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Abstract

The cytosolic proteins PKC6, Bcl10, and Maltl play critical roles in T cell receptor (TCR) signaling
to the transcription factor nuclear factor kB (NF-xB). Our data confirm that CD4™ T cells from
PKC6, Bcl10 and Malt1 knock-out mice show severe impairment of proliferation in response to TCR
stimulation. Unexpectedly, we find that knock-out CD8* T cells proliferate to a similar extent as
wild-type cells in response to strong TCR signals, although a survival defect prevents their
accumulation. Both CD4* and CD8* knock-out T cells express activation markers, including CD25,
following TCR stimulation. Addition of exogenous interleukin-2 (I1L-2) rescues survival of knock-
out CD4* and CD8* T cells, but fails to overcome the proliferation defect of CD4* T cells. CD4* T
cells from knock-out mice are extremely deficient in TCR-induced NF-«B activation, whereas NF-
kB activation is only partially impaired in CD8" T cells. Overall, our results suggest that defects in
TCR signaling through PKC#, Bcl10 and Malt1 predominantly impair NF-kB activation and
downstream functional responses of CD4* T cells. In contrast, CD8" T cells maintain substantial
NF-«B signaling, implying the existence of a significant TCR-regulated NF-«xB activation pathway
in CD8* T cells that is independent of PKC6, Bcl10 and Maltl.
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Introduction

T cell activation is initiated when the T cell receptor (TCR) encounters cognate peptide:MHC
displayed on the surface of an antigen presenting cell (APC). Engagement of the TCR initiates
a series of signal transduction events that culminate in T cell proliferation and gain of effector
functions. One of the key transcription factors activated during this process is NF-xB, which
is a central regulator of numerous genes involved in T cell survival, proliferation, and effector
function.

NF-«xB activation is a tightly controlled process (reviewed in (1-3)). In the absence of
stimulation, NF-xB is retained in the cytoplasm through its association with inhibitor of kB
(IxB) proteins, an interaction that masks the nuclear localization sequence of NF-xB. Following
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TCR engagement, PKCBH, a novel protein kinase C enzyme, is activated and phosphorylates
Carmal, a CARD-containing MAGUK protein (4,5). Carmal then associates with a pre-
existing complex, consisting of the CARD protein Bcl10 and the caspase-like protein Malt1,
to form the Carmal-Bcl10-Maltl (CBM) complex (6-8). Through its association with TRAF6,
Maltl then effects K63-linked polyubiquitination of the regulatory y-subunit of the 1B kinase
(IKK) complex (9,10). Caspase 8 is also required for IKK activation, both via stabilizing IKK
interaction with Bcl10 and Maltl (11) and via recruiting Bcl10 and Maltl to lipid rafts (12).
K63-ubiquitinated IKKy serves as a docking site for the kinase TAK1, which phosphorylates
and activates IKKp (9). Activated IKKp phosphorylates IxB, leading to its subsequent K48-
linked polyubiquitination and proteasomal destruction (13). NF-«xB then enters the nucleus,
where it controls the transcription of target genes.

Mice deficient in PKCO, Bcl10 and Maltl have been generated and characterized (14-19). T
cells from these knock-out animals exhibit very similar phenotypes, including impaired NF-
kB activation, deficient IL-2 production, reduced expression of activation markers, and
diminished cell proliferation in response to TCR ligation. Overall, these previous studies
suggest that PKCO-, Bcl107- and Maltl”-, T cells are essentially non-functional. However, a
more recent study has shown that PKC67~ mice are able to mount effective CD8* T cell
responses to some viral infections (20), challenging the model that T cells are non-functional
in the absence of PKC0, Bcl10 or Malt1. We have therefore re-examined the responses of these
knock-out T cells, using more robust TCR stimulation than was employed in the original studies
of these animals (14-19). Our results confirm previous findings demonstrating that the loss of
PKCO, Bcl10, or Malt1 severely impacts CD4* T cell proliferation. Surprisingly, however, we
find that under conditions of strong TCR stimulation, CD8* T cells from knock-out mice
proliferate to a similar extent as wild-type cells, although a survival defect limits their
accumulation. Both CD4* and CD8™ knock-out T cells upregulate CD25 and CD44 in response
to strong TCR stimulation, but these cells are highly deficient in IL-2 production. Addition of
exogenous IL-2 improves knock-out T cell survival, but does not restore knock-out CD4* T
cell proliferation. CD4* T cells from knock-out mice fail to activate NF-xB in response to TCR
ligation, whereas a subset of CD8* T cells from these animals successfully activate NF-xB.
Our results suggest that while CD4* T cells are highly dependent on PKC9, Bcl10, and Maltl
to fully activate NF-xB in response to TCR ligation, CD8* T cells are able to utilize an
uncharacterized parallel pathway to successfully activate NF-xB and drive T cell proliferation
in the absence of these molecules.

Materials and Methods

Mice

Tissues were harvested from 6-10 wk old C57BL/6 (WT) mice (NCI; Frederick, MD);
Bcl107- and Maltl”- mice (16,17) (provided by T. Mak, University of Toronto, Toronto,
Canada); and PKC6™~ mice (18) (provided by A. Kupfer, Johns Hopkins University School of
Medicine, Baltimore, MD). Bcl107- and PKCO”- mice were backcrossed with C57BL/6 mice
for at least 5 generations. For TCR transgenic experiments, tissues were harvested from 4-7
wk old OTII (21), HY (22), PKCO™7- OTIl and PKC67- HY mice. All mouse experiments were
approved by the USUHS IACUC.

