
of January 15, 2016.
This information is current as

Formation
and Limit Bone Marrow Plasma Cell 

 Tyrosine PhosphorylationαFine-Tune Ig
 Serine/ThreoninesαCytoplasmic Ig

L. Otipoby, To-Ha Thai and Klaus Rajewsky
KevinAliakbar Shahsafaei, Joel M. Henderson, Jane Seagal, 

Heide Christine Patterson, Manfred Kraus, Donghai Wang,

http://www.jimmunol.org/content/187/6/2853
doi: 10.4049/jimmunol.1101143
August 2011;

2011; 187:2853-2858; Prepublished online 12J Immunol 

Material
Supplementary

3.DC1.html
http://www.jimmunol.org/content/suppl/2011/08/12/jimmunol.110114

References
http://www.jimmunol.org/content/187/6/2853.full#ref-list-1

, 12 of which you can access for free at: cites 35 articlesThis article 

Subscriptions
http://jimmunol.org/subscriptions

 is online at: The Journal of ImmunologyInformation about subscribing to 

Permissions
http://www.aai.org/ji/copyright.html
Submit copyright permission requests at: 

Email Alerts
http://jimmunol.org/cgi/alerts/etoc
Receive free email-alerts when new articles cite this article. Sign up at: 

Print ISSN: 0022-1767 Online ISSN: 1550-6606. 
Immunologists, Inc. All rights reserved.
Copyright © 2011 by The American Association of
9650 Rockville Pike, Bethesda, MD 20814-3994.
The American Association of Immunologists, Inc.,

 is published twice each month byThe Journal of Immunology

 at D
uke M

ed L
ib Serials D

ept on January 15, 2016
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 
 at D

uke M
ed L

ib Serials D
ept on January 15, 2016

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/cgi/adclick/?ad=47895&adclick=true&url=http%3A%2F%2Fwww.emdmillipore.com%2FUS%2Fen%2Flife-science-research%2Fcell-analysis%2Famnis-imaging-flow-cytometers%2FQ6ub.qB.m3UAAAFLCKIp.ygJ%2Cnav%3Fcid%3DBI-XX-BDS-D-JOIM-FLOW-B175-1601
http://http://www.jimmunol.org/content/187/6/2853
http://www.jimmunol.org/content/suppl/2011/08/12/jimmunol.1101143.DC1.html
http://www.jimmunol.org/content/suppl/2011/08/12/jimmunol.1101143.DC1.html
http://www.jimmunol.org/content/187/6/2853.full#ref-list-1
http://jimmunol.org/site/subscriptions/
http://www.aai.org/ji/copyright.html
http://jimmunol.org/cgi/alerts/etoc
http://www.jimmunol.org/
http://www.jimmunol.org/


The Journal of Immunology

Cytoplasmic Iga Serine/Threonines Fine-Tune Iga Tyrosine
Phosphorylation and Limit Bone Marrow Plasma Cell
Formation

Heide Christine Patterson,*,† Manfred Kraus,*,‡ Donghai Wang,*,x Aliakbar Shahsafaei,†

Joel M. Henderson,†,{ Jane Seagal,*,‖ Kevin L. Otipoby,*,# To-Ha Thai,*,** and

Klaus Rajewsky*

Iga serine 191 and 197 and threonine 203, which are located in proximity of the Iga ITAM, dampen Iga ITAM tyrosine

phosphorylation. In this study, we show that mice with targeted mutations of Iga S191, 197, and T203 displayed elevated serum

IgG2c and IgG2b concentrations and had elevated numbers of IgG2c- and IgG2b-secreting cells in the bone marrow. BCR-

induced Iga tyrosine phosphorylation was slightly increased in splenic B cells. Our results suggest that Iga serine/threonines limit

formation of IgG2c- and IgG2b-secreting bone marrow plasma cells, possibly by fine-tuning Iga tyrosine-mediated BCR signal-

ing. The Journal of Immunology, 2011, 187: 2853–2858.

