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The atypical protein kinase C isoform, {PKC, has
been implicated in the control of extracellular signal-
regulated kinase (ERK) and nuclear factor (NF)-xB
pathways. Recent evidence from {PKC knock-out
mice demonstrates that this kinase is important for
NF-xB transcriptional activity but not for ERK acti-
vation in embryonic fibroblasts. The lack of {PKC
produces in mice a number of alterations in the
development of secondary lymphoid tissues that could
be accounted for, at least in part, by defects in B-cell
function. Here, we present evidence that the loss of
C{PKC selectively impairs signaling through the B-cell
receptor, resulting in inhibition of cell proliferation
and survival, as well as defects in the activation of
ERK and the transcription of NF-kB-dependent
genes. Furthermore, {PKC—/-— mice are unable to
mount an optimal T-cell-dependent immune response.
Collectively, these results genetically establish a
critical role for {PKC in B-cell function ir vitro and
in vivo.
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Introduction

Nuclear factor (NF)-xB is a transcription factor formed by
complexes of different family members: p65 (RelA),
c-Rel, RelB, NF-xB1 (p50) and NF-kB2 (p52) (Thanos
and Maniatis, 1995; Verma et al., 1995; Baldwin, 1996).
Several findings demonstrate that they play critical roles in
a number of biological functions, including innate and
adaptative immune responses in mammals and Drosophila
(Israel, 2000; Karin and Ben-Neriah, 2000; Silverman and
Maniatis, 2001). Of particular interest are the recent results
showing that NF-kB is important in the development of
secondary lymphoid tissues (Fu and Chaplin, 1999). Thus,
studies with knock-out (KO) mice demonstrate that p52
is required for the development of a normal splenic
microarchitecture as well as B-cell responses (Caamano
et al., 1998). In particular, p52—/— mice show impaired
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formation of follicular dendritic cells (FDCs), germinal
centers and the marginal zone (Caamano et al., 1998). In
addition, pSO—/— mice show that NF-kB is required for the
development of marginal zone B lymphocytes (Cariappa
et al., 2000). In keeping with this, the genetic inactivation
of receptors and cytokines that stimulate the NF-xB
pathways leads to alterations in secondary lymphoid
organs. Thus, for example, KO mice for RANK and
RANKL demonstrate that these molecules seem important
for development of lymph nodes (LNs) and Peyer’s
patches (PPs) (Dougall et al., 1999; Kim et al., 2000).
Signaling through lymphotoxin [ receptor (LT-BR) is also
required for development of LNs and PPs, as well as for a
normal splenic microarchitecture (Koni et al., 1997;
Futterer et al., 1998; Rennert et al., 1998), whereas
tumor necrosis factor-o receptor-1 (TNFRI1)—/— mice
show intact spleen and LNs but are unable to form PPs
properly (Neumann et al., 1996; Pasparakis et al., 1997;
Futterer et al., 1998; Rennert et al., 1998). Interestingly,
double TNFR1/RelA KO mice display more profound
defects that include the lack of LNs, PPs and organized
spleen microarchitecture (Alcamo et al., 2002).

We have recently characterized KO mice for the {
isoform of protein kinase C and have found that the loss of
this gene produces significant alterations in the develop-
ment of secondary lymphoid organs (Leitges et al., 2001).
These alterations were detected in very young (2-week-
old) mice and were much less apparent in older animals.
Thus, in the {PKC—/- mice, although the overall structure
of the spleen was preserved, there was a defect in the
marginal zone together with smaller B-cell follicles in the
white pulp as compared with age-matched wild-type
controls (Leitges et al., 2001). In addition, defects were
observed in peripheral and mesenteric LNs as well as in
the PPs in which there was an impaired segregation
between B- and T-cell zones and a decrease in FDCs
(Leitges et al., 2001). These observations would be
consistent, at least in part, with the proposed role of
CPKC in NF-«B signaling (Moscat and Diaz-Meco, 2000).
In fact, embryonic fibroblasts (EFs) from {PKC—/— mice
display a severe impairment in the activation of NF-xB
transcriptional activity (Leitges et al., 2001). In older (4- to
8-week-old) KO mice, the defects in the LNs nearly
disappear and those in the PP, although still detectable,
were much less dramatic, indicating that the loss of LPKC
causes a delay but not a complete blockade in the delivery
of signals required for the proper development of these
lymphoid organs (Leitges et al., 2001).

The development of lymphoid organs is controlled by
a dynamic interplay between hematopoietic and non-
hematopoietic cells. In this regard, young {PKC—/— mice
show a reduced relative percentage of B cells in peripheral
and mesenteric LNs which was significantly enriched in an
immature B220°%IgMPhigh population. In PPs, although the
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relative percentage of T and B cells was normal in the
{PKC KO mice, there was a reproducible increase in
immature B cells (Leitges et al., 2001). Of potential
interest, an essential role in B-cell maturation and survival
has been reported for RelA and c-Rel (Gerondakis et al.,
1999; Grossmann et al., 2000; Gugasyan et al., 2000).
Therefore, it is possible that the defects detected in B
lymphocytes in the {PKC-/~ mice could be due to
alterations in NF-kB signaling and cell survival of this
hematopoietic cell type independently of the potential
changes in the stroma of the lymphoid organs.