T cell purification and culture

Lymph nodes were collected in ice-cold HBSS and passed through a 70 uM cell strainer to
create a single cell suspension. T cells were isolated by negative selection, using biotinylated
antibodiesto B220 (RA3-6B2), CD11b (M1/70), FCyR (2.4G2), and MHCII (KH74), followed
by incubation and separation with streptavidin-coated magnetic beads (Dynal), resulting in T
cell purities of 95-98%. To purify CD4* T cells, biotin anti-CD8 (53-6.7; BioLegend) was
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added to the above antibody combination, resulting in CD4* purities of 98% or greater. To
purify CD8" T cells, biotin anti-CD4 (GK1.5) was added, resulting in CD8* purities of 94%
or greater. Cells were rested for an average of 2.5 h (range: 1 h 45 min to 4 h) before plating
by incubation in EHAA media. For some experiments, cells were rested in EHAA media
supplemented with 5 ng/mL rmlL-7 (Fig.1A, C, D, E; Fig. 6C-F). T cell cultures received 1
pg/mL aCD28 (37.51; BD Pharmingen) unless otherwise indicated.

T cell proliferation

A 96 well plate was coated overnight at 4°C with the indicated concentrations of anti-TCRf
(H597), followed by 6 washes with HBSS. Purified T cells were labeled with CFSE (1mM)
and plated at a density of 3-4 x 10 cells per well in 100-200 uL. EHAA media (Invitrogen).
At the indicated times, cells were stained with anti-CD4 APC (RM4-5; Caltag) and anti-CD8
PerCP (53-6.7; BD Pharmingen), and CFSE dilution was assessed by flow cytometry. In some
experiments (Figs. 4 and 5), cells were supplemented with recombinant murine IL-2 (R&D
Systems) at 2 ng/mL or 50 ng/mL after 24 hours of culture.

For assessment of antigen-stimulated proliferation, C57BL/6 splenocytes were treated with
mitomycin C (40 pg/mL), and 1 x 10° cells were plated in a 96-well plate. Lymphocytes were
isolated from OTIl or HY TCR-transgenic mice, labeled with CFSE, and 4 x 10° lymphocytes
were cultured with peptide-pulsed splenocytes. Wild-type ovalbumin (OVA) (325-339)
(QAVHAAHAEINEAGR) or the OVA 331K (23) non-stimulatory (null) variant were used to
stimulate OTH T cells, and SMCY (738-746) (KCSRNRQYL) or the null variant SMCY 743A
(24) were used to stimulate HY T cells. Cells were harvested every 24 h and stained with anti-
CD4 APC (RM4-5; Caltag) and anti-Vp5 PE (MR9-4; BD Pharmingen) to identify OTII T
cells, or with anti-CD8 Alexa 647 (53-6.7) and anti-V(38 PE (F23.1; BD Pharmingen) to identify
HY T cells.

Flow cytometry was performed on a Beckman-Coulter LSRII, and data analysis was performed
using WinL.ist 5.0. The proliferation index for CFSE-labeled cells was calculated using ModFit
software (Version 3.1, Service Pack 3) (Verity Software House).

Western blotting

Primary C57BL/6 or PKCO7~ T cells were purified with Cellect T cell columns (Cedarlane),
and stimulated with plate-bound anti-CD3e¢ plus soluble anti-CD28. Whole cell lysates were
prepared on ice by direct lysis of cells and sonication in 1x Laemmli buffer. Protein lysates
were separated by SDS-PAGE, and blotted onto nitrocellulose membranes. Proteins were
detected by a monoclonal antibody against PKC8 (BD Pharmingen), and polyclonal antibodies
against phospho-lxBa (Ser 32, Cell Signaling Technologies), cyclin E and actin (both from
Santa Cruz Biotechnology). Proteins were detected by chemiluminescence using HRP-
conjugated secondary antibodies, except for actin, which was detected by direct fluorescence
of a Cy3-conjugated secondary antibody.

Phospho-IkBa staining

Stimulated T cells were harvested and stained with anti-CD4 PE (GK1.5; eBioscience) and
anti-CD8 PerCP (53-6.7; BD Pharmingen). Cells were washed twice, fixed, and permeabilized.
Phospho-IkBa was detected by overnight incubation at 4°C with a rabbit polyclonal antibody
(Ser 32, Cell Signaling Technology), followed by 30 min incubation with Alexa 647 goat anti-
rabbit IgG (Molecular Probes) and flow cytometry analysis. Experiments conducted with a
rabbit monoclonal antibody to phospho-1xBa (Ser32, Cell Signaling Technology) yielded
similar results. For experiments with IKK inhibitors, T cells were treated at 48 h post-TCR
stimulation with 5 pg/mL of BAY-117082 or BAY-117085 (Calbiochem) in DMSO, or with
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an equivalent volume of DMSO or EHAA media. Cells were harvested after 30 min and 2 h,
and phospho-lkBa was detected as described above.

