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RESEARCH ARTICLE

IMMUNOLOGY

Protein Kinase C n Is Required for T Cell Activation
and Homeostatic Proliferation

Guo Fu,' Jianfang Hu,'? Nathalie Niederberger-Magnenat,’?'* Vasily Rybakin,’
Javier Casas,' Pia P. Yachi,'S Stephanie Feldstein,'" Bo Ma,¥ John A. H. Hoerter,’
Jeanette Ampudia,’ Stephanie Rigaud,' Florence Lambolez,> Amanda L. Gavin,'T
Karsten Sauer,' Hilde Cheroutre,? Nicholas R. J. Gascoigne'*

Protein kinase C n (PKCn) is abundant in T cells and is recruited to the immunological synapse that is
formed between a T cell and an antigen-presenting cell; however, its function in T cells is unknown. We
showed that PKCn was required for the activation of mature CD8"* T cells through the T cell receptor. Com-
pared with wild-type T cells, PKCy™~ T cells showed poor proliferation in response to antigen stimulation,
a trait shared with T cells deficient in PKCO, which is the most abundant PKC isoform in T cells and was
thought to be the only PKC isoform with a specific role in T cell activation. In contrast, only PKCn-deficient
T cells showed defective homeostatic proliferation, which requires self-antigen recognition. PKCn was
dispensable for thymocyte development; however, thymocytes from mice doubly deficient in PKCn and
PKC#6 exhibited poor development, indicating some redundancy between the PKC isoforms. Deficiency in
PKCn or PKC6 had opposing effects on the relative numbers of CD4* and CD8"* T cells. PKC™~ mice had a
higher ratio of CD4* to CD8" T cells compared to that of wild-type mice, whereas PKC6~~ mice had a lower
ratio. Mice deficient in both isoforms exhibited normal cell ratios. Together, these data suggest that PKCy
shares some redundant roles with PKC6 in T cell biology and also performs nonredundant functions that

are required for T cell homeostasis and activation.

INTRODUCTION

The protein kinase C (PKC) family of serine and threonine kinases in-
cludes 10 isoforms in human and mouse, which play important roles in
signal transduction in different cellular systems, including regulating dif-
ferentiation, cell motility, secretion, growth, and death (7). Of the PKC iso-
forms found in T cells (o, 3, €, n, and 0), only PKCB is thought to have an
important and specific role in T cell biology, where it is involved in costim-
ulation of signal transduction in response to antigen recognition, leading
to activation of transcription factors, including nuclear factor kB (NF-kB),
and to changes in gene transcription, which results in responses such as in-
creased secretion of the cytokine interleukin-2 (IL-2) (2—5). However, expres-
sion of the gene Prkch, which encodes PKCn, is increased during positive
selection (6, 7), and gene expression profiling has shown that Prkch mRNA
abundance, like that of PKC6, is higher in T cells than in other mouse or
human cell types and organs (http://biogps.org/#goto=genereport&id=18755;
egnflm00727_at and U133A 206099_at), which suggests that PKCn may
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play a role in T cell biology. Although a PKCn-deficient mouse exists, no
immunological studies of these mice have been reported (8).

PKC® is recruited to the immunological synapse, the area of contact
that is formed between mature T cells and antigen-presenting cells (APCs),
where it concentrates in the central region (9—/7). In addition, PKC6 as-
sociates with the co-receptor CD28 in microclusters that contain the T
cell antigen receptor (TCR), which move centripetally into the immuno-
logical synapse and are thought to be important in the costimulation of T
cells (12). A fusion protein of PKCn and green fluorescent protein (GFP)
is also recruited to the immunological synapse upon TCR stimulation,
where it is localized diffusely over the whole region (/3). Studies with
PKCO™~ mice revealed the involvement of PKC6 in multiple signaling
pathways downstream of TCR stimulation (/4—-20). Given the importance
of PKCO in mature T cells, it was surprising that initial studies showed no
defect in T cell development in PKCO™ mice (14, 16); however, another
study found that PKC® is indeed involved in thymocyte development,
with PKCO™~ mice showing a mild defect in positive selection (21). Re-
dundancy between different PKC isoforms may obscure the importance
of any individual PKC in T cell development and function in vivo.

Here, we confirmed that the abundance of PKCn mRNA is increased
during the positive selection of thymocytes, and we found that PKCn,
similar to PKCO, was recruited to the immunological synapse. To further
investigate the specific role of PKCn and the potential redundancy be-
tween PKCn and PKCO in T cell development and mature T cell func-
tion, we generated mice deficient in Prkch, the gene encoding PKCn
(PKCn™" mice), and mice doubly deficient in Prkch and Prkcq, which en-
codes PKC, to generate PKCn " PKCO ™~ double-knockout (DKO) mice.
We found that although PKCn shared redundant functions with PKC6O
during T cell development, PKCn was required for normal functions of
mature T cells, because PKCn™~ T cells were less well able to proliferate
in response to antigen or to undergo homeostatic proliferation than were
wild-type mice, which was likely a result of impaired intracellular calcium
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Fig. 1. Analysis of PKCn abundance and localization. (A) PKCnmRNAis A
increased in abundance during positive selection. PKCn mRNA abun-
dance was determined by real-time RT-PCR. Results are shown as fold
change compared to the amount of PKCn mRNA in OT-I DP TCRP cells. Data
represent two experiments, each performed in duplicate. (B) PKCn recruit-
ment to the immunological synapse in the absence of PKC6. To avoid po-
tential cross-reactivity of PKC-specific antibodies, we used thymocytes
and mature T cells from PKC6™~ mice. After activation with superantigen-
loaded LK35 cells, T cells or thymocytes were incubated with antibodies
against LFA-1 and the PKC isoforms (anti-PKC6 and anti-PKCn), after
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els show mature T cells, with corresponding en face views shown on the right.
Data represent at least 50 cell-cell conjugates of each type. (C) Recruitment
of PKCn to the immunological synapse in live cells. OT-I T hybridomas trans-
fected with plasmid encoding PKCn-RFP (n) or PKC8-RFP (6) were stim-
ulated with EL4 cells that were pulsed with OVA or VSV peptides. PKC
protein is shown in red, whereas EL4 cells are shown in blue. Images are
representative of at least 20 cells collected from three experiments.
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(Ca*") signaling and nuclear translocation of the transcription factor
NF-kB, defects similar to those found in PKC6™ mice. In contrast to
PKCn™~ and PKC6™~ mice, DKO mice had a more severe defect in T
cell development and more profound functional defects in mature T
cells, as was revealed in multiple assays. Together, our data suggest that
in addition to sharing redundant roles with PKC6, PKCn has its own
specific functions in T cell biology.
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The abundance of PKCn mRNA is increased during
positive selection of thymocytes