In this study, we have addressed in detail whether there
is a defect in the signaling cascades that regulate the
activation in vitro of splenic B cells from adult 4- to
6-week-old {PKC—/— mice. We show here that the
mitogenic activation and survival of isolated purified
cultures of splenic B cells are severely impaired by the
lack of {PKC. These defects are not likely to be due to
indirect stromal alterations or the maturation stage of the
B cells and could potentially explain the deficiencies
detected in the development of secondary lymphoid
organs reported previously, and the evidence shown here
that the {PKC—/~ mice are unable to mount an optimal
immune response in vivo.

Results

Previous results from RelA and c-Rel KO mice demon-
strate that B cells from these animals showed accelerated
apoptosis in culture (Grossmann et al., 2000). To deter-
mine whether a similar defect could be observed in B cells
from {PKC—/— mice, we measured spontaneous apoptosis,
by flow cytometric analysis, in cultures of splenic B
lymphocytes from {PKC-deficient and wild-type mice.
Interestingly, the lack of {PKC severely accelerates
apoptosis in B cells (Figure 1A). Thus, whereas the
percentage of apoptotic cells at 20 h is <10% in wild type,
in KO B cells it is >20%. At 40 h of culture, the differences
are even more dramatic (Figure 1A). Therefore, {PKC
seems to be required for B cells to survive efficiently
in vitro. This defect is most probably intrinsic to the
population of B cells and not due to potential indirect
stromal alterations, since it is observed in in vitro cultures
of purified B cells, and immunohistochemical analysis of
spleens from {PKC—/- mice reveals that the organ
microarchitecture even in younger (2-week-old) {PKC-
deficient mice is not affected. Thus, staining for
MAdCAM-1 on sinus-lining cells (Figure 2A, a and b)
and MOMA-1 on metallophilic macrophages (Figure 2A,
¢ and d) demonstrate intact marginal zone populations in
the {PKC—/— mice. Also, Figure 2A (e and f) shows normal
CD11b and CDI11c¢ staining in the spleen of the {PKC-
deficient mice, indicating intact dendritic cell populations
in the B-cell zone. Therefore, it seems that the deficiency
detected in the in vitro experiments (Figure 1A) in the
ability of isolated splenic B cells to survive seems to be an
intrinsic alteration of the B-cell signaling properties and it
is unlikely that it could be accounted for by indirect
stromal defects.

It should be noted that the splenic B-cell populations
used in this study were from 4- to 6-week-old {PKC—/—
mice which have a composition similar to that of age-
matched wild-type animals. Thus, three-color flow cyto-
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Fig. 1. Impaired survival and proliferation of B cells from {PKC—/—
mice. B cells from either wild-type (empty bars) or {PKC-deficient
(black bars) mice were incubated for different times in culture medium,
after which the percentage of apoptotic cells was determined by flow
cytometry analysis (A). In other experiments, cells were stimulated for
72 h with either an anti-CD40 antibody or different concentrations of
IgM (B), and the amount of [*H]thymidine incorporated was deter-
mined as described in Materials and methods. In a parallel
experiment (C), cells were stimulated with 2 pg/ml IgM in the absence
or presence of different concentrations of BAFF. This is a represen-
tative experiment of at least another two with incubations in duplicate.

metric analysis of splenocytes (Figure 3A; Table I)
demonstrates that the percentages of mature (CD21in-
[gM'°¥CD23+), marginal zone (CD21"IgMMCD23"),
T1 (CD21°¥IgMhMCD23-) and T2 (CD21MIgM"CD23+)
B-cell subpopulations were not significantly different
between the wild-type and the {PKC-deficient mice. The
same results were obtained when this analysis was
performed in purified B cells (Figure 3B; Table I). It
must be stressed that the B-cell purification procedure
involves indirect magnetic labeling using a cocktail of
antibodies against CD43, CD4 and Ter-119 which remove
most of the T lymphocytes as well as natural killer (NK)
and dendritic cells, macrophages, granulocytes and
erythroid cells. This is consistent with our previous
observations demonstrating that there were only minor
alterations in the splenic B-cell populations in the 2-week-
old {PKC—/- mice and that these alterations were
undetectable in older animals (Leitges et al., 2001).
Therefore, the higher apoptosis observed in splenic B cells
from {PKC KO mice (Figure 1A) cannot be explained by
differences in the percentage of B-cell subpopulations in
KO in vitro cultures as compared with the wild type.
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Fig. 2. Immunofluorescent analysis of the splenic architecture in
C{PKC—/— mice. (A) Sections of spleen from wild-type mice (a, ¢ and €)
and {PKC—/- mice (b, d and f) were analyzed by immunofluorescent
staining for MAdCAM-1 on marginal sinus-lining cells (a and b),
MOMA-1 on marginal zone metallophilic macrophages (c and d) and
CD11b/CDl11c on T-cell zone dendritic cells (e and f). MZ, marginal
zone; DC, dendritic cells. (B) Mice (either wild type or KO) were
either not immunized or immunized intraperitoneally with 100 ug of
DNP-OVA. Eleven days after the immunization, frozen splenic
sections were stained with PNA.

