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Activation of extracellular signal-regulated protein kinase (ERK) has been implicated in proliferation as
well as differentiation in a wide variety of cell types. Using B-cell-specific gene-targeted mice, we report here
that in T-cell-dependent immune responses, ERK2 is required to generate efficient immunoglobulin G (IgG)
production. In its absence, the proportion of antigen-specific surface IgG1-bearing cells and the subsequent
number of IgG1 antibody-secreting cells were decreased, despite apparently unimpaired class switch recom-
bination. Notably, this defect was countered by overexpression of the antiapoptotic factor Bcl-2. Together, our
results suggest that ERK2 plays a key role in efficient generation of antigen-specific IgG-bearing B cells by

promoting their survival.

Once B lymphocytes encounter antigens, a complex series of
activation and maturation events drive the generation of anti-
body-secreting plasma cells and memory cells (31). In the case
of immunization with T-cell-dependent (TD) antigens, cog-
nate interaction between antigen-specific B cells and primed
helper T cells triggers the B cells to proliferate in the peri-
arterial lymphoid sheath in the spleen (17, 22). Some of the
founder B cells then migrate to extrafollicular sites, where
they ultimately grow plasmablasts to short-lived plasma
cells, and the others form the germinal center (GC), which
is necessary for efficient immunoglobulin (Ig) somatic hy-
permutation and affinity maturation, followed by the ap-
pearance of long-lived plasma cells (14, 18, 24, 25, 27, 41).
The cell surface receptors responsible for such differentia-
tion of B cells to plasma cells are well known. For instance,
these include B-cell receptor (BCR), tumor necrosis factor
family receptors (CD40 and BAFF receptor), and receptors
for cytokines interleukin-4 (IL-4), IL-6, and IL-10 (10, 30,
36). By contrast, relatively little is known about their signal-
ing cascades, which in turn culminate in B-cell expansion
and differentiation into plasma cells.

A number of studies have implicated the Ras/MEK/extra-
cellular signal-regulated protein kinase (ERK) pathway in
early B-cell development as well as in memory antibody re-
sponses (7, 29, 32, 37, 40). Transgenic mice harboring a dom-
inant inhibitory mutant of Ras manifested reduced numbers of
pre-B cells and immature B cells, implying the importance of
the Ras pathway in pre-BCR- and BCR-mediated cell fate
decision (29). Moreover, by using the same transgenic mice,
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the Ras pathway has been recently demonstrated to participate
in recruitment of high-affinity B cells into the memory com-
partment and in their terminal differentiation (40). These stud-
ies clearly suggest the importance of the Ras pathway in B-cell
physiology. However, a role of ERK cannot be simply extra-
polated from these data, because Ras is thought to exert its
biological function through at least three effector molecules:
ERK, phosphoinositide 3-kinase, and guanine nucleotide ex-
change factors for the Ras-related GTPase Ral (8, 19).

ERK1 and ERK2 constitute a focal point of mitogen-acti-
vated protein kinase (MAPK) pathway signaling in mammalian
cells. These two highly homologous serine-threonine kinases
are activated by tyrosine and threonine dual phosphorylation,
thereby transmitting this activation to both cytoplasmic signal-
ing complexes and nuclear transcription factors. ERK is likely
to be the origin of a ramifying signal transduction program that
affects many aspects of cellular responses (20). Indeed, in the
case of B cells, the importance of ERK has been suggested by
previous experiments using pharmacological inhibitors; MEK/
ERK inhibitors partially impaired B-cell proliferation in re-
sponse to BCR stimulation in vitro (32). However, its physio-
logical function in B-cell development and activation still
remains unclear. Thus, to approach this issue, we generated
mice in which the ERK2 gene was deleted in a B-cell-specific
manner. Analyses of these mice reveal that ERK2 contributes
to efficient generation of antigen-specific IgG1-bearing B cells
during TD antibody reactions, at least partly by providing a
survival signal.

MATERIALS AND METHODS

Mice. Generation of Mapkl** or Mapkl*** mice, in which exon 3 of
Mapkl is flanked by LoxP sites, was described previously (11). These mice were
crossed to Cd19™'* mice (33) to generate Cd19™'* Mapk1""**'°* mice. Age-
and sex-matched 10- to 12-week-old Cd19™'* Mapk1#¥f* and Cd19"*
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Mapk1™'* mice were used for all experimental analysis, according to the guide-
lines established by the RIKEN animal committee.

Southern blot and Western blot analyses. The purified genomic DNA was
digested with Sacl and subjected to Southern blot analysis to check the efficiency
of deletion of Mapkl. For Western blot analysis, cells were lysed with lysis buffer
(1% NP-40, 20 mM Tris-Cl [pH 8.0], 150 mM NaCl, 5 mM EDTA, and protease
inhibitor cocktail) (Roche), and whole-cell lysates were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and Western blotting. Anti-
ERK (K-23) and anti-phospholipase C 2 (Q-20) antibodies were purchased
from Santa Cruz.