In a previous study, we showed that the abundance of Prkch mRNA
(hereafter referred to as PKCn mRNA) is increased in preselection thymo-
cytes when stimulated with an antibody against the VB chain of the TCR
(7). Independently, Hogquist and colleagues also found that PKCn mRNA
abundance is increased during positive selection (6). Given the requirement
for PKC6 for antigenic stimulation in mature T cells (9, 10, 14, 16), it
was surprising that PKCn rather than Prkcg mRNA (hereafter referred to
as PKCO mRNA) abundance was increased during positive selection (7).
To investigate whether PKCn was involved in thymocyte positive selection
in vivo and to test whether PKCn might compensate for the loss of PKCB,
we measured PKCn mRNA amounts by real-time reverse transcription—
polymerase chain reaction (RT-PCR) assay. We found that PKCn mRNA
was increased in abundance in late-stage CD4" and CDS" double-positive
(DP) cells and in CD4" single-positive (SP) and CDS" SP cells, that is, in
cells that had undergone positive selection (Fig. 1A, left). DP cells with a
high abundance of TCR as assessed by flow cytometry (TCR™ DP cells)
showed about a fourfold increase in PKCn mRNA abundance compared
to that in TCR™ DPs, and this abundance remained increased in the SP
cells. Because PKCB is found in earlier developmental stages in thymo-
cytes than is PKCn, if there was redundancy between the PKCO and the
PKCn isoforms, we would expect that PKCn would be produced earlier in
cells in the absence of PKC8. Indeed, we found that expression of the gene
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encoding PKCn was induced earlier and to a greater extent than normal in
cells before positive selection (TCR' DP cells) (Fig. 1A, right). These re-
sults suggested that PKCn might play a role in thymocyte development.

PKCn is recruited to the immunological synapse
Because the gene encoding PKCn was induced during normal positive
selection and because it was expressed earlier and to a greater extent in
PKC6 ™ thymocytes than in wild-type thymocytes, we tested whether
PKChn, like PKCO, was recruited to the immunological synapse in thymo-
cytes. The recruitment of PKC6 to the synapse is important in signal trans-
duction and is a hallmark of the recognition by the T cell of antigenic
peptide presented by major histocompatibility complex (MHC). To avoid
the possibility of cross-reaction between antibodies against PKCn and
PKC®, we first isolated thymocytes and mature T cells from PKC6 ™~ mice
and activated them with APCs that presented the superantigens staphy-
lococcal enterotoxin A (SEA) and SEB, which react with more than 40%
of the VB repertoire of TCRs in B6 mice (22). Superantigens like SEA
and SEB bind to MHC class II molecules and are then able to activate T
cells by binding to the TCR through recognition of V8 sequences. PKCn
was recruited to the immunological synapse in thymocytes and in mature
T cells upon stimulation with SEA and SEB (Fig. 1B). In PKC8-sufficient
thymocytes, PKC8, but not PKCn, was present at the immunological syn-
apse of DP cells before selection (PKCn is not yet present in these cells)
(fig. S1). In SP cells, both PKC6 and PKCn were found at the immuno-
logical synapse. In PKCO™~ thymocytes, PKCn mRNA was detected in
less mature DP cells than in wild-type thymus (Fig. 1A), and, consequently,
PKCn was present in the immunological synapses of DP cells (fig. S2).
To visualize the recruitment of PKCn to the immunological synapse
in live cells, we transfected OT-I hybridoma cells (23), which have a TCR
that recognizes a peptide from ovalbumin (OVA) presented on the MHC
class I molecule H2-K®, with plasmids encoding mouse PKCn fused to
red fluorescent protein (PKCn-RFP) or PKCO-RFP. We stimulated these
cells with EL4 cells that had been incubated (“pulsed”) with different
peptides. When the stimulatory OVA peptide was presented to the OT-I
cells, both PKCn and PKCO were recruited to the immunological synapse;
however, when the nonstimulatory vesicular stomatitis virus (VSV) pep-
tide was presented, no such recruitment took place, which demonstrated
that the recruitment of PKCn to the immunological synapse was antigen-
specific (Fig. 1C). Jurkat cells, a human CD4" T cell line, were transfected
with plasmids encoding GFP-tagged human PKCn, PKC8, and PKCa
proteins (fig. S3A). PKCn and PKCO, but not PKCo, were recruited to
the immunological synapse during recognition of a superantigen ligand.
Similarly, stimulation of an MHC class II-restricted T cell hybridoma with
antigenic peptide—pulsed APCs resulted in the concentration of transgenic
fluorescence-tagged PKCn and PKCO, but not PKCS, at the immunolog-
ical synapse (fig. S3B). To compare the recruitment of PKCn and PKC6O
directly, we cotransfected OT-I cells with plasmids encoding PKCn-RFP
and PKCO-GFP and imaged the fluorescent proteins during antigen recog-
nition (fig. S4). Both PKCn and PKC6 were recruited to the immunolog-
ical synapse; however, whereas PKCn remained in a diffuse pattern over
the whole area of the synapse (Fig. 1, B and C), which was consistent with
an earlier study (/3), PKCO was more centrally concentrated at the immu-
nological synapse (Fig. 1, B and C), as was expected from previous work
9, 10).

PKCn is not required for positive or negative

selection of thymocytes

To investigate the role of PKCn in a broader manner, we generated Prkch-
deficient (PKCn™") mice (fig. S5). The thymi of PKCn™ mice contained
~20% fewer cells than did the thymi of wild-type mice. When we analyzed
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thymocyte subsets in the thymi of PKCn™ mice, we found that the num-
bers of double-negative 1 (DN1) and DN4 cells were reduced compared to
those in thymi from wild-type mice; however, the numbers of DN2 and
DN3 cells were not altered (Fig. 2A). DN4 cells develop into CD4"CD8"
DP cells, after which they are subjected to positive and negative selection
to generate self-MHC—restricted, self-antigen—tolerant mature T cells (24).
The proportions of DP, CD4" SP, and CD8" SP subsets were similar in the
thymi of PKCn™~ and wild-type mice, with slightly reduced cell numbers
of DP subsets in the PKCr”~ mice (Fig. 2B). These results suggested that
PKCn was not required for the positive selection of thymocytes.

To investigate the role of PKCn in negative selection, we used a super-
antigen-mediated deletion model. Mouse mammary tumor proviruses
(Mtv) encode superantigens that are presented by the MHC class II mol-
ecule I-E to T cells, resulting in the intrathymic deletion of cells bearing
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Fig. 2. Thymocyte development in PKCq~ mice is normal. (A and B)
Thymocytes from age- and sex-matched wild-type (WT) (n = 8 mice) and
PKCn™ mice (nKO, n = 8 mice) were analyzed for the presence of (A)
CD47CD8™ (DN) subsets and (B) CD4* and CD8* (DP, SP) and DN subsets.
Left: representative flow cytometry plots showing the mean percentages of
each subset + SD. Right: mean total numbers of cells + SD for each sub-
set. P values were calculated by Student’s t test. *P < 0.05; ***P < 0.001.
NS, not significant. (C) Negative selection of PKCn™~ thymocytes is normal.
T cells expressing VB5, V11, or V12, but not VB7, were deleted by endog-
enous mouse mammary tumor virus—encoded superantigens in mice that
express I-E (H-2°) but not in mice lacking I-E (H-2°). PKCq~ thymocytes
bearing VB5, VB11, or VB12 were deleted similarly to wild-type thymocytes.
Each dot represents a single mouse.
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VB elements recognized by particular
Mtv superantigens (22, 25). Because B6
(MHC haplotype H-2°) mice do not ex-
press I-E, we crossed the B6 PKCn™~
mice to B10.D2 (H-2%) mice, produc-
ing F1 H-2"“ mice that express I-E%,
In combination with the endogenous
superantigens Mtv-8 and Mtv-9, which
are carried by both B6 and B10.D2
cells, I-E causes the deletion of thymo-
cytes that express the VB5, V11, and
VB12 chains of the TCR on their sur-
face (22, 25). When we compared H-2%®
mice with H-2¢ PKCn"" mice, we
found that a substantial number of T
cells expressing VB5, VB11, and VP12
TCRs were deleted in the H-2"¢ I-E-
expressing F1 mice (Fig. 2C). V7" T
cells do not recognize Mtv-8 and Mtv-9
superantigens and thus were not deleted
in either mouse. Superantigen-mediated
negative selection was as efficient in
the H-2"¢ PKCr*~ as in PKCn'™"* mice,
indicating that PKCn was dispensable
for superantigen-mediated negative
selection.