In the next series of experiments, we determined
whether the lack of {PKC would impair the mitogenic
activation of B cells in response to different stimuli. Thus,
we measured the amount of thymidine incorporation in
B cells from {PKC—-/- and wild-type mice in response to
different concentrations of IgM to activate the B-cell
receptor (BCR). The results in Figure 1B show that
addition of different concentrations of IgM provokes a
robust increase in thymidine incorporation in the wild-type
B-cell cultures. This response is significantly inhibited in
the LPKC KO B cells (Figure 1B). When these cell
cultures were challenged with lipopolysaccharide (LPS;
data not shown) or an agonistic anti-CD40 antibody
(Figure 1B), no differences were observed between wild-
type and KO cells. Therefore, it seems that the loss of
{PKC significantly impairs the mitogenic activation of
B cells through the BCR. Recently, BAFF (B-cell
activating factor belonging to the TNF family), also
known as Blys, has been shown to play an essential role in
B-cell proliferation in vivo and in vitro as a co-stimulant of
BCR signaling (Thompson e al., 2001). The data in
Figure 1C demonstrate that the addition of BAFF cannot
overcome the defect in BCR-induced proliferation obser-
ved in the {PKC—/- cells. Flow cytometric analysis of
B cells from wild-type and {PKC—/— mice stimulated with
different concentrations of IgM demonstrates that the KO
cells display an impaired response not only to cell cycle
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Fig. 3. Analysis of B-cell subpopulations. Three-color flow cytometric
analyses of splenocytes (A) or purified splenic B cells (B) were carried
by staining cells with antibodies to IgM, CD21 and CD23. Cells were
separated into CD23-positive and -negative. MZ (CD21M[gM"CD23"),
marginal zone B cells; mature B cells characterized by (CD21i"gM'"o¥-
CD23%); T1 (CD21°¥IgMMCD23"), transitional 1 immature B cells; T2
(CD21h[gMMCD23*), transitional 2 immature B cells. This is a repre-
sentative experiment of another two with similar results.

Table I. Analysis of B-cell subpopulations

Splenocytes Purified B cells

Wild type KO Wild type KO
Mature 25 22 44 43
MZ 6 6 12 12
T1 6 5 12 11
T2 3 3 6 6

MZ (CD21MIgMMCD23-), marginal zone B cells; mature B cells
characterized by (CD21™[gM"°¥CD23*); T1 (CD21%*IgM"CD23"),
transitional 1 immature B cells; T2 (CD21MIgMPCD23*), transitional 2
immature B cells. Numbers indicate the relative percentage of total
cells. This is a representative experiment of another two with similar
results.

entry (Figure 4A) but also to the inhibition of apoptosis
(Figure 4B). Recent evidence has shown a critical role for
the novel PKC, 6PKC, in the proliferation of T lympho-
cytes (Sun ef al., 2000). Interestingly, T cells from {PKC
KO mice did not have any defect in proliferation when
challenged with different concentrations of anti-CD3
antibody in either the absence or presence of CD28
stimulation (Figure 5).

BCR activation triggers a myriad of signaling pathways,
some of which are essential for growth and survival
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Fig. 4. Impaired cell cycle entry and survival of {PKC—/-~ B cells.
B cells from either wild-type (empty bars) or {PKC-deficient (black
bars) mice were stimulated with different concentrations of IgM for
72 h, after which the percentage of cells undergoing proliferation
(S + Go/M; A) or apoptosis (sub-Gy; B) was determined by flow cyto-
metry. This is a representative experiment of at least another two with
incubations in duplicate.

Fig. 5. Normal proliferative responses of {PKC—/— T lymphocytes. T
lymphocytes from either wild-type or {PKC-deficient mice were incu-
bated for 48 h with increasing concentrations of anti-CD3 antibody (0,
1 and 10 pg/ml) with or without 1 pg/ml anti-CD28, after which
[*H]thymidine incorporation was determined as above. This is a repre-
sentative experiment of at least another two with incubations in
duplicate.

(Kurosaki, 1999). Of particular interest is the activation of
extracellular signal-regulated kinase (ERK) in which
{PKC has been implicated using co-transfection and
overexpression experiments in several cell systems
(Berra et al., 1995; Moscat and Diaz-Meco, 2000).
However, in EFs and lungs from {PKC—/— mice chal-
lenged with different stimuli, ERK activation was not
affected (Leitges et al., 2001). Therefore, it was of great
interest to test whether ERK activation is impaired in
B cells from {PKC-deficient mice. The results in Figure 6A
clearly demonstrate that triggering the BCR with 20 pg/ml
IgM potently activates ERK at 10 but not at 20 min, and
that this is dramatically impaired by the lack of {PKC.
When the stimulation of the stress-activated mitogen-
activated protein kinases (MAPKs), p38 (Figure 6B) and
JNK/SAPK (data not shown), was investigated in this
system, no defects were detected in the B cells from the
{PKC—/— mice as compared with controls. Therefore, it
seems that {PKC is important in B cells for the activation
of ERK but not for other MAPKSs. This is in keeping with
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Fig. 6. Impaired ERK signaling in {PKC—/~ B cells. B cells from wild-
type or LPKC—/— mice were stimulated with 20 pg/ml IgM (A and B)
for different times or with different concentrations of IgM for 10 min (C
and D), after which cell extracts were analyzed by immunoblotting
with anti-phospho-ERK and anti-ERK (A), anti-phospho-MEK and
anti-MEK (C), or anti-phospho-aPKC and anti-{PKC and anti-A/iPKC
(D) antibodies. Cell extracts were also immunoprecipitated with an
anti-phospho-p38 antibody, and the enzymatic activity of the immuno-
precipitated enzyme was determined as phosphorylation of its substrate
ATF-2 with the corresponding anti-phospho-ATF-2 antibody, and the
loading control was performed with an anti-p38 antibody (B). These
are representative experiments of at least another three with similar
results.