Immunization. Mice were immunized with either 50 wg of TNP-Ficoll or 50 g
of alum-precipitated TNP-keyhole limpet hemocyanin (KLH) intraperitoneally
(i.p.). For a recall response, 25 ug of TNP-KLH in phosphate-buffered saline
(PBS) was administered i.p. without adjuvant 6 weeks after primary immuniza-
tion. Sheep red blood cells (SRBC) were obtained from Nippon Bio-Test Lab-
oratories Inc. Cells were washed three times with PBS before immunization, and
3 X 108 cells were injected i.p. per mouse.

Antibodies, cell preparations, and flow cytometry. The following monoclonal
antibodies (MAbs) were used in this study: anti-B220 (RA3-6B2), anti-CD43
(S7), anti-IgM (R6-60.2), anti-CD23 (B3B4), anti-CD5, anti-IgG1 (A85-1), anti-
CD11b (M1/70), anti-CD11c (HL3), anti-Grl (RB6-8C5), anti-CD4 (GK1.5),
anti-CD8a (53-6.7), anti-NK1.1 (PK136), anti-TER119 (Ly-76), and Fc block
(2.4G2) (all from BD Bioscience); anti-IgD (11-26) (from Southern Biotechnol-
ogy); and anti-AA4.1 and anti-F4/80 (BMS8) (from e-Bioscience). Biotin-conju-
gated peanat agglutinin (PNA) was from Vector Laboratories. To generate
biotin-conjugated TNP, TNP,s-bovine serum albumin (BSA) was biotinylated
using the Antibody Biotinylation kit (American Qualex). Splenic B cells, T cells,
and dendritic cells were isolated with a MACS separation column (Miltenyi
Biotech). For all except a few in vitro experiments, B cells from spleens were
purified by depletion of non-B cells with anti-CD43 magnetic beads (Miltenyi
Biotech). T cells and dendritic cells from spleens were purified positively with
anti-CD90.2 and CD11c magnetic beads (Miltenyi Biotech), respectively. The
purities of B-cell, T-cell, and dendritic cell fractions were >90%, >85%, and
>80%, respectively, in each experiment. For detection of antigen-specific B cells,
single-cell suspensions from spleens were incubated with cell-staining buffer (1x
PBS, 3% BSA, 5 mM EDTA, and 0.01% NaN3) containing biotin-conjugated
MADs against CD4, CD8, F4/80, CD11b, CD11c, Gr-1, NK1.1, and TER119 and
subsequently with iMAG streptavidin-conjugated microbeads (BD Bioscience).
For enzyme-linked immunospot (ELISPOT) assays, single-cell suspensions from
spleens were incubated with cell-staining buffer containing biotin-conjugated
MADs against CD4, CD8, F4/80, CD11c, NK1.1, and TER119 and subsequently
with iMAG streptavidin-conjugated microbeads. For flow cytometry, cells were
incubated with cell-staining buffer containing MAbs conjugated to fluorescein
isothiocyanate, phycoerythrin, peridinin chlorophyll protein-Cy5.5, allophy-
cocyanin, and biotin. Stained cells were analyzed using Cell Quest software
on a FACSCalibur (BD Biosciences).

ELISA. To measure total IgM, IgG1, IgG2a, IgG2b, IgG3, and IgA Abs in sera
of naive mice and antigen-specific Abs in sera of immunized mice, enzyme-linked
immunosorbent assays (ELISA) were performed. Briefly, sera were captured
with plate-coated purified goat anti-mouse IgM, IgG1, IgG2a, IgG2b, IgG3, and
IgA (Southern Biotechnology) and detected with horseradish peroxidase (HRP)-
conjugated goat anti-mouse IgM, IgG1, IgG2a, IgG2b, IgG3, and IgA, respec-
tively. For antigen-specific Abs, plates were coated with 10 pg/ml of TNP,5 or
TNP;-BSA and Abs were detected with HRP-conjugated goat anti-mouse IgM,
IgG1, IgG2b, and IgG3. In all situations, wells were developed with the ABTS
[2,2"-azinobis(3-ethylbenzthiazolinesulfonic  acid)] liquid substrate system
(Sigma) and the optical density was measured at 405 nm. Titers of antigen-
specific Abs were determined by interpolation of the dilution factor to an optical
density value in the linear range on a standard curve made by serial dilution of
serum.

ELISPOT assays. To detect antigen-specific antibody-secreting cells
(ASCs), enzyme-linked immunospot (ELISPOT) assays were performed.
Briefly, plates for ELISPOT assays (MultiScreen-HA; Millipore) were coated
with 10 pg of TNP,5-BSA. Cells depleted of non-B fractions in spleen were
plated at 10° cells per well and incubated at 37°C for 5 h. ASCs were detected
with HRP-conjugated goat anti-mouse IgM or IgG1 (Southern Biotechnol-
ogy), and wells were developed with AEC substrate reagent set for ELISPOT
(BD Bioscience).