Epifluorescence microscopy

Purified T cells were harvested every 24 h and stained with anti-CD4 Oregon Green (GK1.5)
and anti-CD8 Alexa 647 (53-6.7). Cells were placed on poly-D-lysine coated coverslips, and
incubated at 37° C for 5 min. Cells were fixed, permeabilized, blocked, and stained with rabbit
anti-NF-kB p65 (C-20; Santa Cruz Biotechnology), followed by Alexa 555 goat anti-rabbit
(Molecular Probes) and DAPI (Molecular Probes). Fluorescence images were collected and
deconvolved using a Zeiss Axiovert 200M/TILL Photonics imaging system as previously
described (25). Three deconvolved images, representing the approximate middle of the cell
(0.9 uM crossection) were combined, using a maximal projection algorithm. Regions of interest
were drawn in the nucleus and cytoplasm of cells (using DAPI staining to define the nucleus),
and the mean pixel intensity calculated. After correcting for background fluorescence, the
nuclear p65/cytoplasmic p65 ratio was calculated.

Analysis of apoptosis and cell surface markers

T cells were purified and divided into 2 populations. CFSE-labeled cells were plated on anti-
TCRB as described above, then harvested every 24 h and stained with anti-CD4 APC Cy7
(GK1.5; BD Pharmingen) and anti-CD8 Alexa 647 (53-6.7), followed by subsequent staining
with Hoechst 33342 and propidium iodide (PI), according to the manufacturer’s instructions
(Molecular Probes). Cells were analyzed by flow cytometry, and total apoptosis was calculated
by adding the percentage of cells with loss of membrane integrity (PI bright) to the percentage
of cells with sub-genomic DNA content (Pl-excluding cells with <2n DNA content, as
determined by Hoechst 33342 staining). High apoptosis at t=0 was consistent, and was due to
cell death during the harvesting and purification procedures. All events were included in the
FACS gating. For detection of cell surface markers, unlabeled T cells were plated on anti-
TCRB, harvested every 24 h and stained with anti-CD4 APC (RM4-5; Caltag), anti-CD8 Alexa
647 (53-6.7), anti-CD25 PE (PC61; BD Pharmingen) and anti-CD44 FITC (IM7; eBioscience).

Analysis of apoptosis in divided cells

IL-2 ELISA

Results

T cells were purified, labeled with CFSE, and stimulated with 100 pg/mL plate-bound anti-
TCR. After 24 h, rmIL-2 (R&D Systems) was added at 2 ng/mL and 50 ng/mL. Cells were
harvested every 24 h, and stained with Annexin V - APC (BD Biosciences) according to the
manufacturer’s instructions. CFSE dilution was assessed in CD8" T cells, and the percentage
of Annexin Vi cells in the parent and divided cell populations was determined.

ELISAs were performed using rat anti-mouse IL-2 capture antibody and biotinylated goat anti-
mouse IL-2 detection antibody (R&D Systems). Data were analyzed using the MKASSAY
program developed by J. Kappler.

CD4* T cells from PKCO™, Bcl107-, and Malt1” mice fail to proliferate in response to TCR

stimulation

To assess the proliferative capacity of CD4* and CD8* T cells from wild-type (WT),
PKCO7-, Bcl107-, and Malt1”- mice under conditions simulating a strong antigen signal,
purified T cells were labeled with CFSE and stimulated with 10-100 pg/mL plate-bound anti-
TCRB. As shown in Figure 1A, CD4* T cells from Malt1”- mice show little to no proliferation
in response to a range of anti-TCRP concentrations, while WT CD4* T cells show modest
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proliferation in response to the lowest tested doses of anti-TCRf (10 and 20 pg/mL), and robust
proliferation in response to higher concentrations of plate-bound anti-TCRp (30-100 pg/mL).
Surprisingly, while Malt1”- CD8* T cells did not proliferate in response to the lowest
concentration of anti-TCRp (10 pg/mL), these cells exhibited WT levels of proliferation in
response to all other concentrations of anti-TCRp (20 -100 pg/mL).

To determine if these proliferative differences could also be generalized to T cells from
PKCO7- and Bcl107- mice, we stimulated PKCO7- and Bcl107- T cells with plate-bound anti-
TCRp and examined proliferation, relative to WT T cells. Consistent with the response of
Malt1”- cells, CD4* T cells from PKCH- mice showed little to no proliferation following anti-
TCRp stimulation, while PKCO”- CD8" T cells proliferated to almost the same extent as WT
cells (Fig. 1B). In a side-by-side comparison of proliferation, CD4* T cells from PKCO™,
Bcl107-, and Malt1”- mice exhibited a strong proliferative defect, relative to WT cells,
following TCR ligation. In contrast, CD8" T cells from these animals proliferated modestly,
although not as well as WT cells in this experiment (Fig. 1C). Interestingly, there was a
gradation of proliferative responses among the knock-out CD8* T cells, with Maltl- CD8* T
cells proliferating to a greater extent than Bcl107- CD8" T cells, and PKCo7- CD8* T cells
showing the least robust proliferation.

Examination of the primary CFSE data (Fig. 1D) revealed that the proliferating PKC67,
Bcl107-, and Malt1”- CD8* T cells generally underwent as many divisions as the WT CD8*
T cells. However, in contrast to WT cells, there was also a significant population of CD8* T
cells from the knock-out animals that did not divide at all. In contrast, CD4" T cells from
PKCO™, Bcl107, and Maltl”- mice not only had a larger population of cells that failed to
divide, but they also divided fewer times than their WT counterparts. Once again, there was a
gradation in the severity of the proliferative defect, with PKCO”" T cells being the most
impaired and Malt1”- T cells being the least impaired.