early observations from co-transfection experiments, but is
in marked contrast to what has been observed in {PKC—/—
EFs. Since the mechanism whereby {PKC has been
proposed to participate in ERK activation is through MEK
(Berra et al., 1995), in the next experiments B cells from
either wild-type or LPKC-deficient mice were stimulated
for 10 min (the time at which ERK is activated) with two
concentrations of IgM, and the stimulation of MEK was
determined using an anti-phospho-MEK antibody. The
results in Figure 6C show that the activation of MEK by
20 ug/ml IgM is completely impaired in the {PKC—/—
B cells, whereas it is not affected when they are stimulated
with 50 pg/ml IgM. Interestingly, the activation of ERK by
50 pg/ml IgM is not affected by the lack of LPKC (data not
shown). Collectively, these results indicate that although
at high concentrations of IgM, the MEK/ERK pathway is
activated through CPKC-independent mechanisms, at
lower concentrations of the stimulant, {PKC is essential
for the activation of that signaling cascade. It should be
noted that the maximal activation of B-cell proliferation is
achieved at 10 pg/ml IgM (Figure 1B) and, therefore,
50 ug/ml is clearly a supraphysiological concentration,
indicating that the defect detected in the ERK pathway at
20 pg/ml IgM is most likely of physiological relevance.
Importantly, when B cells were activated with 50 pg/ml
IgM, the difference between the wild-type and {PKC—/—
B cells in terms of mitogenic activation was diminished



dramatically (data not shown). This suggests a very good
correlation between the impairment in the activation of
MEK/ERK and the defect in B-cell proliferation in the KO
B cells.

If {PKC is important for the activation of B-cell
proliferation and signaling, it should be activated upon
BCR stimulation. Therefore, we next determined whether
this was actually the case. It has been documented
extensively that the activation of {PKC, and other PKC
isoforms, correlates with the phosphorylation of Ser410 in
the kinase activation loop through a PDKI1-dependent
mechanism (Le Good et al., 1998; Standaert et al., 1999).
Interestingly, the results in Figure 6D demonstrate that
{PKC is activated in wild-type but not in LPKC—/~ B cells
in response to IgM stimulation. As the B cells from the
{PKC-deficient mice have intact levels of the other
atypical PKC (aPKC), AM1PKC (Figure 6D, lower panel),
and the anti-phospho410-aPKC antibody does not dis-
criminate between both aPKC isoforms, the results in
Figure 6D strongly suggest that LPKC but not A/APKC is
activated selectively during BCR stimulation. Further-
more, when activated B-cell extracts from wild-type or
KO mice were immunoprecipitated with the anti-A/APKC
antibody and immunoblotted with the anti-phospho410-
aPKC antibody, no signal was detected, indicating that
MPKC was not activated (data not shown). When B cells
were stimulated with the anti-CD40 antibody, there was no
detectable phosphorylation with the anti-phospho410-
{PKC antibody (data not shown), indicating that neither
{PKC nor AMPKC are activated by that pathway.
Collectively, all these results are consistent with the
concept that {PKC is an important intermediary in the
BCR signaling pathway for the activation of ERK. Such an
inhibition of ERK activation in the {PKC KO B cells could
give a significant reduction in AP-1 (activating protein-1)
stimulation. However, the data in Figure 7A and B show
that, although significant and reproducible, the impact that
the loss of {PKC has in AP-1 activation in BCR-stimulated
cells is relatively minor. The classical components of the
AP-1 transcription factor are c-Fos and c-Jun (Karin et al.,
1997). When the nuclear extracts of IgM-activated B cells
from wild-type and {PKC—/— mice were pre-incubated
with an anti-c-Fos antibody, the amount of the supershifted
band in the KO nuclear extracts was significantly smaller
than that in the wild type (Figure 7C). This indicates that
c-Fos induction is severely reduced in {PKC—/- B cells,
consistent with the fact that ERK is also inhibited in that
system, but that other components of the AP-1 complex
may compensate for the c-Fos defect.

Since CPKC has been shown to be important during
NF-xB activation in EFs (Leitges et al., 2001), we next
determined whether this was also true in B cells.
Therefore, B-cell cultures, either wild type or {PKC-
deficient, were stimulated or not with IgM with or without
BAFF, and the nuclear levels of NF-kB were determined
by electrophoretic mobility shift assays (EMSAs).
Consistent with the data from {PKC—/— EFs, no differ-
ences in NF-kB activation by EMSA were detected
between the wild-type and mutant B cells (Figure 7D). It
is of note that BAFF was unable to activate NF-xB or to
potentiate IgM actions, either in the wild-type or in the KO
B cells. In the {PKC—/- EFs, it seems clear that, although
NF-kB nuclear translocation is only a little or not affected
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Fig. 7. Effect of the lack of {PKC on AP-1 and NF-«xB activation in
B cells. Nuclear extracts from either wild type (empty bars) or {PKC-
deficient (black bars) B cells that have been stimulated or not with
20 pg/ml IgM for 90 min were analyzed by EMSA using an AP-1
probe (A). Gels of three experiments like the one shown in (A) were
quantified in an Instantlmager, and the mean = SD of the CPMs of the
AP-1 bands are shown in (B). The experiment shown in (C) corres-
ponds to nuclear extracts from stimulated B cells as above but which
have been pre-incubated or not with an anti-c-Fos antibody. The super-
shifted band corresponding to the c-Fos-containing AP-1 complex is
shown as SS. These are representative experiments of another two with
similar results. In a parallel experiment, nuclear extracts from either
wild-type or {PKC-deficient B cells that have been stimulated or not
with 20 pg/ml IgM with or without 10 ng/ml BAFF for 90 min were
analyzed by EMSA using a kB probe (D). This is a representative
experiment of at least another three with similar results.

