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Immunodeficiency in Protein Kinase
Cp-Deficient Mice

Michael Leitges,*t+ Christian Schmedt,* Rodolphe Guinamard,
Jean Davoust, Stefan Schaal, Silvia Stabel,
Alexander Tarakhovsky

Cross-linking of the antigen receptor on lymphocytes by antigens or antibodies to the
receptor results in activation of enzymes of the protein kinase C (PKC) family. Mice
homozygous for a targeted disruption of the gene encoding the PKC-gIl and PKC-lI
isoforms develop an immunodeficiency characterized by impaired humoral immune
responses and reduced cellular responses of B cells, which is similar to X-linked im-
munodeficiency in mice. Thus PKC-gl and PKC-BIl play an important role in B cell
activation and may be functionally linked to Bruton’s tyrosine kinase in antigen receptor-

mediated signal transduction.

Cross—l'mking of the antigen receptor on B
and T cells by antigens or by antibodies to
the receptor is accompanied by rapid phos-
pholipase C—y activation, resulting in phos-
pholipid hydrolysis and subsequent activa-
tion of the serine-threonine-specific protein
kinase C (PKC) (1). The term PKC defines
a family of at least 10 proteins that are
characterized by a high degree of homology
in their catalytical and cysteine-rich do-
mains. On the basis of structural similarity
and the requirement of Ca™ ™ or diacylglyc-
erol (DAG) or both for catalytic activity, the
PKC family has been subdivided into three
groups. The Ca®™*- and DAG-dependent
PKCs are represented by PKC-a, -BI, -BII,
and -y isoforms; PKC-3, -€, -1, and -0 are
DAG-dependent but Ca**-independent;
and PKC-{ and -\ are not activated by Ca**
and DAG in vitro (2). Despite extensive
information on the enzymatic properties and
expression patterns of various PKC isoforms
in cells of the hematopoetic system, little is
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known about the physiological role of indi-
vidual PKC isoforms in lymphocyte function
(3). We started to address this question with
the analysis of the immune system of mice
deficient for the Ca**-DAG-dependent
PKC-BI and -BII. Both PKC-B isoforms are
encoded by the same gene and are expressed
in B and T lineage cells (4).

The gene encoding PKC- was disrupt-
ed in embryonic stem (ES) cells by inser-
tion of a lacZ-neo cassette into the second
exon of the PKC-B gene by homologous
recombination (Fig. 1) (5). The presence
of the targeted PKC-B allele in mice het-
erozygous or homozygous for the mutation
was revealed by Southern (DNA) blot
analysis (Fig. 1B). The absence of PKC-
protein in homozygous mutant mice was
confirmed by protein immunoblot analysis
of lysates of splenocytes and thymocytes
(Fig. 1C) (5).

Analysis of lymphocyte populations re-
vealed that the frequency and absolute num-
ber of the CD23~ immunoglobulin M™*
(IgM™*) (B-1) B lymphocytes as well as of
CD5" IgM™* (B-1a) cells, which represent a
substantial fraction of the B-1 lymphocyte
population, were severely reduced in the
peritoneal cavity of PKC-B~/~ mice as com-
pared with that of wild-type mice (Fig. 2)
(6). B-1 lymphocytes are located predomi-
nantly in the peritoneal cavity of mice and
are thought to belong to a separate B cell
lineage that differs from those of other B