Consistent with the proliferation data, the number of live knock-out CD4* T cells in culture
declined over the course of 72 h (Fig. 1E). Interestingly, the number of live Bcl107- and
PKCO”- CD8* T cells in culture also declined during the experiment, suggesting that although
these cells proliferate vigorously, they may have a survival defect. Notably, the CD8*
Malt1”- T cells showed a dramatic increase in total cell numbers between 48 and 72 h,
demonstrating that these T cells successfully expand in culture, although with delayed kinetics.
Overall, these data demonstrate that the loss of PKC6, Bcl10, or Maltl differentially affects
the proliferation of CD4* and CD8" T cells, with CD4" T cells being severely affected under
all conditions of stimulation, whereas CD8* T cells show little to no proliferative deficiency
under conditions of strong stimulation through the TCR.

PKCB@ is required for antigen-stimulated proliferation of CD4*, but not CD8*, T cells

To ensure that the results presented in Figure 1 did not reflect an artifact of using high levels
of anti-TCRp antibody for stimulation, we performed experiments employing peptide antigens
presented by APCs. To examine antigen driven CD4* T cell proliferation, lymphocytes from
OVA-peptide specific OTII TCR transgenic or PKC67- OTII TCR transgenic mice were
purified and stimulated with splenocytes pulsed with a range of concentrations of OV A peptide.
As shown in Figure 2, CD4* T cells from PKCO7- OTII mice failed to proliferate in response
to all tested concentrations of OVA, whereas OTII CD4* T cells showed measurable
proliferation at all doses of OV, particularly at concentrations above 0.2 pg/mL. In contrast,
an analogous comparison between HY TCR transgenic and PKCO”- HY TCR transgenic
CD8* T cells demonstrated that both HY and PKC67- HY CD8* T cells mice proliferated in
response to all doses of the stimulatory SMCY peptide. Moreover, at concentrations above 1
pg/mL SMCY peptide, PKCO7- HY CD8* T cells exhibited WT levels of proliferation (Fig.
2). These results confirm that the proliferative differences between knock-out CD4* and
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CD8* T cells are observed upon stimulation with a broad range of concentrations of peptide
antigen. These data therefore strongly suggest that the differential proliferative responses of
CD4* and CD8" T cells from PKCO7", Bcl107-, and Malt1”~ mice are physiologically relevant.

PKCB#, Bcl10 and Maltl are required for IL-2 production, but not for expression of CD44 and
CD25/IL-2Ra

Previously published studies demonstrated that PKC67-, Bcl107-, and Malt1”- T cells exhibit
defective IL-2 production in response to TCR ligation (14-19). However, due to the substantial
levels of knock-out CD8* T cell proliferation observed with modest to strong TCR stimuli
(Figs 1-2), we felt it was prudent to re-examine IL-2 production by T cells from these knock-
out animals. Thus, WT, PKC67-, and Malt1”~ T cells were stimulated with 100 pg/mL of plate-
bound anti-TCRp, and supernatants were harvested every 24 h for IL-2 ELISA. As shown in
Figure 3A, WT T cells showed a robust production of IL-2 in response to TCR ligation. In
contrast, T cells from PKC87- and Malt1”- mice produce a small amount of IL-2 (2-3 ng/mL)
after 48 h of anti-TCRp stimulation. IL-2 production by Bcl107~ T cells was generally
comparable to that of PKCO™" cells (data not shown). The low level of IL-2 secretion by
Malt1 cells is consistent with previously published data (15), although the temporal kinetics
of IL-2 production were not reported in that study. Separation of Malt1”~ T cells into CD4*
and CD8™ subsets revealed that both CD4* and CD8* T cells produce a measurable amount of
IL-2, but CD4* T cells made >10x more IL-2 than CD8* T cells by 72 h post-TCR ligation
(Fig. 3B). Similarly, WT CD4* T cells produced substantially more I1L-2 than WT CD8* T
cells. Consistent with the results shown in Fig 3A, WT cells produced much more IL-2 than
MALT17 T cells. Overall, these results indicate that PKC6", Bcl107, and Malt1”- T cells are
highly deficient in IL-2 production, even under conditions of very strong stimulation through
the TCR. Furthermore, assuming that the data from MALT1”~ T cells (Fig. 3B) can be
generalized, the deficiency in IL-2 production appears to affect CD4* and CD8* T cells to a
similar degree.

In addition to defects in IL-2 production, previous studies of PKC6-, Bcl107, and Maltl”- T
cells have shown impaired upregulation of cell surface activation markers, particularly CD25.
To determine if the loss of PKC6, Bcl10, or Maltl negatively impacts CD44 and CD25
expression under conditions of robust TCR stimulation, T cells were stimulated with anti-
TCRp and the expression of CD44 and CD25 was analyzed over a period of 72 h. As shown
in Figure 3C, CD4* T cells from Malt1”- and Bcl107- mice displayed strong upregulation of
CD44 and CD25 expression after TCR ligation, while CD4* T cells from PKCO”~ mice
increased CD44 and CD25 levels to a lesser extent. Interestingly, CD44 and CD25 expression
on all knock-out CD8* T cells approached WT levels under the highest levels of anti-TCRp
stimulation (100 pg/mL). We also examined the induction of CD25 expression in a dose-
response experiment (Fig. 3D). At the two lower doses of anti-TCRp stimulation (10 and 30
ng/mL), the expression of CD25 on the surface of PKCO7- and Bcl107 T cells was reduced
compared to WT cells, and the expression of CD25 was only very weakly induced on CD4*
PKCO/~ T cells at 100 pg/mL anti-TCRp stimulation. In contrast, the TCR-stimulated
expression of CD25 on Malt1”- T cells was slightly reduced at 10 pg/mL anti-TCRp (Malt1:WT
CD25" = 39%:49% and 71%:76%, for CD4* and CD8* T cells, respectively (Fig. 3D and data
not shown)) and was essentially indistinguishable from WT T cells at the two higher
stimulatory doses. These data show that loss of PKC8, Bcl10, or Maltl shifts the anti-TCR
dose-response of CD25 expression (although the loss of Malt1 had only a small impact CD25
expression under the tested conditions). Overall, these results demonstrate that CD44 and CD25
are efficiently upregulated on CD4*and CD8* PKC6O7~, Bcl107-, and Malt1”~ T cells, following
strong stimulation through the TCR, with the exception of CD4* T cells from PKC6" mice,
which show only a modest upregulation of these activation markers.
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Ectopic IL-2 fails to rescue the proliferative defect of PKC87, Bcl107, and Malt1’ CD4* T

