for WB using anti-phospho
ERK1 and anti-phospho ERK2 (A) or anti-phospho p38 and anti-PI3K (B) Abs. Values
indicate relative density of the WB bands normalized to that obtained for 3-actin. Data
are representative of 3 separate experiments.
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Figure 7. Effect of IVIg on cell cycle protein expression and apoptosis. Tonsillar
B cells were incubated with anti-lgM—coated beads in the presence or absence of
IVIg for 24 hours before lysis. Total cell lysates were separated and stained in WB
with (A) anti-p27, anti-CDK2 and anti-E2F Abs, and (B) anti-caspase 9, anti—caspase
3, and anti-PARP Abs. Values indicate relative density of the bands normalized to that
obtained for B-actin. Data are representative of 3 independent experiments.
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decreased the levels of pro-caspases 3 and 9, and increased that of
cleaved PARP (Figure 7B).

All in all, the data generated in this study indicate that IVIg
modulates B-cell responses promotes cell cycle arrest and apopto-
sis by mediating Erk phosphorylation and p38 activation while
reducing PI3K activation.

Discussion

An ever-growing array of autoimmune conditions has successfully
been treated with IVIg. Although the exact mode of action remains
elusive, IVIg modulates the immune system through binding to
membrane receptors. B lymphocytes possess some of these recep-
tors. In this study, we provide evidence that CD22 is a key receptor
in the beneficial effects of IVIg. Further, we report for the first time
that IVIg binds primary human B cells and modulate BCR-
mediated signaling. Numerous investigators have previously dem-
onstrated that IVIg influences B cells,*?!-> however, none have
really identified the pathways through which B-cell fate would be
influenced by IVIg. Modulation of Erk activation in B cells by IVIg
has been described before?! in association with growth inhibition.
In this study, we report that IVIg influences the cell cycle and leads
to apoptosis. A previous report has proposed that IVIg induces
apoptosis though the Fas pathway. Altough our study has identified
a different mechanism, we cannot totally exclude apoptosis through
the-Fas pathway, because different IVIg preparations can vary as
they are from different donors.* Although IVIg has been shown not
to affect B-cell viability when stimulated with CD40L,?> we
observed that B-cell activation through the BCR was critically
important, underlying the role of B-cell activation state in [VIg-
induced apoptosis.

There is good evidence that CD22 interacts in a cis fashion with
ligands to control BCR-mediated signaling. However, controversy
persists as to the requirement for Ag glycosylation. In this case,
IVIg could bind CD22 in frans to influence signaling. In fact, the
latter ligands are so ubiquitous that it renders impossible to
discriminate the contribution of cis and trans modes of interactions.
We reasoned that [VIg SA+ could bind CD22 and interfere with
BCR-mediated signaling. Modulation of B-cell activation by IVIg,
especially through the calcium pathway, is due to binding to CD22
and recruitment of SHP-1. Together, our results indicate that trans
interaction by CD22 suppresses BCR-mediated B-cell activation,
as previously proposed.!®?* Incubation of IVIg with anti-Ig—

activated B cells enhances CD22 phosphorylation, which is neces-
sary for SHP-1 recruitment.!* Similar results were obtained using
synthetic sialosides to abrogate ligand binding in in vitro and in
vivo.?> Thus, ligand binding cis and frans modes are required for
the inhibitory role of CD22.!3 In this regard, a recent study has
provided evidence for the effect of sialylated antigens on B cells.?
These investigators showed that B-cell Ag activation could be
modulated by interaction of glycosylated antigen with CD22
leading to the induction of tolerance. The avidity of IVIg-CD22
interaction is a challenge to measure, but probably weaker than the
maximum CD22 cross-linking. There are, however, some sugges-
tions that direct interaction between CD22 and Ag could influence
the fate of B cells by modulating secondary signals such as Erk.?’
Furthermore, a link between CD22 engagement and apoptosis has
been suggested for B cells in patients with chronic lymphocytic
leukemia.?® Immunotoxins that bind CD22 would favor cytotoxic-
ity through activating caspase 3 and cleaving PARP.? Our data
indicated that a similar outcome of cell death is achieved by IVIg in
B cells. However, it remains to be formally demonstrated that
cytotoxicity is mediated by IVIg-CD22 interaction in this setting.

Analysis of the potential pathways through which IVIg-CD22
could influences B cells revealed that IVIg enhances Erkl1/2
phosphorylation as suggested by others investigators.? IVIg also
enhanced p38-phosphorylation but down-regulated p85-activation.
All these signaling molecules are involved in regulating apoptosis
in B cells.?!32 The p38 MAPK plays a role in cell cycle progression
of B cells that are exposed to oxidative stress.’® In addition, p38
could induce G, cycle arrest and Bcl2 phosphorylation leading to
its degradation in the proteasome.>* p38 and JNK are stress-
associated PTKSs that regulate apoptosis depending on the cell type
and stimulus.?33¢ Although p38 has been implicated in apoptosis in
several systems, the mechanism by which this is brought about is
unknown. Hsu and colleagues reported that p38 mediates apoptosis
through increased expression of Fas ligand.’” Our results showed
that IVIg-CD22 interaction enhanced p38 phosphorylation and led
to the activation caspase-3 cleavage, which is consistent with a
recent report.8

Analysis of potential pathways influenced by IVIg-CD22
interaction indicate that IVIg interferes with BCR signaling and
B-cell responses through sustained Erk1/2 phosphorylation, and
down-regulation of PI3K activation. The PI3K/Akt pathway (which
is essential for survival) constitutes a common response pathway of
cells to growth-factor stimulation. Erk1/2 has a dual role in
regulating B-cell responses, and is thus required for cell prolifera-
tion as well as cell cycle arrest.’** However, our study could not
exclude the possibility that CD22 engagement by IVIg disrupts the
MAPK pathway, cell cycle arrest and apoptosis as has been
reported for CD22 cross-linking.2%-38:41

This results in cell cycle arrest at G; phase, down-regulation of
CDK2 and up-regulation of its inhibitor p27, which activates
caspase-3. This findings leads to the prediction that other inducible
CDKs, such as CDK4 and CDKG6, could be down-regulated by
IVIg-CD22 interaction. For example, down-regulation of CDK2/6
causes inactivation of pRb, which down-regulates the E2F family
of TFs, known as proteins required for S phase.*? Indeed, IVIg
reduced E2F-1 protein expression, and thereby related target genes.

In summary, we believe that IVIg binds B cells by interacting
with CD22. This ligation interferes with several BCR-mediated
signaling pathways. These include inhibition of the PLCy2 cas-
cade, sustained activation of Erk1/2, enhanced p38 activation and
down-regulation of PI3K. These changes are associated with the



induction of CDK inhibitor p27/Kipl, which inhibits cell cycle

progression at the G, phase and results in with apoptosis. Modula-
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tion of the viability of primary B cells and the growth of cancer line

B cell provides for new interest in IVIg therapy in the control of

B-cell malignancies.
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