PKCn-deficient mice have

increased numbers of T cells
with a memory phenotype

We observed that the lymph nodes of
PKCn™~ mice were larger than those
of wild-type mice (Fig. 3A). In the cer-
vical area, there were more and larger
readily identifiable lymph nodes in
PKCn™" mice than in wild-type mice
(Fig. 3A, left). When we isolated the
axillar, brachial, and inguinal lymph
nodes, we found that they were larger
in PKCn™ mice than in wild-type mice
(Fig. 3A, right). Consistent with this
finding, the number of lymph node cells
was increased in the PKCn™~ mice com-
pared to that in the wild-type mice (Fig.
3B). These data suggested that PKCn™
mice may have a general overproduc-
tion of lymphocytes rather than swollen
lymph nodes (lymphadenopathy); how-
ever, the number of lymphocytes in the
spleens of PKCn™™ mice was less than
that of wild-type mice (Fig. 3B). In
the lymph nodes, although there were
only minor changes in the proportions
of T cells or B cells or in the T cell sub-
populations [CD8", CD4"CD25 con-
ventional CD4" cells, or CD4"CD25"
regulatory T cells (Tregs)] (Fig. 3C),
the absolute number of each cell type
was substantially increased in the
PKCn™~ mice compared to those in
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Fig. 3. PKCn™~ mice have enlarged lymph nodes. The mice analyzed in Fig. 2 were examined to determine the
phenotype of their peripheral T cells. (A) Lymph nodes from the cervical area were photographed and are
shown on the left; arrows indicate readily identifiable lymph nodes. On the right are axillar, brachial, and inguinal
lymph nodes that were isolated from mice and aligned for comparison. (B) Total lymphocyte numbers from six
pooled axillar, brachial, and inguinal lymph nodes are shown on the left, whereas total lymphocyte numbers from
spleens are shown on the right. (C) Representative flow cytometry plots of lymph nodes (LNs) and spleens are
shown with the proportion of each cell type listed as the mean + SD. (D) Absolute cell numbers of the indicated
subsets are listed for lymph nodes and spleen. For cell numbers, P values calculated by Student's t test are
shown: *P < 0.05; **P < 0.01; **P < 0.001; NS, not significant; n = 8 mice. Data represent three experiments.
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wild-type mice (Fig. 3D), whereas the numbers of each cell type were
lower in the spleens of PKCn”~ mice than in those of wild-type mice.
The proportion of cells with a memory or activated phenotype within
the conventional CD4"CD25™ population (CD44") of cells was increased
in the lymph nodes and spleens of PKCn”~ mice compared to those in
wild-type mice (Fig. 3, C and D). We obtained similar results when we
used the transcription factor Foxp3, rather than the surface marker CD25,
to define T, (fig. S6, A and B). The total numbers of lymph node and
splenic lymphocyte subsets were similar in wild-type and PKCn™" mice,
which suggested that the lymphocytes of PKCn-deficient mice might pref-
erentially home (or traffic) to the lymph nodes rather than to the spleen.
The exception to this conservation in total lymphocyte number in the
secondary lymphoid tissues was the decrease in the total number of naive
CD4"CD25" and the increase in the number of CD4 CD25~ memory phe-
notype T cells in the PKCr™~ mice compared to those of wild-type mice,
which suggested that the knockout cells may have responded to more self-
stimulation in the periphery than did the wild-type cells (26).

PKCn-deficient T cells show impaired proliferation

To test the proliferative response of PKCn "™ T cells, we purified naive
CD4" or CD8" T cells from lymph nodes, stimulated them through the
TCR with various concentrations of antibody against CD3, and mea-
sured their proliferative responses. Naive CD4" and CD8" T cells from
PKCn™™ mice proliferated less well than did naive CD4" and CD8" T
cells from wild-type mice (Fig. 4A). Unlike PKCO™~ CDS" T cells whose
proliferation was completely abrogated by loss of PKC6, the prolifera-
tion of PKCn/~ CD8™ T cells was only moderately reduced by 30 to 50%
(Fig. 4A). So that both cell types could experience an identical cytokine
environment, we determined cell division by measuring the dilution of
the cytoplasmic dye carboxyfluorescein succinimidyl ester (CFSE) with
a mixture of PKC~ T cells (which had the surface marker CD45.2) and
PKCn™" T cells (which had the surface marker CD45.1). CD8" T cells
from PKCn™~ mice proliferated less well than did PKCn'™* cells in re-
sponse to stimulation by antibody against CD3 or by cross-linking of T cell
surface glycoproteins with the lectin concanavalin A (ConA) (Fig. 4B). We
then performed a similar experiment with MHC class [-restricted OT-1
TCR transgenic T cells that responded to different concentrations of OVA
peptide presented by splenic APCs. In these experiments, PKCn™™ or
PKCO™ T cells (which had the surface marker Thy1.2) were mixed with
PKCn™" T cells (which had the surface marker Thyl.1). The PKCn™ T
cells proliferated more weakly than did the PKCn" cells, but more strongly
than did the PKCO™ cells (Fig. 4C).

To investigate the proliferation of PKCn ™ T cells under more phys-
iological conditions, we stimulated OT-I TCR transgenic PKCn™ T cells
in vivo with bone marrow—derived dendritic cells (BMDCs) that were
loaded with OVA peptide. We purified wild-type (Thy1.2°CD45.2")
and PKCn™" (Thyl.1"/Thyl1.2"CD45.2%) OT-I T cells from lymph
nodes, mixed the cells at a 1:1 ratio, and injected them into recipient mice
that had been immunized with OVA-loaded BMDCs 1 day before the ex-
periment (Fig. 4D). The proportional contribution of each donor cell type to
the total population of cells was determined at various time points by flow
cytometric analysis (Fig. 4D). Both types of donor cells proliferated in the
recipient mice, reaching their peak numbers on day 4, after which they de-
clined (Fig. 4E). However, although both types of donor cells proliferated
with similar kinetics, their respective proliferative capacities were different.
The proportions of PKCn™* and PKCn™™ T cells within the donor pop-
ulation started to diverge on day 1 (Fig. 4F). This difference in proportions
increased over time, peaking at day 3, at which point the percentages of
wild-type and PKCn "~ T cells were 69% versus 30%. This difference in
cellular proportions was maintained until the end of the experiment. The

/-
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differences in the proportion of PKCn™* T cells to PKCn”~ T cells could
have occurred because of differential cell death between the populations.
To test this possibility, we incubated donor cells labeled with annexin V to
detect cell surface phosphatidylserine (which is present on early apoptotic
cells) and the DNA-intercalating dye 7-AAD (7-aminoactinomycin D) to
distinguish viable from dying cells. Both PKCn™" and PKC™~ T cells
had a small and roughly equal subset of dying cells (fig. S7), which suggested
that differential cell death was unlikely to contribute to the difference in
cellular proportions observed earlier (Fig. 4F). Collectively, these data indi-
cate that the PKCn™~ CD8" T cells had a defect in the proliferative response
to TCR stimulation, although the defect that was observed in assays in vitro
was milder than that seen in PKCO™ T cells.