S
ignals from the pre-BCR and the BCR critically shape
B cell development, survival, activation, and Ab production.
The signal-transducing element of the pre-BCR and the

BCR is the associated Iga/b heterodimer (1, 2). The Iga and Igb
cytoplasmic domains each contain one ITAM, a motif shared by
many receptors of the immune system (3–5). The dually phos-
phorylated Iga/b ITAMs rapidly amplify the signal by recruiting
and activating Src homology 2 domain-containing Src family ki-
nases and spleen tyrosine kinase (Syk) (3, 6). These protein ty-
rosine kinases phosphorylate neighboring ITAMs and downstream
effectors (6, 7). Mechanisms ensuring signal termination include
dephosphorylation of Iga by Src homology 2 domain phospha-
tase-1 recruited to the transmembrane adapter CD22 (6, 8).
Many ITAM-containing receptors contain evolutionarily con-

served serines or threonines surrounding their ITAM tyrosines (4,
5). Some of these residues, including those in Igb, CD3g, CD3d,
and FcεRI, are phosphorylation sites (9–14). Iga contains two
evolutionarily conserved serines in positions 191 and 197 and
a threonine in position 203. These residues were found phos-
phorylated in B cell lines and in vitro (4, 9–11), and experiments
in myeloma cell lines showed that Iga S191, 197, and T203

transiently decrease BCR-mediated Iga ITAM tyrosine phos-
phorylation (15). Moreover, a recent study suggested that at least
S197 is a target for phosphorylation by Syk, thereby negatively
regulating Syk and Src family kinase-mediated Iga ITAM tyrosine
phosphorylation (16). We therefore speculated that Iga serine/
threonines also antagonize the in vivo function of the Iga ITAM
tyrosines. To test this hypothesis, we generated mice with targeted
mutations of S191, 197, and T203.

Materials and Methods
Mice

Gene targeting was performed employing a strategy previously used in the
laboratory (17, 18). Chimeric mice were generated through injection of
targeted C57BL/6 embryonic stem cells into C57BL/6 albino blastocysts
(19). Animal care and experiments were conducted according to protocols
approved by the Animal Care and Use Committee of Harvard Medical
School and the Immune Disease Institute. The mice were kept in a specific
pathogen-free facility. Homozygous mutant mice and age-matched control
mice of the C57BL/6 background (Charles River Laboratories) or litter-
mates were analyzed at 8–14 wk unless indicated otherwise. Iga ITAM
tyrosine mutant (IgaFF) mice and Igb ITAM tyrosine mutant (IgbAA) mice
were previously described (17, 20). Embryonic stem cells with the IgaSATV

allele are available from the authors upon request.

Flow cytometry

Spleen, bone marrow, peritoneal lavage, Peyer’s patches (PPs), mesenteric,
inguinal, and axillary lymph nodes, as well as cultured B cells were har-
vested into PBS containing 2% FCS (Invitrogen). Single-cell suspensions
were stained with conjugated monoclonal and polyclonal Abs purchased
fromBDBiosciences, eBioscience, and Southern Biotechnology Associates
or derived from hybridoma cell lines in the laboratory. IgG2c and IgG2b
staining of germinal center (GC) B cells and LPS-stimulated blasts was
performed with polyclonal biotinylated anti-IgG2a, recognizing both IgG2a
and the homolog IgG2c present in C57BL/6 mice (21), and anti-IgG2b
(Southern Biotechnology Associates) after IgG subclass specificity testing
by ELISA and titration on LPS-stimulated B cell cultures displaying Ig class
switching to IgGc and IgG2b. All samples were analyzed with a BD
FACSCalibur (BD Biosciences) and FlowJo software (Tree Star).