Reverse transcription-PCR (RT-PCR). Splenic B cells were treated with anti-
CD40 MADb (clone HM40-3; BD Bioscience) plus recombinant mouse IL-4
(R&D) for 4 days. Total RNA was purified with the TRIzol reagent (Invitrogen)
and subjected to cDNA synthesis using SuperScript first-strand synthesis system
(Invitrogen) according to the manufacture’s instructions. PCR was performed on
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25 ng and subsequent threefold dilutions of the cDNA by using specific primers
for y1 germ line transcripts (GLTs), y1 postswitch transcripts (PSTs), and acti-
vation-induced cytidine deaminase (AID) as described previously (28). Amplifi-
cation of G3PDH (glyceraldehyde-3-phosphate dehydrogenase) was performed
as an internal control. PCR conditions were 94°C for 30 s, 60°C for 30 s, and 72°C
for 1 min for 35 cycles (yl GLT, y1 PST, and AID) or 30 cycles (G3PDH).
Primers used were as follows: y1 GLT, 5'-GGCCCTTCCAGATCTTTGAG-3’
and 5'-GGATCCAGAGTTCCAGGTCAC-3'; y1 PST, 5'-CTCTGGCCCTGC
TTATTGTTG-3' and 5'-GGATCCAGAGTTCCAGGTCAC-3'; AID, 5'-GGC
TGAGGTTAGGGTTCCATCTCAG-3" and 5'-GAGGGAGTCAAGAAAGT
CACGCTGGA-3'; and G3PDH, 5'-CTGGCCAAGGTCATCCATGAC-3’ and
5'-AGGTCCACCACCCTGTTGCTG-3'.

DC-PCR analysis of Sp-Syl g ic DNA rearr ts. Digestion-circu-
larization PCR (DC-PCR) was performed as described previously (3). Briefly,
splenic B cells were treated with anti-CD40 MADb plus recombinant mouse IL-4
for 4 days, and genomic DNA was extracted. Two micrograms of genomic DNA
was digested overnight with EcoRI, treated with RNase A, and purified. EcoRI-
digested DNA was ligated at 16°C using a DNA ligation kit (Takara) according
to the manufacturer’s instruction. Following ligation, purified ligated DNA was
subjected to PCR. PCR conditions were as follows: 1 cycle at 94°C for 6 min; 5
cycles at 94°C for 20 s, 58°C for 1 min, and 72°C for 2 min; 30 cycles at 94°C for
20 s, 65°C for 1 min, and 72°C for 2 min; and a final cycle at 72°C for 7 min.
Primers sequences for Su-Sy1 were 5'w (5'-GGCCGGTCGACGGAGACCAA
TAATCAGAGGGAAG-3') and 3'y1 (5'-GCGCCATCGATGGAGAGCAGG
GTCTCCTGGGTAGG-3'), and those for nAChR were Al (5'-GGCCGGTCG
ACAGGCGCGCACTGACACCACTAAG-3") and A2 (5'-GCGCCATCGATG
GACTGCTGTGGGTTTCACCCAG-3').

CFSE labeling and cell division tracking. Splenic naive B cells were labeled
with RPMI 1640 containing 5 uM 5 (and 6-)-carboxyfluorescein diacetate suc-
cinimidyl (CFSE) at 37°C for 10 min at a cell concentration of 1 X 107 cells/ml.
The CFSE-labeled cells were subsequently washed with RPMI complete medium
(RPMI 1640 supplemented with 10% fetal calf serum and 50 uM B-mercapto-
ethanol) and then stimulated with anti-CD40 MAD plus recombinant mouse IL-4
for 4 days. Progression of cell division and surface IgG1 expression were analyzed
by flow cytometry.

BrdU labeling. Mice were immunized with 50 pg of alum-precipitated TNP-
KLH. Seven days later, mice were administered bromodeoxyuridine (BrdU) (2
mg in PBS per mouse) by i.p. injection 5 h before sacrifice. Spleens were
harvested, and single-cell suspensions were incubated with cell-staining buffer
containing biotin-conjugated MAbs against CD4, CD8, F4/80, CD11b, CDl11c,
Gr-1, NK1.1, and TER119 to deplete non-B-cell fractions and subsequently with
iMAG streptavidin-conjugated microbeads. Purified B cells were further incu-
bated with biotin-conjugated TNP and subsequently with iMAG streptavidin-
conjugated microbeads. Purified TNP-binding B cells were stained with fluores-
cein-conjugated Abs, and subsequently detection of BrdU-labeling cells was
performed using a BrdU flow kit (BD Bioscience) according to the manufactur-
er’s instructions.