in response to TNF-o and interleukin (IL)-1, the activation
of IkB-dependent transcription is severely impaired
(Leitges et al., 2001). Therefore, we determined whether
the transcriptional activation of IkB, a classical and
prototypic NF-kB-dependent gene, in B cells was affected
by the loss of {PKC. The data in Figure 8 A demonstrate by
RT-PCR, using 18S RNA as an internal control, that the
activation of IkB transcription is severely inhibited in
{PKC-/-~ B cells activated through the BCR. The
transcription of two other NF-kB-dependent genes was
also impaired in the LPKC-deficient B cells. The results in
Figure 8B and C demonstrate that the transcription of IL-6
and Bcl-X, respectively, was diminished in B cells from
the {PKC KO mice. The data on Bcl-X; are particularly
relevant in light of the role of this gene in cell survival.
Based on the above results, and the published evidence
that different Rel family members are essential for
T-dependent immune responses (Gerondakis et al.,
1999), one can predict that the {PKC—/— mice will have
a defect in mounting an optimal adaptative immune
response. To determine whether this was actually the case,
we initially measured the basal Ig production in resting
unimmunized, 7- and 16-week-old age-matched wild-type
and {PKC-deficient mice by enzyme-linked immuno-
sorbent assay (ELISA) (Figure 9A). Although both groups
of animals made all Ig isotypes, there was a slight but
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Fig. 8. Effect of the lack of {PKC on the transcription of NF-xB-
dependent genes. Wild-type (empty bars) and {PKC-deficient (black
bars) B cells were stimulated with 20 pug/ml IgM for 1.5 and 4 h, after
which RNA was extracted and the levels of IkB (A), IL-6 (B), Bcl-
Xy (C) and 18S (A, B and C) RNAs were determined by RT-PCR with
the appropriate primers. The inset panels show representative experi-
ments of another two with similar results, and the lower panels show
the quantification of that experiment.

significant decrease in the amount of IgG, IgG,,, 1gGyy,
IgA and IgE produced in the LPKC—/— mice as compared
with the controls at 7 weeks of age. The differences were
even more significant in older (16-week-old) animals for
the same isotypes, except for IgG,. To assay whether
humoral immune responses were impaired in the {PKC
KO mice, 7-week-old age-matched wild-type and {PKC-
deficient mice were immunized with dinitrophenyl
(DNP)-LPS and DNP-ovalbumin (OVA) as T-indepen-
dent type I (TI-I) and T-dependent (TD) antigen, respect-
ively, and the specific anti-DNP antibodies in sera were
measured at several time points after immunization. Of
note {PKC-deficient mice were able to mount humoral
immune responses to TI-I and to TD antigens (Figure 9B
and C), but the level of the TD response was significantly
lower in {PKC-deficient mice for IgG,, IgG,, and IgGy,
isoptypes, while the levels of IgA and IgG; (data not
shown) antibodies were within the normal range in TD
responses, as was the level of IgM in TI-I responses.
Interestingly, despite the deficiency in mounting a TD
response, peanut agglutinin (PNA)* clusters, representing
germinal center B cells, were readily detected in the
spleens from immunized {PKC—/— mice (Figure 2B).

Discussion

The recent characterization of the LPKC KO mouse has
provided valuable information on the role that this kinase
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in unimmunized, 7- and 16-week-old age-matched wild-type (open
squares) and {PKC-deficient (filled circles) mice (n = 4). P-values
(asterisks) were calculated according to the Student’s r-test. Serum
DNP-specific isotype levels in wild-type (open squares, n = 4) and
CPKC-deficient (filled circles, n = 3) mice immunized with DNP-
LPS (B) and DNP-OVA (C) were determined by ELISA, and are
represented as mean * SD. The curves represent the best-fit Gaussian
distributions. Asterisks denote P-values calculated according to the
F-test applied to compare the entire immunization response curves
using the GraphPad Prism software. The data are representative of two
independent analyses.

plays in the control of the immune and inflammatory
responses (Leitges et al., 2001). The results from these
mice clearly establish that {PKC is critically involved in
the control of NF-kB activation, most probably at two
different levels. In tissues where it is poorly expressed, it
plays a non-redundant role in the control of NF-xB
transcriptional activity with no effects in more upstream
steps of the pathway. However, in lung, where {PKC is
greatly expressed, it seems to be required also for the
activation of the IKK complex and the nuclear trans-
location of NF-xB. The lack of {PKC produces mainly a
significant delay in the development of LNs and the PPs
which display a reduced content of the more mature
subpopulations of B cells (Leitges et al., 2001). This defect
is corrected in adult KO mice in which the content of the
different major B-cell splenic subpopulations is normal
(Leitges et al., 2001; this study). In this study, we show
that {PKC is important for B-cell proliferation and
survival and for NF-xB-dependent transcriptional acti-
vation, as determined by measuring the transcription of at
least three NF-kB-dependent genes. However, the loss of
{PKC does not impair NF-kB nuclear translocation in this
cell system. In this regard, from a mechanistic point of
view, {PKC requirements for B-cell function and NF-kB
activation are more similar to those of EFs than those of