ELISAs and immunizations

Serum ELISAs were performed by coating plates with 4-hydroxy-3-
nitrophenylacetyl (NP) (22) conjugated to BSA, polyclonal goat anti-
mouse Igk/l (Southern Biotechnology Associates), denatured salmon
sperm DNA (Sigma-Aldrich), or purified mouse glucose phosphate iso-
merase-GST fusion protein generated in the laboratory of D. Mathis and
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C. Benoist (Harvard Medical School, Boston, MA). Serum was added to
96-well plates at a starting dilution of 1:25 or 1:50, followed by 3.5- or 5-
fold serial dilutions. Subsequently, serum Ig was detected with polyclonal
biotinylated goat anti-mouse IgM, IgG1, IgG2b, IgG3, and IgA (Southern
Biotechnology Associates), streptavidin-alkaline phosphatase conjugate
(Roche), and chromogenic substrate 4-nitrophenyl phosphate (Sigma-
Aldrich). Serum IgG2c was detected using cross-reactive polyclonal bio-
tinylated goat anti-mouse IgG2a (Southern Biotechnology Associates)
(21). Mice were immunized by i.p. injection of NP (41)-Ficoll (NP con-
jugated with aminoethylcarboxymethyl-Ficoll), and aluminum hydroxide-
precipitated NP-chicken gammaglobulin (CGG) purchased from Biosearch
Technologies. Laboratory-developed purified mAbs (S43-10, D3-13F1,
B1-8m, 18-1-16, and S24/63/63) and Abs purchased from Southern Bio-
technology Associates (HOPC-1, A-1, 11E10, B10, 15H6, and S107) were
used for the determination of the serum concentrations of NP-specific Abs
and total Ig, respectively.

ELISPOT assays

Numbers of Ab-forming cells were determined by culturing spleen and bone
marrow cells on polyvinylidene fluoride membranes (Pall Corporation),
previously coated with polyclonal anti-Igk and anti-Igl (Southern Bio-
technology Associates), in six-well plates for 3 to 4 h. Membrane-bound Ig
was subsequently detected with biotinylated polyclonal anti-IgM, IgG1,
IgG2c, IgG2a cross-reactive with IgG2c (21), IgG2b, and IgG3 (Southern
Biotechnology Associates), a streptavidin–HRP conjugate (Jackson Immuno-
Research Laboratories), ECL reagent (GE/Amersham Biosciences), and
autoradiography film (Kodak).

Proliferation assays

Splenic B cells were MACS purified by CD43 depletion of spleen cells
(Miltenyi Biotec), resulting in isolation of cellular fractions containing
.95% CD19+ B cells. The cells were cultured in complete DMEM
(Invitrogen), 10% FCS (Invitrogen) with polyclonal anti-IgM F(ab’)2
fragments (Jackson Immunoresearch Laboratories), LPS from Escherichia
coli O55:B5 (Sigma-Aldrich), or synthesized 20-mer of CpG DNA. B cells
were labeled with CFSE (Molecular Probes) according to the manu-
facturer’s instructions prior to culturing for 3 d. Following harvest of the
cultures, B cells were stained with dead cell exclusion marker TO-PRO-3
(Molecular Probes) and analyzed on an FACSCalibur (BD Biosciences).
The percentage of cells that had undergone one or more cell division was
calculated using the proliferation platform functions of FlowJo software
(Tree Star).

Histology

Kidney sections were fixed in 10% formalin (Sigma-Aldrich) and stained
with H&E or periodic acid-Schiff. Immunofluorescence staining of frozen
kidney sections was performed with TRITC-conjugated goat anti-mouse
IgG (Southern Biotechnology Associates) and FITC-conjugated rabbit
anti-human C3d (DakoCytomation).

Immunoblotting

Purified splenic B cells in RPMI medium (Invitrogen) were stimulated with
the indicated doses of polyclonal anti-IgM F(ab’)2 fragments (Jackson
Immunoresearch Laboratories) and whole-cell lysates prepared by imme-
diate lysis in 1% Nonidet P-40 lysis buffer, 1 mM sodium orthovanadate,
5 mM sodium pyrophosphate, 10 mM sodium fluoride, 2 mM PMSF, and
further protease inhibitors (Roche). A total of 20–40mg protein per lanewas
subjected to an 8 or 10% SDS-PAGE (Hoefer) under reducing conditions
and wet transferred (BioRad Transblot Cell) to polyvinylidene fluoride
membranes (Millipore) according to the manufacturer’s instructions. Im-
munoblotting Abs raised against human p-Tyr525/526Syk, p-Thr202/Tyr204

ERK, and ERK were obtained from Cell Signaling Technology, mAb
4G10 from Upstate, Abs specific for Syk (N19), B cell linker protein
(H80) from Santa Cruz Biotechnology, and polyclonal rabbit Iga and Igb
from Y. M. Kim and H. Ploegh (Whitehead Institute for Biomedical
Research, Cambridge, MA). Images shown were captured and quantified
with a Fujifilm LAS-3000 imaging system (Fujifilm).