lymphocytes in surface marker expression,
antibody repertoire, and signaling capacities
(7). The frequency and absolute number of
pre-B (IgM~ B220% CD43~) and mature
(IgM* B220") B cells in the bone marrow of
PKC-B~/~ and wild-type mice were essen-
tially identical. Conventional B cells (IgM*
B220* IgD* major histocompatibility com-
plex class [I* CD43~ CD5 ™) were present in
the spleen and lymph nodes of PKC-B~/~
and wild-type mice at similar frequency (Fig.
2). However, the absolute number of splenic
B cells was slightly reduced from 29 X 10% =
8 X 10 in wild-type mice to 20 X 10° +
5 X 10° in PKC-B~/~ mice. The thymuses of
PKC-B~/~ mice were of normal size and
cellularity and contained CD4* CD8* dou-
ble-positive cells and CD4* or CD8™ single-
positive cells at normal ratios. The lack of
PKC-B did not alter the surface expression of
the T cell receptor (TCR)-CD3 complex,
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Fig. 1. Targeted disruption of the PKC-B gene. (A)
Part of the wild-type { WT) PKC-B locus containing
the first two exons E1 and E2, the targeting con-
struct, and the mutant (mu.) PKC-B allele are
shown. The PKC-B gene was disrupted by the
insertion of the lacZ and neo" genes (black and
white arrows, respectively) at a Sal | site introduced
into the second exon of the PKC-B gene by site-
directed mutagenesis as described (5). The sizes of
the two Bam HI fragments predicted to hybridize to
diagnostic probe A (black box} are shown. Restric-
tion enzymes are abbreviated as follows: B, Bam
HI; E, Eco RI; P, Pvu II; X, Xba |; and S*, Sal I. (B)
Southern blot analysis of genomic DNA. Genomic
DNA was isolated from the tails of four littermates
and was hybridized with probe A after digestion
with Bam HI. (C) Immunoblot analysis of PKC-Bi-
BlI. Immunoblots of splenocyte and thymocyte ly-
sates from 129/Sv (+/+) and PKC-B~/~ (—/-)
mice were stained with polyclonal antibody to
PKC-BII (25). The absence of PKC-8lin PKC-B~/~
mice was also confirmed by immunoblot analysis
with antibodies to PKC-I. The position of PKC-BlI
is marked by an arrowhead.

CD?3, heat-stable antigen, or CD69 on single-
positive cells. CD4" and CD8* single-posi-
tive T cells were also present in the spleen and
lymph nodes of PKC-B ™/~ mice at a frequen-
cy similar to that in wild-type mice.

B-1 lineage cells are known to be a major
source of [gM and IgG3 antibodies in the
serum (8). The levels of IgM and IgG3 in
the sera of PKC-B~/~ mice were strongly
reduced as compared with those in wild-
type mice and heterozygous mutants (PKC-
B*/) (P < 0.05) (Fig. 3A) (9). This re-
duction may reflect the defect in the pop-
ulation of B-1 lymphocytes in PKC-B~/~
mice. The titers of immunoglobulins of oth-
er isotypes were similar in PKC-B~/~, PKC-
B*/~, and wild-type mice (Fig. 3A). The
titers of IgM and IgG3 in sera of PKC-B*/~
mice were slightly reduced when compared
with those of wild-type mice, which may
suggest a gene dosage phenomenon.

The changes observed in the immune
system of PKC-B~/~ mice match some of the
features of X-linked immunodeficiency
(XID) in mice (10). XID in mice is due to a
single amino acid substitution of a highly
conserved residue in the pleckstrin homolo-
gy domain of Bruton’s tyrosine kinase (Btk)
(11). Human X-linked agammaglobulinemia
(XLA) is also associated with mutations or
deletions of the gene encoding Btk (12). A
causative role of Btk in XID was confirmed
by analysis of the immune system of mice
homozygous for a targeted disruption of the
Btk gene (13). Btk is expressed in B lympho-
cytes as well as in myeloid and erythroid cells
and is implicated in antigen receptor—medi-
ated signal transduction in B cells (14) as well
as in the responses of B cells to stimulation via
CDA40, the interleukin-5 (IL-5) receptor, and
CD38 (15). XID mice are characterized by a

+/+ -/-
Bone marrow
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modest reduction in the population of splenic
B cells, most of which exhibit an immature
IgMb [gD'° phenotype and a severe reduction
of the population of B-1 cells (16, 17). Fur-
thermore, serum levels of IgM and [gGG3 and
humoral immune responses of conventional B
cells to thymus independent—type II (TI-II)
antigens are strongly reduced in XID mice
(16). Primary antibody responses to T cell-
dependent antigens in XID mice have been
shown to be reduced as well, whereas second-
ary responses are largely unaltered (17).