Ca®* and NF-xB signaling in PKCn-deficient

T cells are defective

The proliferative defect in PKCn™ T cells could be a result of insufficient
production of the cytokine IL-2, a prosurvival factor for T cells, deficient
synthesis of the o chain of the IL-2 receptor (IL-2Ra, also known as CD25),
or both, as occurs in PKCO™ T cells (14, 16). In PKCn’/ ~CD8" cells, the
increase in the cell surface abundance of CD25 was substantially reduced
compared to that in wild-type CD8" cells, similar to the reduction ob-
served in PKCO™ T cells (/6) (Fig. 5A), as was the increase in abundance
of the early activation marker CD69 (Fig. 5B). Because CD4" T cells are
the main source of IL-2, we measured the amount of IL-2 secreted by
PKCn”~ CD4" T cells and found that it was slightly (but significantly) re-
duced compared to that of wild-type CD4" T cells (fig. S8A).

NF-kB and Ca®' signaling pathways are defective in PKC6™~ mice,
whereas TCR-proximal and mitogen-activated protein kinase (MAPK)
signaling pathways are intact (14, 16, 20). We therefore investigated these
pathways to try to determine the potential mechanisms responsible for the
defects that we observed in PKCn™~ T cells. To measure changes in Ca*
flux, we mixed wild-type (Thy1.17) and PKCn”~ (Thy1.2") T cells, loaded
them with the Ca**-indicator dye Indo-1, and stimulated their TCRs by
cross-linking prebound antibodies against CD3. In the PKCn-sufficient
CDS8" T cells, we observed a transient peak of increased Ca?* followed
by a sustained, gradually declining Ca>" signal. In PKCyi"~ CD8" T cells,
the magnitude of the Ca®" signal was reduced. This difference in Ca*" sig-
naling was not because of differential Indo-1 loading, because both cell
types exhibited equivalent signals when stimulated with the Ca>" ionophore
ionomycin (Fig. 5C). Ca" signaling includes both the release of Ca** from
endoplasmic reticulum (ER) stores and the subsequent induction of store-
operated Ca*>" entry (SOCE) through channels in the plasma membrane
(27). To identify at which stage Ca®" signals were affected in PKCn '~ T
cells, we measured Ca®" flux in cells incubated with EGTA, which chelates
extracellular Ca?*, thus enabling us to measure only ER-dependent Ca*" re-
lease, and in cells that were subsequently replenished with extracellular Ca*",
thus enabling us to measure SOCE. These experiments showed no defect in
ER-dependent Ca*" release but did reveal a defect in SOCE in PKCn™ T
cells (Fig. 5D). We then directly compared Ca** signaling in PKCn™~ CD8"
T cells and PKCO™~ CD8" T cells and found a similar defect (fig. S8B).

The translocation of the NF-kB p65 subunit from the cytosol to the
nucleus is a hallmark event in the NF-«B signaling cascade. We stimulated
purified CD8" T cells with cross-linked antibodies against CD3 and CD8
and imaged the nuclear and cytoplasmic localization of p65. We observed
translocation of p65 to the nucleus of 40% of wild-type cells, but only in
22% of PKCO™™ T cells, whereas only 15% of PKCn’/’ T cells showed
nuclear translocation of p65 (Fig. 5, E and F). This result was further
confirmed by Western blotting analysis of cytosolic and nuclear extracts.
In wild-type CD8" T cells, nuclear p65 was increased in abundance for
at least 60 min after stimulation, but in PKC” T cells, the increase in the
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Fig. 4. Proliferation of PKCn™ mature T cells is impaired. (A) Naive T
cells were stimulated with antibody against CD3 or with PMA and ionomycin
(P + 1) for 64 hours, and [3H]thymidine was added to the culture medium
for the last 16 hours. Graph shows proliferation as mean counts per mi-
nute (CPM) of ®H incorporated into DNA = SD of replicates (n = 3). (B)
Lymph node cells from WT (CD45.1*) and PKCn KO (CD45.2") mice
were mixed, labeled with CFSE, and stimulated as indicated for 48 hours.
Dilution of CFSE was analyzed by flow cytometry after gating for CD45
allotype and CD8. (C) OT-I TCR transgenic (Tg) WT (CD45.2*Thy1.1%)
and PKCn™ or PKC6™~ (both CD45.2*Thy1.2%) naive T cells were puri-
fied, mixed in a 1:1 ratio, labeled with CFSE, and stimulated with

irradiated splenocytes (CD45.1%) that were pulsed with OVA peptide.
After 48 hours, CFSE dilution was analyzed by flow cytometry. The
percentages of undivided cells are indicated for two independent ex-
periments. (D) Antigen-specific proliferation of PKCn™ T cells is im-
paired in vivo. Experiments were designed as depicted in the cartoon.
Flow cytometry plots show the proportions of WT and KO donor cells
that were present at the indicated times. iv, intravenous. (E and F)
Proportions of WT and PKCn KO donor cells (E) per recipient mouse
spleen and (F) within the donor cell population. Each dot in (E) and (F)
represents an individual mouse. *P < 0.05. Data represent three (A) or
four [(B) and (D to F)] independent experiments.
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Fig. 5. Impaired signal-
ing in mature PKCn™
T cells. (A and B) Sur-
face expression of ac-
tivation markers. Lymph
node cells were acti-
vated by stimulation
with antibody against
CD3 for 16 hours, and
the surface abundance
of (A) CD25 and (B)
CD69 was analyzed
on CD8" cells by flow
cytometry. The gray
line indicates the ba-
sal abundance of these
markers on nonstimu-
lated cells, whereas
the color-hatched re-
gion represents stimu-
lated cells. CD25* and
CD69" cell populations
are marked and the
mean percentages + SD
are shown. The asterisk
indicates statistically
significant difference
(by t test) between
KO and WT mice (n =
3 mice); P = 0.05 for
CD25 and P < 0.05 for
CD69. (C and D) Analy-
sis of Ca®* signaling.
Cells from WT (Thy1.1%)
and PKCnKO (Thy1.2*)
mice were mixed, loaded
with Indo-1, and stimu-
lated by cross-linking
biotinylated antibody
against CD3 (aCD3)
with streptavidin (S.Av).
Ca?* flux was recorded
by flow cytometry. (E
and F) Imaging of the
nuclear translocation of
NF-xB p65 protein. Pur-
ified CD8* T cells were
stimulated with antibodies
against CD3 (¢CD3) and
CD8 (aCD8) for 60 min,
and the nuclear trans-
location of p65 was de-
termined by microscopy
as shown in (E), and sum-
marized in (F). (G and
H) Examination of the
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abundance of nuclear p65 ceased 20 min after stimulation (Fig. 5, G and
H). The total amount of cellular p65 was not altered in PKCn "~ T cells
(fig. S8C). Together, these results demonstrated that the NF-xB pathway
was disrupted in the absence of PKCn at least as much as in the absence
of PKC8. TCR-proximal signaling and MAPK signaling pathways were
normal in PKCn™~ T cells (fig. S8, D and E). Collectively, these results
showed that PKC™~ T cells were defective for Ca>" and NF-kB signaling,
which were also adversely affected in PKCO™™ T cells.