Retroviral transduction of bone marrow cells and generation of bone marrow
chimeras. The cDNA encoding mouse Bcl-2 was cloned into an murine stem
cell virus-based retroviral vector containing enhanced green fluorescent pro-
tein (GFP) cDNA as an expression marker downstream of the internal ribo-
somal entry site. Generation of viral supernatants, retroviral infection into
bone marrow cells, and production of bone marrow chimeras were performed
as described previously (13). Briefly, plasmids were transiently transfected
into Plat E packaging cells, and 3 days later the supernatants were collected.
Cycling bone marrow progenitors were enriched by injecting Cd19<™/*
Mapk17o¥flox or wild type littermate mice with 5-fluorouracil (150 mg/kg body
weight) (Sigma) in PBS 4 days prior to harvest of bone marrow from femurs
and tibias. Bone marrow cells were cultured in bone marrow cell culture
medium (DMEM supplemented with 15% fetal calf serum, murine stem cell
factor, murine thrombopoietin, murine FIt3 ligand, murine IL-6, and murine
IL-3) (the working concentration of all cytokines was 20 ng/ml, and all were
purchased from R&D). After 2 days, cultured bone marrow cells were col-
lected, suspended at a density of 1 X 10° cells per 500 pl of bone marrow cell
culture medium, and mixed with 500 pl of virus supernatants containing
Polybrene (final concentration, 6 pg/ml; Sigma), and then these were spin
infected at 2,000 rpm for 90 min at 32°C in 24-well plates and cultured for 3
days. On the fourth day of culture, 2 X 10° infected donor bone marrow cells
were injected intravenously into recipient wild-type mice pretreated with
gamma irradiation at a dose of 8.5 Gy.
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FIG. 1. B-cell development in B-cell-specific ERK2-deficient mice. (A) Southern blot analysis of SacI-digested genomic DNAs from splenic B
cells and thymocytes. Note the specific deletion of the flox allele in splenic B cells but not in thymocytes of Cd19<™'" Mapk1™**#°* mice.
(B) Western blot analysis of whole-cell lysates from splenic B cells, T cells, and dendritic cells by using an antibody specific for ERK1 and ERK2.
The blot of phospholipase C 2 is shown as an internal control in B cells. (C) B-cell development in bone marrow, spleen, and peritoneal cavity
of Cd19°*"* Mapk1*'* and Cd19“"*"* Mapk1/**°* mice. Results are representative of six independent experiments. (D) Serum immunoglobulin
titers. Resting levels of each immunoglobulin isotype in the sera were estimated by ELISA. There were 13 mice in each group. Significant
differences between Cd19<"* Mapk1/"**f1°* and Cd19°"*'* Mapkl*'* mice as calculated by Student’s ¢ test are indicated (x, P < 0.05).
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RESULTS

Generation of B-cell-specific ERK2-deficient mice. In our
preliminary experiments using semiquantitative RT-PCR anal-
ysis, the expression level of ERK2 in splenic B cells was about
twofold higher than that of ERK1 (data not shown). Thus, in
this study, as a first step to elucidate ERK function, we focused
on clarifying the in vivo function of ERK2. Targeted disruption
of ERK2 results in embryonic lethality due to defective pla-
cental development (11, 35). Therefore, we established B-cell-
specific ERK2-deficient mice by using the Cre-LoxP system, in
which mice harboring a flox allele of the Mapkl (= ERK2)
gene (Mapk”'*%) were intercrossed with mice expressing
Cre recombinase under the control of the Cdl9 promoter
(Cd19°7'*) (33). Efficient Cre-mediated deletion of the ERK2
gene was demonstrated in splenic B cells from Cd19*
Mapk"*7°* mice by Southern blotting (Fig. 1A and data not
shown). Efficient elimination of ERK2 protein in splenic B
cells of Cd19°™'* Mapk1”"**"** mice was also confirmed by
immunoblotting. Compared with the control B cells, the mu-
tant B cells exhibited slightly higher expression of ERK1 pro-
tein, probably due to coping with the ERK2 deficits (Fig. 1B).
As expected, the same amount of ERK2 protein was observed
in splenic T cells and dendritic cells of Cd19<"* Mapk 17"/
mice as in those of Cd19“*/* Mapkl™'* mice (Fig. 1B). Col-
lectively, specific deletion of MAPKI was achieved efficiently in
Cd19°"" Mapk1"*"* mice.

Impaired TD immune responses in Cd19"*'* Mapk1/"o~/"~
mice. B-cell development in Cd19'" Mapk**'** mice was
first analyzed by flow cytometry. As shown in Fig. 1C and Table
1, we did not observe significant differences in the numbers and
proportions of pro-, pre-, immature, transitional, follicular,
and marginal zone B cells in the bone marrow and spleens of
Cd19"*"" Mapkl ™" and Cd19"*'* MapkI"**/"** mice, though
slightly increased numbers and percentages of bone marrow
recirculating B cells were observed. Moreover, in these two
types of mice, percentages of peritoneal Bl-a B cells did not
differ significantly. Levels of IgG2a, IgG2b, IgG3, and IgA in
sera of Cd19°"'* Mapk""**/'** mice were almost the same as in
Cd19"*"" Mapkl™'* mice; however, the concentrations of se-
rum IgM and IgG1 were significantly higher and lower, respec-
tively, in Cd19"'" Mapk 1”"*"** mice (Fig. 1D).