lung. The fact that there are not any changes in the relative
percentages and absolute content of the different B-cell
subpopulations in the KO splenic B cells used in this study
as compared with age-matched wild-type controls sug-
gests that these defects are most probably due to intrinsic
impairment of the B-cell signaling capabilities. These
results are of great physiological relevance because they
genetically prove that {PKC is important for B-cell
function, and may explain the alterations detected in the
development of secondary lymphoid organs in {PKC
KO mice (Leitges et al., 2001), as well as why {PKC
is required for an optimal TD immune response.
Interestingly, alterations in the ability to mount a normal
humoral response in vivo have been observed in mice
mutant for different Rel proteins (Gerondakis et al., 1999).
Thus, for example, NF-kBl1-/— mice display a cell-
autonomous defect in heavy chain isotype switching
(Snapper et al., 1996) with a relatively minor defect in
germinal center PNA* staining (Pohl er al., 2002).
Experiments in which fetal liver cells from RelA KO
mice were transplanted into SCID mice revealed that,
although B cells have the ability to develop normally, the
secretion of IgG; and IgA was dramatically impaired in
RelA-deficient B cells (Doi et al., 1997). In addition,
studies in c-Rel-/— B cells suggest a role for this protein in
germline Cy transcription (Gerondakis et al., 1999). The
generation of mutant mice with combined deletions of
different Rel genes gives rise to even more profound
phenotypes (Gerondakis et al., 1999). Therefore, the
intrinsic deficiency detected here in the ability of
{PKC—/- B cells to proliferate and survive in vitro may
account for the in vivo defect in mounting an optimal TD
immune response. It is possible that through some of the
Rel proteins, {PKC controls critical steps in the isotype
switching process (Snapper et al., 1997). In this regard,
defects in the ability of B cells to divide may be important
for an appropriate isotype switching (Hodgkin et al.,
1996). However, other possibilities cannot be ruled out
yet. For example, a deficiency in T cell cytokine secretion
in vivo could also explain the defect in the TD response in
the {PKC-deficient B cells. However, the lack of alter-
ations in T-cell activation in the {PKC—/— mice suggests
that this would not be linked to the ability of T cells to
proliferate but could be due to more subtle alterations in
T-cell activation to produce certain cytokines. In this
regard, it is noteworthy that {PKC and NF-kB signaling
are required for IL-6 transcription (Leitges et al., 2001;
this study) and that IL-6 is an important cytokine in, for
example, the regulation of IgA production (Ramsay et al.,
1994), whose basal serum levels are dramatically dimin-
ished in LPKC—/— mice. On the other hand, although a
stromal cell defect cannot yet be ruled out completely as a
potential explanation for these in vivo alterations, the
evidence that B cells from {PKC-/- mice display a clear
impairment in their response to BCR activation in vitro,
together with the lack of alterations in the spleen
microarchitecture in the LPKC KO mice, suggest that the
contribution of the stroma to the changes reported here is
unlikely. The fact that germinal center formation was
unaltered in immunized {PKC-deficient mice despite their
inability to mount an optimal TD immune response may
indicate that the loss of LPKC results in either the failure to
switch (which requires cell division and survival) or the
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death (failure to survive) of plasmacytes and antibody-
forming cells coming out of the germinal center. Future
studies will address these different possibilities.

There is an important difference between B cells and
EFs from the point of view of the involvement of {PKC in
cell signaling. Thus, whereas {PKC is not necessary in EFs
for the activation of the MEK/ERK pathway in response to
different stimuli (Leitges et al., 2001), in B cells this PKC
seems to be essential for ERK and MEK activation. These
results would be consistent with previous observations
from this and other laboratories that using overexpression
of active and dominant-negative mutants has implicated
{PKC as a potential activator of ERK through MEK (Berra
et al., 1995; Moscat and Diaz-Meco, 2000). The degree of
inhibition that we see in ERK activation in the {PKC—/—
B cells does not correlate with the reduction that should be
expected in AP-1 activation. A possible explanation for
this apparent paradox is that the {PKC-deficient cells have
devised mechanisms to compensate for the reduction of
ERK activity. In this regard, it should be noted that the
activation of other MAPKSs, particularly p38 and SAPK/
JNK, is not affected by the lack of {PKC. However, when
the content of c-Fos, a direct target of ERK activation, is
determined in the AP-1 complex in supershift experi-
ments, it is apparent that there is a better correlation
between the diminution of ERK activation and that of the
c-Fos-containing complex. This is particularly relevant in
the light of the role that c-Fos plays in cell survival and
growth (Shaulian and Karin, 2001).