Calcium flux

Splenic cells were labeled with Indo-1 (Molecular Probes), and BCR-
mediated calcium flux of B cells resuspended at 2 3 106 cells/ml RPMI
1640/2% FCS was assayed by analysis of the 405 nm/485 nm emission
ratio after excitation with a 350-nm UV laser on an FACSVantage flow
cytometer (BD Biosciences). Data were analyzed with the FlowJo analysis
program (Tree Star).

Statistics

Averages, geometric means, SD, logarithmic SD, and medians were cal-
culated as indicated. The p values were determined by applying the two-
tailed Student t test for unpaired samples to data sets.

Results
Generation of Iga serine and threonine mutant mice

The Iga cytoplasmic domain contains serines at position 191 and
197 in close proximity of ITAM tyrosine 193 and a threonine at
position 203 adjacent to non-ITAM tyrosine 204 (Fig. 1A). We
generated mice with targeted mutations in the Iga encoding mb-1
gene that resulted in replacement of serines 191 and 197 with
alanine and threonine 203 with valine (Fig. 1B, Supplemental Fig.
1A–C). The mutant allele was termed IgaSATV, and mice homo-
zygous for this allele were analyzed. Immunoblotting of anti-IgM–
stimulated splenic B cells from IgaSATV/SATV mice showed en-
hanced Iga tyrosine phosphorylation. Specifically, Iga tyrosine
phosphorylation normalized to total Iga expression was tran-
siently increased by 10–30% in B cells from IgaSATV/SATV mice
compared with controls, whereas total Iga expression was slightly
decreased when normalized to Igb and ERK (Fig. 1C and data not
shown). These results suggest that Iga serine/threonines modulate
BCR-induced Iga tyrosine phosphorylation in primary splenic
B cells as predicted by previous results (15, 16).

FIGURE 1. Generation of Iga serine and threonine mutant mice. A,

Amino acid sequence of the murine Iga cytoplasmic domain. B, Scheme of

mutant Iga protein expressed as part of the BCR complex in IgaSATV/SATV

mice. C, Splenic B cells were stimulated with 5 mg/106 cells anti-IgM for

the indicated time points, lysed with 1% Nonidet P-40 buffer, separated by

SDS-PAGE, and blotted as indicated. Bands were quantified after digital

chemiluminescence acquisition. Blots shown are representative of four

experiments performed with lysates from two independent experiments

with three to four 8–12-wk-old mice each.
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Enlarged early B cell fractions

Hypothesizing that the Iga serine/threonines antagonize the in vivo
Iga ITAM tyrosine function, we speculated that Iga SATV/SATV

mice might display features opposite to those of Iga ITAM ty-
rosine (IgaFF/FF) mutant mice. Although IgaSATV/SATV mice did
not show phenotypes opposite to those observed in IgaFF/FF mice,
the mutant mice had some features that were opposite to those
observed in IgaFF/FF mice also carrying a heterozygous or ho-
mozygous Igb ITAM tyrosine mutation (IgbAA). Thus, the per-
centage of pre-B cells among lymphocytes was increased by
approximately half, with the greatest increase in the percentage of
cells detected at the small pre-B cell stage (68%) (Fig. 2A, Sup-
plemental Fig. 2A) and without differences in bone marrow cel-
lularity (Iga SATV/SATV: 20.4 6 10.7 3 106 cells/femur; controls:
16.1 6 7.5 3 106 cells/femur in 7–12-wk-old mice; n = 18, p =

0.159). Similarly, immature B cell fractions in the bone marrow
and transitional B cells in the spleen were expanded by approxi-

mately half in Iga SATV/SATV mice compared with controls (Fig.