To evaluate the degree of similarity be-
tween immunodeficiencies in PKC-B~/~
and XID mice, we analyzed the immune
responses of the PKC-B™/~ mice to a T
cell-dependent antigen, 4-hydroxy-3-ni-
trophenylacetyl (NP)-chicken vy-globulin
conjugate (CG), and to a T cell-indepen-
dent antigen, NP-Ficoll (18). PKC-~/~
mice were unable to mount a detectable
humoral immune response against NP-Fi-
coll (Fig. 3B). In PKC-B*/~ mice the re-
sponses were less than in wild-type mice,
which supports the notion that the respons-
es of B cells may depend on the PKC-
gene dosage. Primary antibody responses to
both hapten (NP) and carrier (CG) were
also significantly reduced in the PKC-~/~
mice immunized with NP-CG when com-
pared with wild-type mice (Fig. 3C). In
contrast, the amplitudes of the secondary
immune response to NP in PKC-B~/~ mice
and wild-type mice did not differ signifi-
cantly (Fig. 3C). The secondary immune
responses to CG were less in PKC-B~/~
mice than in wild-type mice (Fig. 3C).

Further similarities between PKC-B~/~
and XID mice were revealed by analysis of
in vitro proliferative responses of the PKC-
B/~ B cells to various stimuli. B cells from
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Fig. 2. Lymphocyte populations in PKC-B~/~ mice. Representative flow cytometric analyses of mono-

nuciear cells from lymphoid organs of 10-week-old PKC-B~/~ and 129/Sv mice are shown (26). The
percentages of the boxed cells within lymphocyte populations are indicated.
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XID and Btk-deficient mice proliferate
poorly in response to lipopolysaccharide
(LPS) or antibody-mediated cross-linking
of surface immunoglobulins IgM and IgD
(19), whereas anti-CD40-mediated re-
sponses are either reduced or unaltered

(15). The proliferation of PKC-B ™/~ B cells
stimulated with an antibody to IgM was
lower by a factor of 10 than the prolifera-
tion of wild-type B cells (P < 0.001) (Fig.
4A) (20). Compared with wild-type B cells,
PKC-B~/~ B cells were also characterized

by less of basal proliferation in the absence
of stimuli and were less responsive to stim-
ulation with IL-4 or antibody to CD40 (P <
0.005 for each case) (Fig. 4A). However,
the combined treatment of B cells with

antibody to CD40 and with IL-4 resulted in
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and T cell-dependent (C) antigens. (A} PKC-B~/~ (closed symbols), PKC-
B*/~ (half-open symbols), and control 129/Sv {open symbols) mice were -
bled from the tail vein, and serum concentrations of the antibodies of E 108 i
different isotypes were determined by ELISA (26). Mice were 2 to 3 2
months old. (B} Serum concentrations of NP-specific antibodies of PKC- £ 4021 4
B~/ (closed symbols), PKC-B*+/~ (half-open symbols), and 129/Sv (open 3
symbols) mice are shown. Geometric mean values *+ SEM obtained from %, | i
8 to 12 mice per group are shown; the values for PKC-B~/~ mice are g 1077
shown at the detection limit of 0.16 pg/ml. (C) Titers of hapten (NP}-and E
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Fig. 4. In vitro responses of PKC-8 B cells. (A) Proliferative responses of B cells. Each symbol showsthe  0.25 1
amount of [PH]thymidine [measured in counts per minute (cpm)] incorporated into the DNA of stimulated
purified splenic B cells from 129/Sv (open symbols) and PKC-B~/~ (closed symbols) mice (26, 27). Each dot %) GLE AUp ey
represents the mean value of triplicate measurements in individual experiments. (B and C) Tyrosine
phosphorylation (P-Tyr) of intracellular proteins in PKC-p '~ and control B cells. Purified splenic B cells were R L R |
stimulated in vitro with antibody to IgM for the indicated periods of time, and phosphorylated proteins were Time (min)

revealed by protein immunoblot analysis of total cell lysates (B) or immunoprecipitates (C) obtained with an

antibody to Btk (22). The symbol 5'P marks the lysates of B cells pretreated with the immunogenic Btk peptide during immunoprecipitation (22). (D) Kinetics of