DKO mice reveal isoform-specific and redundant roles
for PKCn and PKC6

The normal T cell development but the defective Ca®* and NF-«B signaling
pathways seen in PKCr”~ and PKC6™~ mice prompted us to investigate
a possible redundancy between PKCn and PKC6 in T cell development and
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Fig. 7. Comparison of homeostatic proliferation in three PKC-deficient
mouse strains. (A and B) Homeostatic proliferation assays were per-
formed with (A) naive polyclonal T cells or (B) naive OT-I TCR Tg T cells
as donor cells. Insets in each histogram in (A) show the parameters of di-
vision index and the percentages of divided cells as calculated with FlowJo
software. The gray line in (B) shows undivided donor cells from nonirradiated
mice. Results shown are one (A) or two (B) from four experiments.
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function. To do this, we bred Prkcqg ™", Prkch”™™ DKO mice. In the thymus,
DKO mice had a more substantial reduction in the numbers of DN1 and
DN4 thymocytes than were observed in either of the single-knockout mice
(Fig. 6, A and D). At the mature SP stage, although PKC6 '~ mice showed
a mild defect in positive selection, the DKO mice had the most marked
defect (Fig. 6, B and E). Thus, comparing the PKC6™~ and DKO mice
revealed a redundant role for PKCn in positive selection. This finding
was confirmed when we analyzed the most mature population of cells
in the thymus, the CD5"TCR™ cells (Fig. 6C). No difference was noted be-
tween PKCn™~ and wild-type B6 mice, but the minor defect in thymocyte
development in PKCO™~ mice (2/) was exacerbated by concomitant loss of
PKCn (Fig. 6, C and F). Collectively, these findings demonstrated
redundancy between PKCn and PKC6; PKCn could substitute for PKCO
during positive selection, as was initially suggested by the increased abun-
dance of PKCn and its recruitment to the immunological synapse in PKCO ™~
thymocytes (Fig. 1).

We performed a comprehensive analysis of the lymph nodes and
spleens of B6 mice and the various PKC knockout strains (fig. S9). Al-
though redundancy between PKCn and PKC6 was apparent in thymocyte
development, we observed an isoform-specific phenotype in mature T
cells in the lymph nodes. For example, DKO mice and normal B6 mice
had the same total number of T cells, as well as similar numbers of CD4"
and CD8" T cell subsets. In contrast, PKCn+ and PKCO™™ mice had the
highest and lowest number of these subsets, respectively (fig. S9B). More
evidence supporting an isoform-specific role for PKCn in the biology of
peripheral T cells came from analysis of the ratio of CD4" to CD8" cells
in wild-type B6 mice and PKC-deficient strains of mice (fig. S9E). The
CD4/CD8 T cell ratio was highest in PKCr™~ miice (lymph nodes: 1.69 +
0.29; spleen: 2.39 + 0.47) and lowest in PKC6™~ mice (fymph nodes: 1.04 +
0.12; spleen: 1.31 + 0.21), with wild-type mice exhibiting intermediate ratios
(Iymph nodes: 1.44 + 0.31; spleen: 1.87 + 0.53). The biased CD4/CDS8 ratios
seen in single PKC knockout mice were “corrected” in DKO mice (lymph
nodes: 1.53 + 0.34; spleen: 1.88 + 0.39). Together, these results strengthen
the notion that PKCn and PKC6 have both redundant and isoform-specific
roles in T cell development.

To determine whether the redundancy between PKCn and PKC6 was
also manifested in T cell function, we measured the ability of T cells from
the various PKC knockout mice to undergo homeostatic proliferation in
vivo. T cell homeostatic proliferation occurs in response to a lymphopenic
environment and is driven by TCR signaling (26). We sorted naive T cells
from wild-type (Thy1.1") and the different PKC knockout mice (all Thy1.2"),
mixed them at a 1:1 ratio, labeled them with CFSE, and injected them
into sublethally irradiated recipient mice. One week later, we determined
the CFSE staining of donor T cells by flow cytometry. We found that
PKCn™~ CD8" cells proliferated less well than did wild-type cells, with
the most severe proliferation defect seen in DKO cells. PKC6™~ cells showed
no noticeable defect in proliferation compared to that of wild-type cells (Fig.
7A). That the homeostatic proliferation of DKO T cells was not completely
abolished and that PKCn™", but not PKC6™", CD8" T cells had a noticeable
proliferative defect was surprising. It was possible that the use of polyclonal
donor T cells in these experiments obscured a defect in the PKC-deficient
cells. Therefore, we repeated this experiment with MHC class I-restricted
OT-I TCR transgenic T cells as the donor cells. The DKO cells proliferated
poorly compared to the wild-type cells in recipient mice (Fig. 7B, left). We
also observed a proliferative defect in the PKCn™ cells, but not in the
PKCO7" cells, consistent with the earlier experiments. We also analyzed
the proportions of wild-type and PKC-deficient donor cells present in the
recipient mice after 1 week. Although all of the cell combinations started
at a 1:1 ratio, the proliferation of DKO cells was outpaced by that of
wild-type T cells (Fig. 7B, right). PKCn '~ cells also represented a reduced
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Table 1. Comparison of PKC6™~, PKCn™", and DKO mice. ND, not determined; WT, wild type; Tg, transgenic; IS, immunological synapse.

PKC6 KO PKCn KO* DKO*

Thymocytes
Positive selection Mildly impaired* Normal Strongly impaired
Negative selection Normal Normal ND
Mature T cells
CD4/CD8 T cell ratio Lower than WT Higher than WT Equal to WT
Proliferation

to aCD3 in vitro Severely impaired Mildly impaired ~PKC6 KO

to PMA/ionomycin Normal Normal ND

to antigen in vivo Normal or impaired Impaired ND

to antigen in vitro Impaired Impaired ND
Homeostatic proliferation

Non-Tg CD8 normal CD8 impaired Strongly impaired

OT-I Tg Normal’ Impaired Strongly impaired
Signaling events
Ca?* flux Impaired Impaired ND
NF-xB translocation Impaired Impaired ND

Recruitment to IST Recruited, central region

Recruited, diffuse pattern

*Based on data obtained from this study. 1Not based on knockout mice.

proportion of the cell population after a week, but the proportion of
PKCO™~ cells was similar to that of the wild-type cells. These changes
matched the data from the CFSE-labeling experiments, demonstrating that
PKCn, not PKC6, played a major role in the homeostatic proliferation of
CD8" T cells. In addition to TCR signaling, cytokines such as IL-7 and
IL-15 can also promote homeostatic proliferation; however, altered re-
sponsiveness to these cytokines during homeostatic proliferation seems
unlikely in the case of PKCn’/’ and DKO T cells, because the amounts
of IL-7Ro (CD127) and IL-15R (CD122) on the surface of these cells was
comparable to those of wild-type T cells (fig. S10).