cells

The TCR-stimulated upregulation of CD25 on PKC6, Bcl107-, and Malt1”- T cells suggested
that these cells retain the ability to efficiently respond to IL-2, raising the possibility that the
proliferative defect of knock-out CD4* cells could be rescued by ectopic IL-2 under conditions
of strong anti-TCR stimulation. To test this hypothesis, T cells were stimulated with anti-
TCRB and cultured with or without recombinant IL-2. Surprisingly, the addition of I1L-2 did
not have a substantial impact on the PKC67~, Bcl107- or Malt1”- CD4* T cell proliferation
index, regardless of the amount of IL-2 used to supplement the culture (2 or 50 ng/mL) (Fig.
4A\). In contrast, the addition of IL-2 increased the proliferation index of Bcl107- CD8* T cells
to near WT levels by 72 h post-stimulation, while the proliferative index for PKC67- CD8* T
cells exceeded WT levels at 72 h post-stimulation. Interestingly, the addition of exogenous
IL-2 had little to no effect on the proliferation index of Malt1”- CD8" T cells. Consistent with
these results, the total number of knock-out CD4™ T cells did not increase following the addition
of 2 or 50 ng/mL ectopic IL-2, while the number of PKC67-, Bcl107-, and Malt1- CD8* T
cells increased substantially following the addition of ectopic IL-2 (Fig. 4C). Overall, these
data show that ectopic IL-2 does not rescue the proliferative defect of knock-out CD4* T cells,
but does increase the proliferative index and total number of CD8* T cells from PKC6- and
Bcl107- mice.

IL-2 enhances survival of PKC87-, Bcl107-, and Malt1” T cells

The data in Figure 4A demonstrated that ectopic IL-2 has a measurable effect on the
proliferative index of CD8" T cells from PKC6- and Bcl107~ mice. However, this effect could
be the result of enhanced survival, enhanced proliferation or both. As shown above (Fig. 1E
and Fig. 4C), enumeration of total live cells suggested that proliferating CD8* T cells from
knock-out mice have a survival defect, relative to WT T cells. Close examination of the primary
CFSE data showed that the addition of ectopic IL-2 did not appear to increase the number of
divisions that WT and knock-out CD8* T cells undergo, but instead increased the number of
divided cells (Fig. 4B), suggesting that ectopic IL-2 improved the survival of proliferating
cells, but did not promote CD8" T cell proliferation. To formally investigate this possibility,
we examined the levels of apoptosis in PKC67-, Bcl107", and Malt1”~ T cells cultured with
and without exogenous IL-2. Cells were harvested every 24 h after plating on anti-TCRp-coated
wells, and apoptosis was evaluated by staining with Pl and Hoechst dyes, identifying cells with
loss of membrane integrity and with sub-genomic (<2n) DNA content, respectively. As shown
in Figure 5A, knock-out CD4* and CD8™ T cells generally exhibited equivalent or higher levels
of apoptosis than their wild-type counterparts at t=0 and at all time points post-TCR ligation.
However, ectopic IL-2 clearly had a positive effect on PKC87- and Bcl107- T cell survival,
with PKCO7- CD8* T cells showing the greatest reduction in apoptosis at 72 h post-stimulation.
This effect was maximal at 2 ng/mL, as 50 ng/mL IL-2 resulted in the same improvement in
knock-out T cell survival.

As an additional measure of survival, we directly examined apoptosis in divided and undivided
CDS8™ T cells in the presence or absence of ectopic IL-2. Annexin V staining was used to
quantify apoptosis in parent and divided cell CD8* T cell populations (Fig. 5B). This
experiment demonstrated that undivided (parent) CD8* T cells from WT mice showed higher
levels of Annexin V staining compared to divided cells. Clearly, the addition of ectopic IL-2
did not appreciably improve the survival of divided or parent WT CD8* T cells. In contrast,
both undivided and divided CD8" T cells from PKCO or Bcl107- mice showed very high
levels of Annexin V staining, indicating high levels of apoptosis in both populations. The
addition of 2 or 50 ng/mL ectopic IL-2 had little effect on the survival of undivided CD8*
PKCO™ or Bcl107~ T cells, but dramatically improved the survival of divided cells from
PKCO~ mice.
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Overall, the data in Figures 4 and 5 demonstrate that the proliferative defect of PKCO™/,
Bcl107-, and Malt1”- CD4* T cells is not the result of defective IL-2 production, since ectopic
(or endogenous) I1L-2 improved survival, but did not correct the proliferation defect. Thus, an
IL-2-independent defect is responsible for the impaired proliferation of PKC07-, B¢l107-, and
Maltl”- CD4* T cells.