To assess the ability of Cd19<"*" Mapk*'** mice to
mount immune responses against antigens, we investigated
T-cell-independent type 2 (TI-II) and TD immune responses.
When immunized with TI-II antigens (TNP-Ficoll), the TNP-
specific IgM, but not IgG3, response in Cd19<"*'* Mapk 17"
mice was significantly increased compared with that in control
mice (Fig. 2A).

When immunized with TD antigens (TNP-KLH), titers of
TNP-specific IgM were somewhat elevated in Cd19<*
Mapk "% mice compared with Cd19““/* MapkI™*'" mice, as
for TI-II immune responses (Fig. 2B). In contrast, Cd19<"'*
Mapk "> mice showed a reduction in TNP-specific IgG of all
subclasses tested (Fig. 2B). TNP;-BSA as a capturing antigen can
detect IgG1 Abs with higher affinity. The ratio of anti-TNP IgG1
with higher affinity to total anti-TNP IgG1 was not different in
Cd19°"*"* Mapk1"**e* and Cd19<"'* Mapk1™'* mice during the
primary response (data not shown), suggesting that affinity mat-
uration occurs normally in the absence of ERK2. A secondary
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TABLE 1. B-cell numbers in bone marrow and spleen in Cd19™/*
Mapk1*'™ and Cd19""" Mapk 1% mice

No. (10%)? in:

CCllS Cd[g(_‘re/+ Cd]g(_‘re/+
Mapkl ™" Mapk 1/1o*/ftex
mice mice
Bone marrow’
Pro B (B220" IgM~ CD43") 0.206 = 0.042  0.359 = 0.119
Pre B (B220" I[gM ™~ CD43") 1.987 = 0.859  2.112 = 0.529
Immature B (B220' IgM™) 0.935 £0.217 1.258 = 0.506
Recirculating B (B220™ IgM*) 0.722 = 0213  1.670 = 0.860
Spleen
T1 (B220"AA4.1" IgM™ CD237)  1.339 = 0.377  1.546 = 0.764
T2 (B220"AA4.1" IgM" CD23")  0.504 = 0.146  0.690 = 0.305
T3 (B220"AA4.1" IgM' CD23")  0.250 = 0.098  0.314 + 0.133
Follicular (B220" AA4.1~ 26.02 = 7.611 31.54 = 7.607
IgM'°CD23")
Marginal zone (B220" AA4.1~ 7.960 = 3.162 7.309 = 2.278
IgM" CD237)

“ Bone marrow cells were obtained from two femurs and tibias.

® Cell number was calculated on the basis of total cell count and flow cyto-
metric analysis. Data are shown as averages and standard deviations from six
mice.

IgG1 response, as assessed by titers of anti-TNP IgG1 with higher
affinity, was defective in Cd19<™/* Mapk """ mice (Fig. 2C).
Taken together, these results demonstrate that ERK2 is required
to mount efficient primary and secondary IgG responses to TD
antigens in vivo.

Reduced proportion of antigen-specific IgG1-bearing B cells
in Cd19°*/* Mapk"*"** mice in TD responses. Having dem-
onstrated the importance of ERK?2 in primary IgG1 antibody
production in TD responses, we wished to address the under-
lying mechanism. The impaired IgG1 response in Cd19<**
Mapk1"*°* mice could be accounted for by the following
possibilities: (i) inefficient class switching to IgGl, (ii) ineffi-
cient proliferation and/or persistence of surface IgG1-bearing
B cells, or (iii) inefficient differentiation to plasma cells. To
examine these possibilities, we first compared the class switch
capability. Splenic B cells were prepared from Cd19<™/*
Mapk"°f°* and Cd19"'* Mapkl ™" mice and stimulated in
vitro with anti-CD40 Ab and IL-4. Flow cytometric analysis
demonstrated that similar percentages of Cd19<™" Mapk 17>/
B cells and control B cells possessed IgG1 on their cell surfaces
(Fig. 3C). Moreover, similar levels of yl GLTs and y1 PSTs as
well as digestion circularization-PCR products were detected
(Fig. 3A and B). Based on these observations, we conclude that
class switching in general is unaffected in Cd19"* Mapk1*/
mice.