2B, 2C, Supplemental Fig. 2B), whereas total B cell numbers in

the spleen were normal (Supplemental Fig. 2C). In contrast, IgaFF

and IgbAA compound mutants, but not IgaFF/FF mice or IgbAA/AA,

showed impaired pre-B cell and later stage B cell development

(Supplemental Fig. 2D) (17, 20). These results suggest that Iga

serine/threonines negatively regulate the size of the pre-, imma-

ture, and transitional B cell compartments. These findings are in

line with a previous study suggesting that Iga serine/threonines

antagonize the in vivo function of Iga/b ITAM tyrosine signaling

at the pre-B cell stage as indicated by increased pre-BCR–medi-

ated calcium responses in pre-B cells expressing serine and thre-

onine mutant Iga (16).

FIGURE 2. B cell development. The pro-

and pre- (A), immature and recirculating

(B), transitional and mature (C), and mar-

ginal zone (MZ) B cell (D) compartments

were analyzed by flow cytometry of bone

marrow and spleen from 8–12-wk-old mice

(n = 8–14). Histograms display average

numbers of cells, SD, and p values as de-

termined by Student t test.
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Minor roles in B cell subset development and BCR-mediated
in vitro and in vivo responses

The fraction of marginal zone B cells in IgaSATV/SATV mice was
reduced by 25–30% compared with controls (Fig. 2D, Supple-
mental Fig. 2E). The size of the mature B cell compartment was
also slightly reduced (Fig. 2C). The size of the peritoneal B1 cell
compartment and the ratio of Igk- to Igl-expressing cells in the
spleen and bone marrow were normal (Supplemental Fig. 2F, 2G).
Following immunization with the TD Ag NP-CGG, IgaSATV/SATV

mice had normal NP-specific IgM and IgG1 responses compared
with controls (Supplemental Fig. 2H). The anti-IgM–induced
calcium response, as well as surface expression of BCR compo-
nents on mature B cells from IgaSATV/SATV mice, was largely
unchanged (Supplemental Fig. 3A, 3B). Further, no major differ-
ences in BCR-induced in vitro B cell responses were detected, as
suggested by largely normal anti-IgM–mediated Syk and ERK
phosphorylation, CD69 expression, and proliferation of splenic
B cells from the mutant animals (Supplemental Fig. 3C, 3D).
These results suggest that Iga serine/threonines modulate mar-
ginal zone B cell numbers, but do not play a critical role in reg-
ulating Igl usage, surface BCR expression, B1 cell development,
and Ag-specific IgG1 responses.

Hypergammaglobulinemia and increased bone marrow plasma
cell formation

Unlike IgaFF/FF mice, which showed normal IgG2c and IgG2b
concentrations in the serum (17), serum concentrations of IgG2c
and IgG2b in unimmunized, 8–10-wk-old IgaSATV/SATV mice were
4-fold increased compared with controls, with no such increase
seen in the case of IgM, IgG1, IgG3, and IgA (Fig. 3A and data not
shown). These findings contrasted decreased NP-specific IgG2c
and IgG2b responses to NP-Ficoll, whereas NP-specific IgM and
IgG3 responses were only slightly reduced or normal (Fig. 3B,
Supplemental Fig. 4A). Further, NP-specific IgG2c and IgG2b
responses to NP-CGG were normal in the mutant mice (Fig. 3C).
However, unimmunized, 8–10-wk-old IgaSATV/SATV mice dis-
played low concentrations of IgG2c and IgG2b Abs recognizing
NP, ssDNA, and the metabolic enzyme glucose phosphate isom-
erase (GPI), whereas such Abs were below or at the detection limit
in controls (Fig. 3D). Anti-ssDNA, GPI, and NP IgM serum con-
centrations were normal in IgaSATV/SATV mice, whereas IgG1 and
IgG3 with these specificities were undetectable in both wild-type
and mutant mice (Supplemental Fig. 4B). Autoantibody production
in the human and mouse can be associated with spontaneous ger-
minal center (GC) formation, the development of autoimmune
disorder including glomerulonephritis, and high autoantibody titers
as the disease progresses. No evidence of spontaneous GCs in
lymph nodes, spleen, and bone marrow or enhanced GC formation
in the PPs and mesenteric lymph nodes was found in 8–12-wk-old
mutant mice (Supplemental Fig. 4C). Nine-month-old IgaSATV/SATV