Residual TCR-mediated phosphorylation of IkBa in CD8* T cells from PKC8”, Bcl107, and
Malt1”- mice

The above data demonstrated that TCR-stimulated proliferation and upregulation of activation
markers was quite robust in CD8" T cells, following modest to high levels of anti-TCRp or
antigen stimulation. Therefore, either PKC67~, Bcl107, and Maltl”- CD8* T cells retain some
ability to activate NF-«xB, or significant proliferation and upregulation of activation markers
can occur in CD8* T cells in the absence of NF-«B activation, under conditions of robust TCR
stimulation. To distinguish between these possibilities, we first used western blotting to
examine the kinetics of IxBa phosophorylation (an indicator of IKK activation) in WT versus
PKCO™- T cells following TCR ligation. As shown in Figure 6A, WT T cells showed robust
activation of NF-xB (indicated by the appearance of phospho-1xBa) in response to TCR
ligation. Additionally, activation of NF-xB correlated well with proliferation, as indicated by
expression of cyclin E. In contrast, PKC6™~ T cells exhibited greatly reduced NF-kB activation
after TCR ligation, with little to no NF-kB activation below 10 pg/mL anti-CD3e stimulation.
Interestingly, under the strongest conditions of anti-CD3e stimulation (10-100 pg/mL),
PKCO™- T cells showed clear NF-kB activation and proliferation/cyclin E expression, albeit
less than wild-type cells. These data therefore demonstrated that PKC87~ T cells retain some
capacity to activate the IKK complex and proliferate, especially under conditions of strong
TCR/CD3 stimulation.

Based on the severe proliferative defect observed in CD4* T cells from PKC6", Bcl107-, and
Malt1”- mice (Figs. 1-2), we hypothesized that CD8* T cells accounted for the great majority
of IkBa phosphorylation in total T cells from PKCO7~ mice (Fig. 6A). To rigorously test this
hypothesis, we developed a flow cytometry based assay to detect IxBa phosphorylation in
individual CD4* and CD8* T cells. As shown in Figure 6B, stimulation of WT T cells with
plate-bound anti-TCRp antibody resulted in an increase in phospho-IxBa in both CD4* and
CD8* T cells over the course of 48 h. To ensure that the increase in phospho-lkBo, was due to
activity of the IKK complex, we treated cells with the IKK inhibitors BAY11-7082 or
BAY11-7085 at 48 h and harvested cells after 30 min and 2 h. As shown in Figure 6B, treatment
of CD4* and CD8* T cells with IKK inhibitors decreased phospho-l«Ba fluorescence to nearly
undetectable levels as early as 30 min after the addition of the inhibitor. Although addition of
DMSO or media also resulted in decreased phospho-IkBa. levels, presumably due to disturbing
T cell interactions with anti-TCR during pipetting, the magnitude of reduction was consistently
modest in comparison with cells treated with the IKK inhibitors. The inhibitor data therefore
provide strong evidence that the flow cytometry assay specifically detects IKK-dependent
phosphorylation of 1xBa.

As shown in Figures 6C-E, TCR stimulation of WT CD4" T cells leads to a gradual increase
in IkBa phosphorylation, with activation levels peaking at 48 h and declining at 72 h post-TCR
ligation. In contrast, PKC07-, Bcl107-, and Malt1”- CD4* T cells showed little to no NF-xB
activation over the same time period. In the case of CD8" T cells, the induction of IxBa
phosphorylation in WT cells was more rapid, with a significant increase seen by 24 h post-
TCRp stimulation and declining activation by 72 h post-stimulation. Importantly, PKC6™-,
Bcl107-, and Malt1”- CD8* T cells showed clear IxBo phosphorylation, but the kinetics of
activation were delayed, with the response peaking at 48 h (Fig. 6C, D) or continuing to increase
at 72 h (PKCO7~ and Bcl107- CD8* T cells; Fig. 6E).
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Close examination of the primary flow cytometry data showed that the majority of WT
CD4* and CD8* T cells phosphorylated IxBo. following TCR ligation, as demonstrated by a
clear shift in fluorescence intensity 48 h after TCR engagement (Fig. 6F). In contrast, CD4* T
cells from knock-out animals showed very little IxBa phosphorylation in the same time period,
with a subset of cells increasing in fluorescence intensity, but never reaching WT levels. In the
case of CD8" T cells from PKCO7, Bcl107-, and Malt1”- animals, there was also a subset of
cells that phosphorylated IxBa, but unlike the CD4* T cells, the level of activation met or
exceeded the levels observed in WT cells. In both cell types, a substantial proportion of cells
showed little to no IxBa phosphorylation. These results are reminiscent of the proliferation
data for knock-out CD8" T cells, in which a proportion of CD8* T cells from PKC0™-,
Bcl107, and Malt1”- mice failed to divide, while a second population proliferated in a manner
largely indistinguishable from WT cells, with the exception of a kinetic delay (Fig. 1D).
Overall, these data strongly suggest that, in response to modest or strong signals through the
TCR, the threshold for IKK-stimulated proliferation is met in a subset PKC07, Bcl107-, and
Malt1”- CD8* T cells, whereas the threshold required for proliferation is not reached in knock-
out CD4* T cells.