DISCUSSION

The finding that the abundance of PKCn mRNA was increased during the
positive selection of thymocytes (6, 7) was surprising, given the widely
accepted importance of PKC8 in T cell biology, in particular that PKC6O
is recruited to the central region of the immunological synapse (9, 10).
PKCn was also recruited to the immunological synapse during thymocyte
development and in mature T cells. PKCn formed a diffuse pattern at the
immunological synapse, such that although PKCn and PKC6 were co-
recruited to the immunological synapse, PKCBO is concentrated at the central
synapse, but PKCn was not. Such different localization patterns might lead
to different functions. This suggestion is consistent with our data showing
that T cell activation involving immunological synapse formation (antigen-
specific proliferation in response to APCs) was more severely affected in
cells lacking PKCn than were responses that did not involve an immuno-
logical synapse, such as stimulation with antibody against CD3 or with a
combination of phorbol 12-myristate 13-acetate (PMA) and ionomycin.
Knockout mice have been powerful tools in immunological studies, as
evidenced by the studies of PKCO in T cell biology (/4, 16). In contrast,
studies on PKCn have lagged behind. The first study of a PKCn knockout
mouse was published several years ago but lacked any immunological
analysis (8). Until now, there has been no follow-up study of this or
any other PKCn knockout mouse. We have summarized the similarities
and differences between PKCn™"~, PKCO™", and the DKO mice on the
basis of this study and work from others (Table 1) (/4, 16, 20, 21).
That thymocyte development was normal in PKCn™~ mice was not un-
expected. Initial reports on PKCO™~ mice did not identify any defects in
thymocyte development despite showing severely impaired mature T cell
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function (74, 16); however, a study reexamining thymocyte development
in PKC6™~ mice showed a mild deficiency (21), which is also in agree-
ment with our observations here. Therefore, it is possible that the lack of
obvious developmental or functional defects in any single PKC knockout
mouse strain results from a redundancy between PKC isoforms, especial-
ly those members within the same subfamily. This is evidenced in our
PKCn™PKC8~~ DKO mice, in which positive selection was more severely
impaired than in either single-knockout mouse.

Although redundancy between different PKC isoforms obscures some
roles of individual PKC isoforms, we did find clear individual roles for
PKCn in this study. For example, a reduced homeostatic proliferation of
CD8" T cells (either polyclonal or OT-I TCR transgenic T cells) was seen
only in PKCn ™~ cells, but not in PKC™~ cells. Also, PKCn™ mice had a
higher ratio of CD4" T cells to CD8" T cells than did wild-type mice, where-
as PKCO™" mice had a lower ratio. Knockout of both PKC isoforms re-
sulted in a CD4/CD8 T cell ratio that was similar to that of wild-type mice.
Previous work has shown that the ratio of CD4" to CD8" T cells is influ-
enced by a number of factors during development (28—30); however, the
effect of PKC knockout that we observed appeared to occur post-thymically,
because SP thymocytes from the knockout mice did not show altered ratios
of CD4" to CD8" T cells. Together, these results demonstrate PKCn-specific
roles in T cells.

The enlarged lymph nodes seen in PKCn™~ mice relative to those of
wild-type mice were also noted in PKC3 ™~ animals (3/) but were not ob-
served in PKCO™~ mice (/4, 16). In PKC8 '~ mice, lymphadenopathy was
associated with increased numbers of B cells as well as a marked increase
in the ratio of B cells to T cells (3/). However, the situation in PKCr™/
mice was more complicated. In the lymph nodes, the relative proportions
of B cells and T cells were barely different (~4% difference) and thus were
unlikely to account for the substantially increased cell numbers (40 to
50%) in the lymph nodes of the PKCn™ mice compared to those of nor-
mal mice. In contrast, in the spleens of PKCn™™ mice, the numbers of B
cells and T cells were reduced compared to those in spleens from wild-
type mice. We speculate that the differences in lymphocyte numbers be-
tween the lymph nodes and the spleens of the PKCn™~ mice may reflect
altered lymphocyte homing, homeostasis, or both and are worth further
investigation. We found that Ca®" flux and NF-kB translocation were im-
paired in PKCn™~ T cells, but that TCR-proximal tyrosine phosphoryl-
ation events and MAPK signaling pathways were intact. These signaling
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defects are similar to those of PKC6™~ T cells. Unlike PKC, about which
there are many in-depth studies on the molecular signaling machinery
(15, 18-20), the investigation of PKCn is still at an early stage.

One puzzle raised in this and other studies is that there is an ap-
parent discrepancy between the severe defect seen in PKCO™~ T cells
in studies in vitro and the mostly mild (if any) defect observed in
studies in vivo. For example, the absence of PKCO impairs the differenti-
ation of T helper type 2 (Ty2) cells but not that of Ty1 cells, which results
in reduced immune responses against Leishmania major (32). Similarly,
PKC6 deficiency results in impaired responses to Listeria monocytogenes
infection (33), but not to impaired antiviral immune responses (34, 35).
As we showed here, PKCO™'~ CD8" T cells showed normal homeostat-
ic proliferation, whereas this was impaired in PKCn”~ CD8" T cells.
Thus, the deficiencies seen in PKCn™~ T cells in vivo were more marked
than those of PKCO ™'~ T cells. It will be interesting to determine how
PKCn™ and DKO T cells behave in vivo in response to viral and bac-
terial infections.

We have demonstrated that PKCn has specific as well as redundant
(with PKC8) functions in T cell biology, which are separated by develop-
mental stage. Although redundant during T cell development, specific
roles for PKCn in the responsiveness of CD8" T cells were apparent in
the periphery. Deficiencies in CD8" T cell responses to peptide-MHC
complex may cause the increased CD4/CD8 T cell ratio in peripheral T
cells that we observed in the PKCn™™ mice. In addition, PKCn was re-
quired to balance the distribution of lymphocytes between different
lymphoid organs. Together, these factors point to the importance of
PKCn in T cell biology.

MATERIALS AND METHODS

Mice

B6.PL-Thyla/CyJ (Thyl.1°CD45.2") and B6.SIL-Piprca Pepch/Boyl
(Thy1.2°CD45.1") mice were purchased from Jackson Laboratories.
C57BL/6 (Thy1.2°CD45.2") mice were bred at The Scripps Research In-
stitute (TSRI). OTI and OT-I Zap ™~ animals were obtained from S. Jameson
and K. Hogquist (University of Minnesota, Minneapolis, MN), and Prkeqg™™
mice (14) and OTI Prkeg™~ were provided by A. Altman (La Jolla Insti-
tute for Allergy and Immunology). Prkch”~ mice were generated in this
study. All experiments were performed in accordance with the guidelines
of the Animal Care and Use Committee of TSRI.