mice did not show evidence of kidney inflammation or IgG or
complement deposition in the kidneys compared with age-matched
controls (Supplemental Fig. 4D). Serum ssDNA andGPI IgG2c and
IgG2b were readily detectable in 9-mo-old wild-type as well as the
mutant mice, but differences between mutants and controls, which
were seen in 8–10-wk-old mice, had largely disappeared (Supple-
mental Fig. 4E). These results suggest that Iga serine/threonines
limit the production of serum total IgG2c and IgG2b as well as
serum NP, ssDNA, and GPI-specific IgG2c and IgG2b in un-
immunized, 8–10-wk-old mice. The results further suggest that Iga
serine/threonines are required for an efficient IgG2c and IgG2b
response to a T cell-independent type II (TI-II) Ag, but do not play
a critical role in regulating the T cell-dependent IgG2c and IgG2b
response.

Increased serum Ig concentrations may be the result of an ex-
panded bone marrow plasma cell compartment, as plasma cells
residing in the bone marrow are a major source of serum Ig (23, 24).
Indeed, quantification of Ab- secreting cells in the bone marrow
revealed that the number of cells secreting IgG2c and IgGb were
increased 4- to 5-fold in IgaSATV/SATV mice compared with con-
trols, whereas the number of cells secreting IgM, IgG1, or IgG3
were normal (Fig. 4A). B cell stimulation through the BCR and

FIGURE 3. Total serum Ig, Ab responses, and spontaneous autoantibody

production. A, Serum total Ig in unimmunized mice was determined in 8–

10-wk-old mice by ELISA (n = 12–17). Dots and bars represent values from

individual mice and medians, respectively. The p values were calculated by

Student t test. NP-specific serum IgG2c and IgG2b after i.p. immunization

with 10mg NP (41) Ficoll (B) and 5mg NP-CGG (C) were analyzed in 8–10-

wk-old mice by ELISA (n = 6–9). Graphs show values from individual mice,

medians, and p values as calculated by Student t test. Undetectable values

were depicted at the detection limit. D, Anti-NP, GPI, and ssDNA Ig were

determined in unimmunized 8–10-wk-old mice by ELISA (n = 13–22).

ELISAs were performed using a starting dilution of 1:25 and 3.5-fold serial

dilutions. Graphs show values from individual mice, medians, and p values

as calculated by Student t test. Undetectable values were depicted at and

below the detection limit (dotted area). Graphs for anti-NP Ig depict all

results obtained, which included those shown in B and C.
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other receptors results in B cell activation, proliferation, Ig class
switching, and differentiation to plasmablasts found in secondary
lymphoid organs such as the spleen, some of which go on to become
long-lived resting plasma cells homing to the bonemarrow (23, 24).
No gross enlargement of the proportion of IgaSATV/SATV B cells
switching to IgG2c and IgG2b in response to LPS in vitro, nor any
major changes in the percentage of IgG2c- and IgG2b-positive cells
in GCs of PPs and mesenteric lymph nodes of the mutant mice were
detected (Fig. 4B, 4C). Further, the number of splenic cells se-
creting IgG2c and IgG2b as well as LPS-induced IgG2c and IgG2b
secretion in vitro were not increased (Fig. 4C, 4D). These findings
suggest that Iga serine/threonines critically control formation of
IgG2c- and IgG2b-secreting cells in the bone marrow and serum
IgG2c and IgG2b concentrations, but not Ig class switching to or
production of cells secreting these isotypes in the spleen.

Discussion
The Iga cytoplasmic domain contains two serines and one thre-
onine in addition to the well-characterized ITAM and non-ITAM
tyrosine phosphorylation sites (3, 4, 17, 18). In line with previous
studies (15, 16), the present analysis of mice with targeted
mutations of the cytoplasmic Iga serine/threonines suggests that
Iga serine and threonine phosphorylation dampens Iga tyrosine
phosphorylation in anti-IgM–stimulated splenic B cells. One
might thus expect that the Iga serine/threonines antagonize the
in vivo function of the Iga ITAM tyrosines as well. The abnor-
malities observed in early B cell development of IgaSATV/SATV