Btk phosphorylation in the wild-type (open symbols) and PKC-B~/
immunoprecipitates from unstimulated and stimulated PKC-B*/* and PKC-B

(closed symbols) B cells. The phosphorylation level of Btk and the amount of Btk in the
B cells were determined by densitometric analysis. The ratio of phosphorylated

Btk (P-Btk) over immunoreactive Btk (P-Btk/Btk = SEM; n = 3), indicating the extent of tyrosine phosphorylation of Btk, was calculated for each time point.
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an equally strong proliferative response of
PKC-B~/~ and wild-type B cells (Fig. 4A).
Substantial variations in responses with a
tendency toward hyporesponsiveness were
observed in PKC-B~/~ B cells stimulated
with LPS (Fig. 4A). The responses of the
PKC-B /= B cells to the combined treat-
ment with the phorbol ester PABU and the
Ca** ionophore ionomycin, which are
known to bypass B cell receptor (BCR)-
dependent signaling, were similar to those
of wild-type cells (21). This suggests an
unaltered ability of PKCs other than
PKC-B to be activated by PdBU and Ca**
in PKC-B~/~ B cells. The reduction in
antigen receptor—mediated proliferation in
the absence of PKC-B is restricted to B
cells, because the in vitro proliferation of
wild-type and PKC-B~/~ splenic T cells
and thymocytes in response to antibody to
CD3 alone or in combination with IL-2 was
unaltered. This suggests the use of distinct
PKC isoforms in BCR- and TCR-mediated
signal transduction.

The impaired [gM-mediated proliferation
of B cells indicates the existence of a down-
stream defect or defects in the BCR-depen-
dent signaling cascade. However, the general
pattern of BCR-induced tyrosine phosphoryl-
ation of intracellular proteins appears to be
similar in PKC-B™/~ and wild-type B cells
(Fig. 4B) (22). The similarity between the
immunodeficiencies in PKC-B~/~ and XID or
Btk-deficient mice points to a possible func-
tional link between PKC-$ and Btk in B cells.
Indeed, an association between different PKC
isoforms, including PKC-BI, and Btk has been
shown in mast cells (23). Moreover, PKCs
were found to phosphorylate and to inhibit
the kinase activity of Btk (23). We found that
levels of the IgM-induced tyrosine phospho-
rylation of Btk were higher in splenic PKC-
B/~ B cells than in wild-type cells (Fig. 4, C
and D). However, the catalytic activity of Btk
in anti-IgM—stimulated PKC-B~/~ and wild-
type B cells was similar (22). These data argue
against an involvement of PKC-$ in the reg-
ulation of the catalytic activity of Btk but
suggest a role for PKC-B in the transphospho-
rylation or dephosphorylation of Btk. The
consequences of the increased tyrosine phos-
phorylation of Btk for the integrity of the
BCR-dependent signal transducing chain, as
well as the position of PKC-B relative to Btk
in this chain, are unknown. An earlier study
demonstrated that the defect in antigen re-
ceptor—induced proliferation of XID B cells
could be overcome by a prolonged incubation
of these cells with the potent PKC activator

indolactam (24). This finding, combined with

the known ability of Btk to interact with
PKC-BI and our experimental data, would be
in agreement with PKC-B being located in
close proximity and downstream of Btk in the
antigen receptor—dependent signaling path-

way. The role of PKC-B in this pathway ap-
pears to be unique because it can not be
replaced by other PKCs during T cell-inde-
pendent activation of B cells. Therefore, the
described role of PKC- in B cell responses
makes PKC-$ an attractive target for immu-
. nomodulatory therapy using selective activa-
tors or inhibitors of this enzyme.
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