To provide further evidence of a mechanistic connection between IKK activity and CD8* T
cell proliferation, we examined phospho-IxBa levels in parent (undivided) and divided
populations in response to a range of anti-TCRp stimulation. As shown in Figure 6G, there
was a clear increase in phospho-1kBa levels in divided cells from WT, PKC67~ and Malt1™-
mice after 48 h of stimulation with 100 pg/mL anti-TCRp. In contrast, parent cells showed a
decrease in phospho-I1kBa levels, indicating that non-proliferating cells undergo very little NF-
kB activation. These data are further quantified in Figure 6H, which shows that in undivided
WT cells, phospho-IxBa. levels increased from 0 to 24 h following TCR ligation, regardless
of the concentration of anti-TCRp used to activate the cells. However, after 24 h, there was a
steep decline in phospho-lkBa levels continuing through 72 h. In contrast, divided WT cells
showed a steady increase in phospho-IkBa. levels over the course of 48 h, followed by a plateau
or a slight reduction in phospho-lkBa levels by 72 h. Consistent with and extending the data
in Figure 6F, the levels of 1xBa phosphorylation in the divided population of both PKC6™- and
Malt1”- CD8* T cells were quite similar to and in some cases exceeded levels seen in WT cells.
Overall, these data strongly suggest that those knock-out CD8* T cells that achieve IKK
activation successfully enter the cell cycle, whereas those cells that fail to activate IKK fail to
proliferate and eventually apoptose.

To assess NF-kxB activation events downstream of 1kBo phosphorylation, we used
epifluorescence microscopy to directly visualize TCR-stimulated translocation of the p65
(RelA) subunit of NF-kB to the nucleus of WT and PKCO™~ T cells. As shown in Figures 7A
and 7C, WT CD4* and CD8* T cells had little nuclear p65 at t=0 h, whereas a significant
amount of p65 was localized to the nucleus by 24 h. Consistent with the phospho-lkBa data
(Fig. 6 D-E), stimulated PKCO7~ CD4* T cells showed significantly less nuclear p65 compared
to WT CD4* T cells at 24 h and 48 h post-TCR ligation (Fig. 7B), and no significant increase
in nuclear p65, compared to t=0 h. Interestingly, PKC67- CD8* T cells showed an increase in
p65 over the course of 48 h, with nuclear p65 at 48 h equivalent to WT levels. However,
although stimulated PKC0- CD8* T cells displayed increased nuclear p65, the maximal level
of p65 nuclear translocation was greatly reduced compared to WT cells, representing a clear
difference relative to the IxBo phosphorylation data. Thus, although PKC6”- CD8* T cells
activate NF-«B, they do so to a lesser extent that WT CD8* T cells. Furthermore, the kinetics
of p65 nuclear localization differed between the cell types, with peak WT CD8* nuclear p65
levels occurring at 24 h, while PKCO”- CD8* nuclear p65 levels peaked at 48 h (Fig. 7B-C).

Microscopic evaluation of the cells revealed that, overall, PKCO~ T cells remained much
smaller than WT T cells after TCR ligation (Fig. 7A). However, PKCO”- CD8* T cells were
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larger than PKCO”- CD4* T cells at 24 and 48 h, consistent with the p65 translocation data
(Fig. 7A-B and data not shown). Moreover, the levels of p65 in many PKCO”- CD4* T cells
declined substantially by 48 h, relative to PKCO”- CD8* T cells and WT T cells (Fig. 7A),
probably reflecting the high levels of apoptosis in PKC07- CD4* T cells (Fig. 5A and data not
shown). Overall, these data indicate PKCO”- CD4* T cells undergo little to no p65 nuclear
translocation in comparison to WT cells. In contrast, PKC”- CD8* T cells show a reduced
level of p65 translocation after TCR ligation, which occurs with delayed kinetics, compared
to WT cells. The delayed Kinetics of RelA nuclear translocation are consistent with the delayed
onset of proliferation (Fig. 1D) and the delayed kinetics of 1kxBa phosphorylation (Fig. 6C-E)
observed in PKCO7-, Bcl107-, and Malt1”- CD8* T cells.

Discussion

Our data strongly suggest that the proliferative defects of CD4* T cells from PKCo™",
Bcl107-, and Malt1”- mice are primarily due to a failure to activate NF-xB in response to TCR
ligation. In contrast, PKC67-, Bcl107-, and Maltl”- CD8" T cells retain some ability to activate
NF-kB in response to modest-to-strong TCR stimuli, enabling a proportion of CD8* T cells to
proliferate. Thus, our data are consistent with a model in which CD8* T cells possess a
significant alternative NF-kB signaling pathway, which is activated by strong TCR stimulation
and which is largely independent of PKC6, Bcl10 and Maltl. Although this pathway also
appears to exist in CD4* T cells, it apparently does not reach the threshold of IKK activation
required for significant nuclear translocation of NF-xB p65 and a concomitant proliferative
response.