Next, to determine whether the impaired IgG1l antibody
response is due to defective B-cell proliferation and/or persis-
tence, antigen-specific IgG1 B cells were tracked by flow cy-
tometry after immunization with TD antigens. At day 7, com-
pared with that in Cd19<"** MapkI*'* mice, the number of
TNP-specific IgG1-bearing B cells was significantly decreased
in Cd19<"*'* Mapk1"**** mice (Fig. 4A and B). In contrast to
IgG1-bearing B cells, the number of TNP-specific IgM B cells
was equivalent in Cd19<“" Mapkl*™'* and CdI19°™*
Mapk"°f°* mice (Fig. 4B). The TNP-specific [gG1-bearing B
cells are likely a mixture of cells derived from extrafollicular
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FIG. 2. TD immune responses are defective in Cd19<""" Mapk1"*/"** mice. Mice were immunized with TNP-Ficoll (A) or TNP-KLH in alum
(B and C). Sera were analyzed by ELISA for TNP-specific IgM and IgG3 (A) or TNP-specific IgM, IgG1, IgG2b, and IgG3 (B) by using TNP,5-BSA
as a capturing antigen. A secondary immunization with TNP-KLH without adjuvant in PBS was given 42 days after primary immunization (C).
Collected sera from four mice were measured for high-affinity anti-TNP IgG1 by using TNP;-BSA as a capturing antigen. For all panels, each time
point represents the average and standard error of the mean for four mice.

and GC responses. Hence, to determine which compartment is
affected in the absence of ERK2, after mice were immunized
with TNP-KLH (Fig. 4C, left panel) or SRBC (Fig. 4C, right
panel), IgGl-bearing B cells were stained by PNA, a GC
marker. As shown in Fig. 4C, the number of IgG1* PNA™ cells
(extrafollicular B cells) was decreased in Cd19<~"
Mapk"°*°* mice after both immunizations, and the number
of IgG* PNA™ cells (GC B cells) also was decreased in

Cd19"*"" Mapk1"°*/% mice after the SRBC immunization.
Thus, these data indicate that ERK2 is required for efficient
generation of IgGl-bearing B cells during the primary TD
immune response, probably through both extrafollicular and
GC processes.

To further determine the numbers of IgGl ASCs, we
performed ELISPOT assays. Consistent with the decreased
generation of antigen-specific IgGl-beraing B cells in
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ERK2-deficient B cells. Splenic B cells were purified and stimulated
with 2 pg/ml of anti-CD40 MAD plus 10 ng/ml of mouse IL-4 for 4
days. (A) Total RNA was extracted, and yl germ line transcript
(vIGLT), vy1 postswitch transcript (y/PST), AID (Aicda), and G3PDH
(G3pdh) were detected by semiquantitative RT-PCR from threefold
dilutions of each cDNA. (B) Genomic DNA was extracted and ana-
lyzed by DC-PCR. (C) CFSE-labeled B cells were stimulated and
analyzed by flow cytometry to detect the progression of cell division
and IgG1-bearing B cells concurrently. All results are representative of
at least two independent experiments.

Cd19<""* Mapk1”*/°* mice, a decreased number of TNP-
specific IgG1 ASCs was observed in spleens of the mutant
mice over 7 to 12 days after immunization with TNP-KLH
(Fig. 4D, left panel). On the other hand, the number of
TNP-specific IgM ASCs was marginally increased in
Cd19°"""  Mapk1f"** mice compared with Cd19<"*
Mapkl™*'* mice (Fig. 4D, right panel).
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Impaired generation of antigen-specific IgG1-bearing cells
in Cd19°*'* Mapk"**°* mice can be countered by overex-
pression of Bcl-2. The defective generation of antigen-specific
IgGl-bearing cells in Cd19<"*"* Mapk"**** mice might be
the result of lower cell proliferation, of increased loss of IgG1-
bearing B cells during TD immune responses, or of both. To
verify the former possibility, we determined the proliferative
activity of antigen-specific IgG1 B cells by analyzing cell cycling
in the two sets of mice. Cd19<"’* Mapkl™'* and Cd19"*
Mapk1""*f1* mice were immunized with TNP-KLH, and then
7 days later, these mice were administered BrdU intraperito-
neally for 5 h before sacrifice. The frequencies of BrdU-incor-
porated cells in TNP-specific IgG1 B cells in spleen were
almost equivalent in Cd19<"’* Mapkl™'* and Cd19<™'*
Mapk1"*"f* mice (Fig. 5). This result suggests that ERK2
contributes little to proliferation of antigen-specific IgG1 B
cells during early TD immune responses.