The possible involvement of different PKC isoforms in
the immune system has attracted great interest lately. For
example, there is genetic evidence based in the informa-
tion from OPKC KO mice that this kinase is essential for
the proliferation of mature T lymphocytes and for the
activation of both AP-1 and NF-kB transcription factors
(Sun et al., 2000). We show here that T lymphocyte
proliferation, in marked contrast to B cells, is not affected
by the lack of LPKC. This would be in keeping with the
notion that there are cell type-specific functions for
different PKC isoforms. Recent data in B cells using
overexpression experiments and pharmacological inhibi-
tors suggest that either SPKC or OPKC could be important
in the activation of NF-xkB and SAPK/JNK in the BCR
pathway, through an as yet not fully characterized
mechanism (Krappmann et al., 2001). If the genetic
evidence using KO models for these two novel PKC
isoforms confirms these suggestions, one can envisage a
model according to which different PKC isotypes may
control distinct steps in the NF-kB cascade. Thus, whereas
{PKC will control NF-kB transcriptional activation, other
isoforms could regulate the IKK complex and the subse-
quent nuclear translocation of NF-kB. Based on our
previous data, the other atypical isoform, APKC, also
could be critically involved in IKK activation (Lallena
et al., 1999). However, according to the results presented
here, it seems that in B cells {PKC is the major aPKC
activated by IgM, suggesting that AAPKC many not be
important in this pathway. It should be noted that AAPKC
is expressed ubiquitously and that it may compensate for
the lack of {PKC in the KO mice due to the extremely high
degree of conservation between both aPKCs. This may
explain the relatively mild phenotype of the {PKC—/—
mice. A more definitive response to these questions must
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await the characterization of cells from conditional
AMPKC KO mice when available.

Finally, both aPKCs have been implicated as down-
stream targets of phosphatidylinositol (PI) 3-kinase. It is
noteworthy that mice with genetic inactivation of the PI 3-
kinase regulatory subunit, p85a., display B-cell prolifer-
ative defects in response to several stimuli (Fruman ef al.,
1999). Therefore, it can be proposed that whereas {PKC is
important for signaling through the BCR, other PI 3-kinase
targets may be responsible for the activation of {PKC-
independent pathways, such as those triggered by CD40 or
LPS.

Materials and methods

Isolation of B and T cells

The generation of {PKC—/— mice was described previously (Leitges et al.,
2001). Spleens were removed from 4-week-old mice, and single-cell
suspensions were prepared by crushing organs between glass slides. Red
blood cells were lysed with a hypotonic solution (NH4Cl buffer).
Afterwards, splenocytes were incubated with anti-mouse CD43 (Ly-48)
microbeads (Miltenyi Biotec, Auburn, CA), and resting B cells were
separated from the CD43-negative fraction by using an autoMACS
magnetic cell sorter (Miltenyi Biotec). The purity of B cells was >95%, as
indicated by the percentage of B220* cells by flow cytometry analysis.
T-cell isolation was performed from the CD43-positive fraction by a
second positive selection after B-cell separation, and the purity of T cells
was >90% as indicated by the percentage of Thy-1* cells.

Flow cytometric analysis

Spleens were removed from 4- and 6-week-old mice. Single-cell
suspensions were made and washed in phosphate-buffered saline (PBS)
supplemented with 5% fetal calf serum (FCS) and 5 mM EDTA.
Subsequently, cells were analyzed after staining with the following
monoclonal antibodies (mAbs): fluorescein isothiocyanate (FITC)-
conjugated anti-CD21 (clone 7G6; PharMingen, San Diego CA),
phycoerythrin (PE)-conjugated anti-CD23 (clone B3B4; PharMingen)
and biotin-conjugated anti-IgM (clone R6-60.2; PharMingen) followed
by streptavidin—Tricolor (Caltag, Burlingame, CA). Analysis was
performed on a FACScalibur flow cytometer (Becton Dickinson,
Mountain View, CA) with CELLQuest software. Dead cells were
excluded from the analysis on the basis of low forward light scatter.
B cells purified with the MACS B cell isolation kit (Miltenyi Biotec) were
analyzed as above.

Proliferation of B and T cells

Purified B cells were cultured in 96-well plates at 2 X 103 cells per well in
100 pl of RPMI 1640 medium supplemented with 10% FCS, 2 mM
L-glutamine, 50 U/ml penicillin/streptomycin and 50 uM 2-mercapto-
ethanol, and were stimulated for 72 h with the indicated concentrations of
F(ab’), fragments of goat anti-mouse IgM antibody (Jackson Immuno-
research Laboratories) and/or different concentrations of BAFF,
0.5 pg/ml anti-CD40 (clone HM40-3; PharMingen) or 20 pug/ml LPS
(Escherichia coli; Sigma). Purified T cells were cultured at 1 X 10° cells
per well in 160 pl of medium and were stimulated for 48 h in anti-CD3¢
antibody (clone 145-2C11; PharMingen) on plates pre-coated for 1 h
(either 1 or 10 pg/ml). For co-stimulation of T cells, soluble anti-CD28
mAD (clone 37.51; PharMingen) was also added at 1 pug/ml. Proliferation
was assessed by the incorporation of [*H]thymidine added (1 uCi/well)
during the last 6 h of culture in triplicate wells. Cells were collected using
a cell harvester, and [*H]thymidine incorporation was quantified by
scintillation counting (Wallac Oy 1450 Microbeta).