mice were indeed compatible with the idea that Iga serine/
threonines negatively regulate BCR signaling. The decreased
marginal zone B cell numbers and TI-II responses in the mutants,
although not opposing the phenotype of Iga ITAM tyrosine-
deficient mice, which also had decreased marginal zone B cell
numbers and normal TI-II responses (17), support this notion as
well, given that mice deficient in negative regulators such as CD22
also exhibit impaired marginal zone B cell development and TI-II
responses (8). CD22-deficient mice and IgaSATV/SATV mice further
resembled each other in regard to production of low concen-
trations of autoantibodies, although autoreactive IgG accumulates
only at older age in CD22-deficient mice (25), whereas differences
to wild-type were found only in 8–10-wk-old but not aged
IgaSATV/SATV mice. However, any of these changes in IgaSATV/SATV

mice were of modest extent. Furthermore, no abnormalities in B1
cell development, Igl usage, and the T cell-dependent IgG1 re-
sponse were observed in the mutants, whereas IgaFF/FF mice ex-
hibit a phenotype in these respects (17).
In contrast, 8–10-wk-old IgaSATV/SATV mice displayed strik-

ingly elevated total serum IgG2c and IgG2b concentrations with
a corresponding increase in IgG2c- and IgG2b-secreting bone
marrow plasma cells, but normal in vitro Ig class switching to
these isotypes, no accumulation of surface IgG2b- and IgG2c-
positive GC cells in spontaneous GCs, and normal numbers of
IgG2c- and IgG2b-secreting cells in the spleen, a major site of
plasmablast production (26). Because Iga is not expressed at the
plasma cell stage (27), it appears that Iga serine/threonines
promote selection of cells into the bone marrow plasma cell
compartment rather than survival of plasma cells. It is also
possible that Iga serine/threonines limit the formation of bone
marrow plasma cells by controlling the numbers of IgG2c- and
IgG2b-expressing memory cells, which we did not analyze due to
technical limitations. How can these observations be explained?
Given the similarities between the IgM and the IgG BCR in
structure and use of Iga for signal transduction (28), it is con-
ceivable that the IgaSATV/SATV mutation increases Iga tyrosine
phosphorylation not only in IgM but also in IgG2c- and IgG2b-

FIGURE 4. Plasma cell formation and Ig isotype switching. A, Ab-

forming cells in the bone marrow of one femur were quantified in 7–10-

wk-old mice (n = 9–13) in five independent experiments by ELISPOT

analysis. Graphs show values from individual mice, medians, and p values

as calculated by Student t test. B, Ig class switching to IgG2c and IgG2b

was determined by culture of splenic B cells from three 8-wk-old mice

with 20 mg/ml LPS for 4 d, staining with anti-IgG2c and IgG2b Ig, and

loss of CFSE by flow cytometry. Numbers shown represent the percentage

of gated cells. IgG2c and IgG2b secretion by LPS-stimulated B cells into

the supernatants was determined by ELISA and depicted as ratio of Ig to

number of B cells plated on day 0. Results were comparable in a second

independent experiment. C, The fraction of IgG2c- and IgG2b-expressing

GC cells in mesenteric lymph nodes and PPs were determined in 8–12-wk-

old mice by flow cytometry (n = 5 to 6) in two independent experiments.

Histograms display averages and SD. D, Ab-forming cells in the spleen

were quantified in 7–10-wk-old mice (n = 8–18) by ELISPOT analysis.

Graphs show values from individual mice, medians, and p values as cal-

culated by Student t test.
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expressing cells and thereby enhances selection of the latter cells
into the Iga-negative bone marrow plasma cell pool. Support for
this idea comes from observations that strong Ag–BCR inter-
actions, shown to correlate with increased Iga tyrosine phos-
phorylation, promote plasma cell differentiation in vitro, in
T cell-independent, and in extrafollicular T cell-dependent re-
sponses (22, 30–32). The restriction of the phenotype to the IgG2c
and IgG2b isotypes in IgaSATV/SATV mice could reflect an as yet
undefined difference in signal transduction through BCRs of the
various IgG isotypes. In this context, the presence of low levels of
self-reactive Abs of these isotypes in the mutant mice may suggest
a link to the activation of cells expressing such specificities, given
the similar isotype distribution of autoantibodies in mouse models
of autoimmunity (33–35).
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