The above result, together with previous evidence that ERK
participates in cell survival in other cell types (21, 23),
prompted us to consider the possibility that ERK2 deficiency
might cause cell death of IgGl-bearing cells during TD re-
sponses. This possibility can be tested by examining whether
overexpression of Bcl-2, which is well known to inhibit cell
death, might rescue the decrease of IgGl-bearing cells in
ERK-2 deficient mice. We introduced Bcl-2 into bone marrow
cells from Cd19"* Mapkl™'* and Cd19"'* Mapkl/'**/1ox
mice by retroviral infection and then transferred them into
lethally irradiated littermate wild-type control mice (Fig. 6).
The reconstituted mice were immunized with TNP-KLH.
Seven days later, splenic B cells were prepared, and then an-
tigen-specific B cells among GFP-positive cells were analyzed
by flow cytometry. There was about a 10-fold increase of TNP-
specific IgG1 B cells in Cd19"'* Mapk1"**/**~/Bcl-2-reconsti-
tuted mice compared with mock-reconstituted mice, while the
increase in numbers of antigen-specific IgM cells was only
threefold (Fig. 6B). In mice reconstituted with Cd19™*
Mapk1™'* bone marrow cells, both antigen-specific IgM and
IgG1 cells are increased about twofold by overexpression of
Bcl-2. Overexpression of Bcl-2 somehow enhances the propor-
tion of antigen-specific IgM B cells under our experimental
conditions (Fig. 6B, right panel), consistent with a previous
report (38). Nevertheless, since a more robust increase of
IgGl-bearing B cells was observed in Cd19/" Mapk 1o~/
Bcl-2-reconstituted mice, we conclude that overexpression of
Bcl-2 also participates in suppression of the defective genera-
tion of antigen-specific IgGl-bearing B cells deficient in
ERK2.

DISCUSSION

From a growing body of previous findings, the ERK pathway
has been implicated in the control of various cellular processes,
such as proliferation, differentiation, survival, and apoptosis
(6). However, its physiological functions in B cells remain to be
clarified. Here we focus on the in vivo role of ERK2 in B cells.

Overall, B-cell development takes place normally in Cd79<"*
Mapk 1'% mice. By contrast, previous in vitro experiments us-
ing pharmacological inhibitors demonstrated involvement of the
ERK pathway in promoting pre-BCR- and BCR-mediated pro-
liferation, which was thought to contribute to expansion of pre-
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FIG. 5. Normal proliferation capacity of antigen-specific IgG1 B cells during early TD immune responses in Cd19"** Mapk 1% mice. Mice
were immunized with TNP-KLH in alum and 7 days later administered BrdU (2 mg/mouse). Purified TNP-binding IgG1 B cells from spleen were
analyzed by flow cytometry. Histograms (left) are representative of three independent experiments and, the graphs (right) show the average
percentages and standard errors of the means of BrdU™ cells among TNP* IgG1™ B220™" cells from three independent experiments.

BCR- and BCR-expressing populations in vivo (7, 32, 37). Hence,
one straightforward explanation for the apparently normal B-cell
development in Cd19"*'* Mapk /% mice is that remaining
ERK activity, such as that derived from ERK1 and/or from in-
complete deletion of ERK2 particularly at the pro-B stage (data
not shown), could be sufficient for progression through the pre-
B-cell stage as well as maintenance of the mature B-cell pool.

Although typical T-cell-derived signals are not required for
TI-II responses, B cells responding to TI-II antigens receive
costimulatory signals through innate immune receptors, such
as complement receptors and Toll-like receptors (TLRs), that
cooperate with signals through the BCR. In this regard, we
observed that upon costimulation with TLR9 and BCR, in vitro
differentiation to IgM-secreting plasma cells was increased in
ERK2-deficient B cells (data not shown). Thus, it is likely that
loss of ERK2 alters the signals through TLRs and the BCR,
thereby leading to generation of larger amounts of TNP-spe-
cific IgM in response to TI-II antigens. This interpretation
might be also supported by previous studies using the soluble
hen egg lysozyme (HEL) and anti-HEL BCR model. Self-
reactive anti-HEL BCRs on anergic B cells activate tyrosine
kinase signaling poorly, but these self-reactive BCRs continue
to activate the ERK pathway that contributes to blocking of
TLRY-induced differentiation into plasma cells (12, 34).

In response to TD antigens, Cd19<"** Mapk1/°*/°* mice
also showed somewhat increased amounts of TNP-specific
IgM, which could be accounted for by the inhibitory role of
ERK?2 in differentiation into IgM-secreting cells, such as has
been speculated in the case of TI-II responses. Alterna-
tively, given the evidence that spleen has a limited capacity
to sustain late plasmablast and plasma cell survival (39), the
lower proportion of antigen-specific IgG ASCs in Cd19"/*
Mapk177°*1°* mice might reciprocally enhance the availabil-
ity of this survival signal for antigen-specific IgM plasma-

blast and plasma cells in the spleen, thereby leading to
hyper-IgM responses.