Antibodies, cytokines, and reagents

Antibodies against CD3 (145-2C11), CD4 (RM4.4, RM4.5, GK1.5), CD8o.
(53-6.7), CD25 (PC61.5), CD62L (MEL14), CD44 (IM7), VB5 (MR9-6),
VB6 (RR4-7), VB11 (CTVBI11), and VB12 (CTVBI2b) were obtained from
eBioscience, BioLegend, or BD Biosciences. Antibodies against phospho-
rylated extracellular signal-regulated kinase 1 and 2 (ERK1/2) (T>*>/Y>%,
clone 197G2), phosphorylated p38 MAPK (Thr'®/Tyr'®?, clone 3DT),
o-tubulin, and B-actin were from Cell Signaling Technology. Antibodies
against p65, PKCn, and PKCO were obtained from Santa Cruz Bio-
technology. Recombinant IL-3, IL-6, and stem cell factor were obtained
from PeproTech. Granulocyte macrophage colony-stimulating factor was
generated as described previously (36). Streptavidin was obtained from
Jackson ImmunoResearch Laboratories. The GeneJammer transfection re-
agent was from Stratagene. The AmiconUltra centrifugal filter device
(UFC810024) was obtained from Millipore. EasySep Mouse total T cell,
CD4", and CD8" T Cell Negative Enrichment Kits were from STEMCELL
Technologies. Indo-1 AM and CFDA-SE (CFSE) were from Molecular
Probes (Invitrogen).
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Real-time RT-PCR

Total RNA from the thymi of 4- to 8-week-old OT-I mice or from sorted
subpopulations was isolated with the RNeasy Mini Kit (Qiagen). The RNA
was treated with deoxyribonuclease I (DNase I; Invitrogen) for 15 min at
room temperature. The reaction was stopped by the addition of 25 mM
EDTA, and the DNase was inactivated by incubating the samples at 65°C
for 10 min. RNA samples were used as templates to synthesize complemen-
tary DNA (cDNA) with the SuperScript First-Strand Synthesis System for
RT-PCR (Invitrogen) according to the manufacturer’s recommendations.
Oligonucleotide primers were designed with Primer Express 1.5 software
(PE Applied Biosystems). The primer sequences are as follows: PKCn
5’ primer: 5'-CTCCAGACCGTCTGTTCTTTGTC-3’; 3’ primer: 5'-
ATCTCCGCGGCGTAGAAA-3’; GenBank accession number D90242;
ribosomal protein 5 primer: 5-AGATGCAGCAGATCCGCAT-3'; 3’ primer:
5'-GGATGGCCTTGCGCA-3’; GenBank accession number BC011106.
Real-time PCR reactions were performed on the ABI Prism 7700 Sequence
Detection System with SYBR Green PCR Master Mix (PE Applied Biosys-
tems). The PCR mix was optimized for SYBR Green reactions and contained
SYBR Green 1 dye, AmpliTagGold DNA polymerase, and deoxynucleotide
triphosphates (ANTPs) with deoxyuridine triphosphate ({UTP). Each reac-
tion was performed in a final volume of 25 pl and contained the SYBR
Green PCR Master Mix, cDNA, and 150 nM of each primer. Two indepen-
dent experiments were performed, and all reactions were performed in du-
plicate. A standard curve with a twofold serial dilution of the standard cDNA
was generated for the target gene as well as for the housekeeping gene ri-
bosomal protein. cDNAs (20 ng per reaction) from the different cell popu-
lations were used as templates for real-time PCR. Standard curves were
used to determine the relative concentrations of amplified transcripts. The
amounts of PKCn mRNA were first normalized to those of the ribosomal
protein mRNA. The normalized sample values were finally divided by the
normalized amounts of PKCn mRNA in samples from OT-I TCR' DP
cells to obtain the fold change in mRNA abundance between the different
populations of DP thymocytes.

Generation of PKCn™™ mice
The strategy for generating PKCn knockout mice was as described pre-
viously (fig. S5) (37) except that all cloning materials, embryonic stem
cell line (Bruce4), and founder mice used for breeding were on a B6
background. PKCO knockout mice were described previously (/4) and
were maintained in TSRI animal facility by further breeding onto the
B6 background. DKO mice were generated by breeding PKCn™~ and
PKCO™" mice together.

T cell activation and proliferation assays

Purified naive CD8" T cells from mice were used in experiments as in-
dicated in the text. Purification was performed with biotinylated antibodies
in conjunction with magnetic beads conjugated with antibodies against
biotin (BD Biosciences), or cells were sorted with a flow cytometer. Cells
were stimulated with plate-bound or soluble antibody against CD3 as in-
dicated in the figures, and cells were incubated with antibodies against
CD69, CD25, CD4, and CDS for flow cytometric analysis. Thymidine
incorporation assays were performed as described (/4). For proliferation
assays involving CFSE dilution, lymphocytes were incubated with CFSE
(0.2 uM) at 37°C for 10 min, which was stopped by the addition of 10 vol-
umes of cRPMI [RPMI medium supplemented with 10% fetal calf serum
(FCS), penicillin (100 U/ml), streptomycin (10 pg/ml), glutamine (292 pg/ml),
50 uM 2-mercaptoethanol, and 25 mM Hepes (pH 7.2 to 7.5)]. After wash-
ing, cells were cultured with or without antibody against CD3 in cRPMI for
48 hours or in the presence of irradiated B6.SJL-Ptprca Pepcb/Boyl
(CD45.1) splenocytes that had been pulsed with the indicated concentration
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of OVA peptide. T cell proliferation was determined by measuring the di-
lution of CFSE in cells by flow cytometry. For measurement of IL-2 pro-
duction, CD4" T cells were purified from lymph nodes with the EasySep
Mouse CD4" T Cell Enrichment Kit (STEMCELL), and 2 x 10° cells were
seeded per well in a BioCoat T-Cell Activation Plate, which was precoated
with antibody against CD3 (BD Biosciences). To stimulate cells, we added
soluble antibody against CD28 to the cell culture medium to a final concen-
tration of 1 pg/ml and incubated the cells at 37°C in 5% CO, for 48 hours.
Culture supernatants were removed, and the concentration of IL-2 produced
by the cells was measured with the mouse IL-2 enzyme-linked immuno-
sorbent assay (ELISA) Ready Set Go kit (eBioscience) according to the
manufacturer’s instructions.