Cell cycle analysis

Cell cycle analysis was performed by flow cytometry by incubation of
cells in a buffer consisting of 0.1% sodium citrate, 0.6% NP-40, 20 pg/ml
RNase and 50 pg/ml propidium iodide, for 30 min at 4°C in the dark.
Analysis was performed on a FACScalibur flow cytometer (Becton
Dickinson) with CELL-Quest software on the basis of FL-2 area/FL-2
weight parameters. The percentage of apoptotic cells was determined by
calculating the fraction of cells with sub-G; DNA content.
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Western blotting

Purified B cells were stimulated with IgM and lysed in buffer PD [40 mM
Tris—-HCI pH 8.0, 500 mM NaCl, 0.1% NP-40, 6 mM EDTA, 6 mM
EGTA, 10 mM B-glycerophosphate, 10 mM NaF, 10 mM PNPP, 300 uM
Na3VO,4, 1 mM benzamidine, 2 uM phenylmethylsulfonyl fluoride
(PMSF), 10 pg/ml aprotinin, 1 pg/ml leupeptin, 1 pg/ml pepstatin, 1 mM
dithiothreitol (DTT)]. Proteins corresponding to 20 g were electro-
phoresed in 8% SDS—polyacrylamide gels and transferred onto ECL
nitrocellulose membranes (Amersham). The following antibodies were
used in this study: anti-phospho-ERK (sc-7383; Santa Cruz), anti-
phospho-MEK (cat. 9110; Cell Signaling Technology), anti-phospho-
PKCC (cat. 9378; Cell Signaling Technology), anti-ERK (sc-94; Santa
Cruz), anti-MEK (cat. 9122; Cell Signaling Technology) and anti-A/APKC
(cat. P22520; Transduction Laboratories). The anti-CPKC was a rabbit
affinity-purified polyclonal antibody raised against a peptide correspond-
ing to residues 5-19 of rat {PKC.

P38 kinase assay

The p38 kinase assay from Cell Signaling Technology (cat. 9820) was
used according to the manufacturer’s procedures. Briefly, [gM-stimulated
purified B cells were lysed and immunoprecipitated with an immobilized
phospho-p38 mAb. Afterwards, an in vitro kinase assay was performed
using activating transcription factor-2 (ATF-2) as substrate, and ATF-2
phosphorylation was detected by western blot using a phospho-ATF-2
antibody. Loading control was performed by immunoblot analysis with
an anti-p38 antibody (cat. 9212; Cell Signaling Technology).

Electrophoretic mobility shift assays

EMSA experiments for NF-xB were performed as described previously
(Leitges et al., 2001). For AP-1, the following oligonucleotide was used:
5’-CGCTTGATGACTCAGCCGGAA-3’; with the AP-1 5X binding
buffer: 50 mM Tris—HCI pH 7.5, 500 mM KCl, 2.5 mM MgCl,, 0.5 mM
EDTA, 50% glycerol, 250 ug/ml poly(dl:dC), 5 mM DTT and 1 mg/ml
bovine serum albumin (BSA).

RT-PCR analysis of NF-xB-dependent genes

Purified splenic B cells were incubated with or without 20 pg/ml IgM for
1.5 or 4 h. Extraction of total RNAs, reverse transcription and PCR
analysis were performed as recommended by the Gene Specific Relative
RT-PCR kit from Ambion. The primers used were: for IkB, 5'-
GCCTTCCTCAACTTCCAGAACAAC-3" and 5-CAGACGCTGGCC-
TCCAAACACACAG-3’; for IL-6, 5-TTGCCTTCTTGGGACTGATG-
3" and 5-CTGAAGGACTCTGGCTTTGT-3; and for Bcl-Xp, 5-
GAGTTTGAACTGCGGTACCGG-3" and 5-GTGTCTGGTCATTTC-
CGACTG-3'. A 2:8 ratio of 18S primers to competimers was used in the
PCR for quantification analysis.

Ig serum detection and immunization

Ig serum detection was performed by ELISAs as described previously
(Martinez et al., 2001). Total serum Igs were detected by capture ELISA
using plates coated with a goat anti-mouse IgS (10 pg/ml; Southern
Biotechnology Associates) as capture antibody. For IgE determination,
the plates were coated with rat anti-mouse IgE (10 pg/ml; clone EM-95).
Plates used for the anti-DNP ELISAs were coated with DNP-BSA
(10 pg/ml). The assays were revealed with biotinylated goat anti-mouse
IgM, 1gGy, 1gG,,, 1gG,y, and 1gG; (Southern Biotechnology Associates,
Birmingham, AL), and biotinylated rat anti-mouse K chain (clone 187.1)
for IgE determination. Plates were then incubated with streptavidin-
conjugated peroxidase (Southern Biotechnology Associates) and
developed with 0.5 M o-phenylenediamine (Sigma). The absorption
values were read at 405 nm. A normalized Ig isotype titer was calculated
for each serum using the GraphPad Prism 3.0 software (GraphPad
Software Inc., San Diego, CA), with the dilution value (Ds) representing
50% of the absorbance obtained by each serum at the top plateau. Mice
were immunized intraperitoneally with 100 pug of DNP-LPS and with
100 pg of DNP-OVA in complete Freund’s adjuvant (CFA). Specific Ab
titers were tested in serum samples obtained at 3, 7 and 11 days from
DNP-LPS-immunized mice, and at day 3 and weekly from DNP-OVA-
immunized mice, respectively.

Immunofluorescent analyses

Immunofluorescent staining was performed using 8 wm frozen sections
that were air dried and fixed in ice-cold acetone. Antibodies used were
MOMA-1 (Serotec, Oxford, UK), anti-CD11c and anti-CD11b (all from
PharMingen). Sections were also stained with biotin-conjugated PNA to
detect germinal center formation in immunized mice.
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