Despite an increase of IgM in TD responses, Cd19<"/*
Mapk1"*"f* mice displayed an impaired IgG response to TD
antigens. Initial T-B interactions are likely to occur normally in
Cd19°™'"  Mapk "> mice during the TD immune re-
sponses. This is supported by two lines of evidence. First, CD86
(B7-2) and class II molecules, both of which are required for
cognate B-T interactions and subsequent lymphocyte activa-
tion, were normally up-regulated by BCR or CD40 stimulation
in ERK2-deficient B cells (data not shown). Second, overall
GC formation is not severely impaired in ERK2-deficient mice
(data not shown), though IgG-expressing GC B cells were
slightly decreased (Fig. 4C). The low IgG1 response is not also
due to impaired isotype class switching, because Ig isotype
class switching occurred normally in ERK2-deficient B cells
after they were induced by anti-CD40 Ab together with IL-4 in
vitro (Fig. 3). Thus, the impaired IgG1 response in Cd19<™'*
Mapk1*f* mice is most likely caused by inefficient prolifer-
ation or survival of antigen-specific IgGl-bearing B cells
and/or impaired differentiation into IgGl-secreting cells.
Among these possibilities, our data highly suggest that ERK2
deficiency could cause a survival defect in antigen-specific
IgG1l-bearing cells, thereby leading to their inefficient genera-
tion during primary TD responses. In regard to the survival
defect, we could not detect a significant difference in apoptosis
in situ in mutant versus control mice by using the terminal
deoxynucleotidyltransferase-mediated dUTP-biotin nick end
labeling method (data not shown). We speculate that once
IgG1-bearing cells undergo apoptosis in TD responses, these
apoptotic cells can be promptly cleaned up by surrounding
macrophages, thereby hindering our detection. Alternatively,
this might simply be due to insufficient sensitivity of our de-
tection system. The importance of a survival signal for an
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efficient IgG1 response was also highlighted by recent analysis
using CD45-deficient B cells (15). CD45-deficient B cells failed
to induce the efficient antigen-specific I[gG1 response, and this
defective response was countered by enforced expression of
Belx, .

Recent data obtained by using mice harboring IgM and IgG
transgenes, both of which are specific for HEL, demonstrate
the existence of functional differences between B cells express-
ing IgM and IgG BCRs in TD responses (26). B cells express-
ing IgM BCRs proliferated extensively after immunization with
HEL, but their numbers in the spleen rapidly fell. In contrast,
B cells expressing IgG BCRs proliferated extensively and per-
sisted in the spleen. Our study might offer an explanation for
the augmented persistence of IgG-bearing cells. [gG1-express-
ing B cells may be equipped with the ERK2-mediated survival
signal, which in turn allows them to persist in the spleen,
thereby inducing a more robust response. By contrast, in I[gM-
expressing B cells, ERK2 might not play such a role. Alterna-
tively, in IgM-expressing B cells, the ERK2 activation might be
weak, thereby not being sufficient to generate a survival signal
in these cells. Indeed, a previous report showed that the IgG
BCR, compared with the IgM BCR, can evoke stronger ERK
activation and that this heightened activity of the IgG BCR is
conferred by the cytoplasmic tail of the IgG heavy chain (42).
Thus, it is reasonable to anticipate that the IgG BCR evokes
robust ERK activation, which in turn contributes to cell sur-
vival and subsequent IgG responses.

While we have now shown that ERK2 deficiency inhibits a
primary IgG1 response, the previous study using a dominant
inhibitory mutant of Ras showed an apparently normal pri-
mary IgG1 response after immunization with TD antigens (40).
Ras is well known to exert its biological function through
guanine nucleotide exchange factors for Ral, in addition to
ERK (43). Given the evidence that Ral is involved in receptor
down-regulation (16, 44), the phenotype of mice harboring the
mutant Ras might be manifested as a net outcome of its in-
hibitory impact on both ERK signaling and receptor down-
regulation. Thus, the enhanced expression of stimulatory re-
ceptors on the B-cell surface might compensate for the loss of
ERK, thereby generating a normal IgG1 response in the mu-
tant mice.

Although this study has not directly addressed the issue of
how the ERK2 cascade supports survival of IgG1-expressing B
cells, several possibilities can be envisaged from previous stud-
ies. One possibility is that ERK2 might modulate expression
and/or activity of the proapoptotic BH3-only proteins such as
Bim in IgGl-bearing B cells. In the case of Bim, it binds to
Bcl-2 by BCR cross-linking (5), thereby releasing the proapop-
totic protein Bax or Bak (4). Countering this proapoptotic
action, the ERK activity is thought to phosphorylate Bim,
which targets it for ubiquitination and proteosomal degrada-
tion (21, 23). A second possibility is that ERK2 might phos-
phorylate caspase-9 and inhibit its activity, thereby promoting
IgG1-bearing B-cell survival (1). Finally, a third possibility is
that ERK2 might exert its survival function through transcrip-
tional events, because it has been reported that the ERK path-
way regulates expression of transcription factors such as Egrl
and 1d3 (2, 9, 32). Future studies will be required to define the
mechanisms of ERK2-induced survival in IgG1-bearing B cells.
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