Ca®* signaling

Ca®" flux was performed as described previously (37, 38). Briefly, lym-
phocytes were isolated from wild-type mice (Thyl.1" or Thyl.2") and
PKCn™ mice (Thy1.2"). Cells from different genotypes were mixed at
a 1:1 ratio. Cells were suspended at 2 x 10° to 5 x 10%ml in cRPMI
and were incubated with 2 uM Indo-1 AM for 30 min at 37°C in 5% CO..
Cells were washed twice with cRPMI and resuspended in 0.5 ml of
cRPMI or cHBSS [Hanks’ balanced salt solution (HBSS) supplemented
with 1% FCS, 1 mM EGTA, 1 mM MgCl,, and 10 mM Hepes (pH 7.2 to
7.5)]. Cells were prewarmed to 37°C before analysis and were kept at 37°C
during event collection on a Becton-Dickinson LSR-II flow cytometer.
To stimulate cells, we added reagents during the analysis as indicated in
the figures. Maximal Ca®" flux was obtained by addition of ionomycin
(500 ng/ml; Calbiochem). The mean fluorescence ratio was calculated
with FlowJo software (TreeStar).

Western blotting analysis

CDS" T cells were stimulated with cross-linking antibodies against CD3
and CDS8 for the times indicated in the figures. Cell lysates were prepared,
resolved by SDS—polyacrylamide gel electrophoresis (SDS-PAGE), and
analyzed by Western blotting with the indicated antibodies, as described
previously (37). To measure the nuclear translocation of NF-kB p65, we
stimulated cells as described earlier, chilled the cells on ice, and fraction-
ated them with the NE-PER kit (Pierce). Western blotting analysis of sam-
ples was performed with the Li-Cor Odyssey infrared imaging system.
Normalization and calculation of fraction purity and the ratios of nuclear
to cytosolic p65 abundance were performed according to Li-Cor protocols
with p65, total protein, actin, and tubulin signals.

In vivo proliferation assays

Proliferation of OT-I TCR transgenic cells in response to stimulation
with OVA peptide in vivo was measured as described previously (39).
Briefly, OT- TCR CDS" T cells were purified with a CDS" T cell Neg-
ative Enrichment Kit (STEMCELL). Wild-type (Thy1.2°CD45.2") and
PKCn™ (Thyl.1"/Thy1.2"CD45.2") cells were mixed at a 1:1 ratio and
transferred into recipient B6.SJL mice (Thy1.2"CD45.1"). The recipient
mice were intravenously injected with BMDCs that had been pulsed with
OVA,s57 264 peptide 1 day before transfer of the T cells. At various time
points, cells from the lymph nodes and spleens of recipient mice were
collected, and the proportions and absolute cell numbers of donor cells
were determined by flow cytometry. BMDCs were cultured and induced
to maturation as described previously (36, 39, 40). Briefly, on day 7 of
BMDC culture, lipopolysaccharide (100 ng/ml) was added overnight to
induce maturation. BMDC maturity and phenotype were confirmed by
flow cytometric analysis of the surface expression of CD11c, CDS6,
CD80, and MHC-II. The resultant cell population contained >90%
CD11c" MHC-II" BMDCs.
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Homeostatic proliferation assays

Naive T cells (CD62L"CD44") were sorted from mice (all of which were
CD45.2", but were either Thy1.1" or Thy1.2"). Thyl.1" or Thy1.2" sorted
cells were mixed in a 1:1 ratio, labeled with CFSE, and injected intra-
venously into recipient B6.SJL mice (Thy1.2"'CD45.1"), which were sub-
lethally irradiated (5.5 Gy) with a Gammacell 40 (MDS Nordion) before
cell transfer. One week later, cells from the lymph nodes and spleens of
recipient mice were collected and analyzed by flow cytometry.

Microscopy

To visualize the recruitment of PKC to the immunological synapse in live
cells, we transfected T cell hybridomas with plasmid encoding fusion pro-
teins of PKC isoforms and fluorescent proteins as indicated in the text.
The form of RFP used was tdimer2(12) (4/). APCs were loaded with pep-
tides or superantigens as indicated in the figures. T cell hybridomas and
APCs were mixed together for various time points and were fixed before
imaging. For time-lapse imaging of T cell-APC conjugates (fig. S4), T
cell hybridomas and APCs were sequentially loaded into an FCS2 flow
chamber (Bioptechs) that was heated to 37°C. To visualize the recruitment
of PKC to the immunological synapse in live primary T cells, we incu-
bated 1 x 107 thymocytes with 2 x 107 EL4 cells that were pulsed with
OVA peptide (10 mM) or with 2 x 107 LK35 B cell (class II') tumor cells
presenting the superantigens SEA (50 ng/ml) and SEB (10 pg/ml; Toxin
Technology) in 96-well, round-bottomed plates for 30 or 60 min at 37°C.
Thymocytes were then fixed with 4% paraformaldehyde (PFA) for 12 min
at room temperature. To detect cell surface markers, we incubated thymo-
cytes with biotinylated antibodies against CD4, CD8, or LFA-1 (BD Bio-
sciences) and then incubated them with Alexa Fluor 488—conjugated
streptavidin (Molecular Probes). For intracellular staining, cells were per-
meabilized with 0.2% saponin for 15 min at room temperature. Cells were
then incubated with rabbit antibodies against the appropriate PKC iso-
form, after which they were incubated with Alexa Fluor 568— or Alexa
Fluor 680-conjugated antibodies against rabbit antibodies (Molecular
Probes). To visualize the nuclear translocation of NF-xB in primary T
cells, we purified 2 x 10° CD8" T cells from lymph nodes by magnetic
negative selection and plated the cells on Lab-Tek II chambered cover
glass coated with poly-L-lysine (Sigma). The cells were then stimulated
with cross-linking antibodies against CD3 and CDS for the times indi-
cated in the figures. T cells were then fixed with 4% PFA for 12 min at
room temperature. Cells were permeabilized with 0.3% Triton X-100 for
3 min at room temperature. Cells were then incubated with rabbit antibody
against p65 (1 pg/ml), after which they were incubated with Alexa Fluor
488—conjugated secondary antibody against rabbit antibody (Molecular
Probes). Nuclei were counterstained with the DNA binding dye 4’,6-diamidino-
2-phenylindole (DAPI, Invitrogen). All images were captured with a Zeiss
Axiovert 200 M inverted microscope. SlideBook software (Intelligent
Imaging Innovations) was used for the capture as well as for deconvolution
and image analysis, and ImageJ was used for image presentation.

Statistical analysis

Statistical differences were calculated with the mean difference hypothesis
of Student’s two-tailed ¢ test, assuming different variances and a confi-
dence level of 95%. Calculations were performed with Microsoft Excel.

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/4/202/ra84/DC1

Fig. S1. Recruitment of PKCn to the immunological synapse in the presence of PKC6.
Fig. S2. Recruitment of PKCn to the immunological synapse in preselection thymocytes in
the absence of PKC6.

Fig. S3. Antigen-specific recruitment of PKCn to the immunological synapse.

Fig. S4. Time course of the recruitment of PKCn and PKCB6 to the immunological synapse.
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Fig. S5. Generation of PKCr™”~ mice.

Fig. S6. Analysis of CD4" T cell subsets.

Fig. S7. Cell death status of wild-type and PKCn KO cells responding to antigen in vivo.
Fig. $8. TCR signaling cascade in mature T cells from PKCq™~ mice.

Fig. S9. Comparison of peripheral T cell phenotypes in three PKC-deficient mouse strains.
Fig. $10. IL-7Ra (CD127) and IL-15R (CD122) abundances on PKC-deficient cells are normal.
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