An additional unexpected finding was the observed gradation in the severity of the knock-out
phenotypes, with Malt1”~ T cells showing the least impairment with regard to proliferation,
IL-2 production, upregulation of cell surface activation markers and NF-«xB activation. The
defects in Bcl107- and PKCO™- T cells were more severe than defects observed in Malt1/ T
cells, with CD4* T cells from PKCO™- mice generally showing the greatest deficits in NF-kB-
dependent responses. The heightened severity of the phenotype in PKC87 T cells may be due
to additional TCR signaling defects outside of the NF-xB pathway, particularly impairment of
NFAT and AP-1 activation (14,18,26). Additionally, the fact that Malt1”- T cells have a milder
activation deficit than Bcl107- T cells may reflect differences in the NF-kB complexes activated
downstream of Bcl10 and Maltl. Specifically, a recent report (27) has shown that, whereas
Bcl10 is required for activation of the NF-xB subunits, p65 (RelA) and c-Rel, Maltl signals
lead exclusively to activation of c-Rel. Although those studies examined NF-«xB activation in
B cells, we believe our data are suggestive that the same or similar signaling differences may
also exist in T cells, and that this divergence in TCR activation of p65 and c-Rel may account
for the substantial disparity in Bcl107- and Malt1”- T cell activation phenotypes. However,
further work will be required to show precisely how TCR-stimulated NF-xB activation via
Maltl differs from the NF-«xB activation signals that are transduced through PKC6 and Bcl10.

Similar to previous studies of PKC6”- CD4* (28) and CD8* (29) T cells, we observed that
PKCB8, Bcl10, and Maltl are critical factors in T cell survival downstream of TCR signaling.
Moreover, each of these proteins appears to play a particularly important role in promoting the
survival of actively proliferating CD8* T cells. Given that proliferating CD8* T cells are
rescued from apoptosis by ectopic 1L-2 in PKC6”- and Bcl107~ mice, our conclusion is that
NF-kB-dependent production of I1L-2 is a critical mediator of this survival signal. These
observations are also important because they demonstrate that NF-xB dependent TCR-directed
pro-proliferative and pro-survival signals are separable, with robust pro-proliferative signals
occurring in CD8* T cells from PKCO7-, Bcl107-, and Malt1”~ mice, despite the lack of
production of IL-2. The occurrence in PKCO”" mice of productive anti-viral CD8* T cell
immune responses (20) may suggest that, in vivo, other survival factors (e.g., IL-7) functionally
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substitute for IL-2 in rescuing at least some CD8"* T cells from apoptosis. Given that our data
show that IL-2 selectively promotes the survival of dividing PKC07- CD8* T cells, we speculate
that, in vivo, only those antigen-stimulated cells that successfully enter the proliferative
program gain the ability to respond to pro-survival factors such as IL-7.

Previous studies of CD4* and CD8™ proliferation have shown that CD8* T cells commit to a
proliferative program very rapidly after TCR engagement (1-2h, (30)), while CD4* T cells
require a much longer duration of TCR signaling (20-24 h, (31,32)). These earlier studies
suggested fundamental differences in TCR signaling between CD4* and CD8* T cells.
However, to our knowledge, there have previously been no studies reporting mechanistic
differences between CD4* and CD8* cells in the TCR-mediated activation of NF-xB signaling.
Consequently, our data are important because they establish that there are major differences
in how CD4"* and CD8* T cells signal to NF-xB. In addition, our data lend strong support to
the hypothesis that NF-«xB activation is essential for T cell proliferation. Undivided CD8* T
cells from WT and knock-out mice showed very little IKK activation (IkBa phosphorylation),
while divided cells showed considerable IKK activity over the course of 72 h (Fig. 6H).
Furthermore, divided knock-out T cells showed WT levels of phospho-IkBa, indicating that
those knock-out T cells that proliferated also activated the IKK complex to a similar extent as
WT T cells.

Direct visualization of the p65 subunit of NF-«xB revealed a surprising discordance between
IxBa phosphorylation and p65 translocation. Specifically, levels of nuclear p65 substantially
decreased from 24 to 48 h post-TCR ligation in WT CD8 T cells, while phospho-1xBa. levels
peaked in WT CD8* T cells at 48 h. These two seemingly contradictory pieces of data suggest
that other mechanisms of controlling p65 nuclear localization are at work at later time points
and/or after prolonged stimulation through the TCR (in WT cells). Indeed, kinetic analysis of
the NF-xB pathway previously revealed that IxBo plays a dominant role in controlling the NF-
kB response early after stimulation, while IxBf and IxBe are involved in controlling later
responses (33). These findings suggest that the nuclear localization of p65 is controlled by
IxBa at early points post-TCR ligation, while IxBf and IxBe may play a more dominant
regulatory role at later points.

Another NF-«xB regulatory mechanism that may be relevant to our observations is that, at later
time points, the rate of p65 nuclear export exceeds the rate of p65 nuclear import. It has been
shown that p65 is acetylated after nuclear localization, which reduces its binding affinity for
DNA and enhances nuclear export by IkBa (34). Furthermore, the nuclear localization rate of
IxBa exceeds the nuclear localization rate of p65 (35). The combination of p65 acetylation and
rapid 1kBa shuttling to the nucleus may result in a net decrease of nuclear p65 at later time
points (48 h) after TCR ligation.

Either or both of the above mechanisms may limit the amount of p65 that can accumulate in
the nucleus at late time points (48 h and beyond) post-TCR stimulation, regardless of the level
of IKK activity. Such mechanisms may explain why PKC67- CD8* T cells (and presumably
Bcl107- and Maltl”- CD8* T cells) fail to accumulate nuclear p65 to the degree seen in WT T
cells at 24 h, despite the high levels of phospho-lBo observed in PKC67- CD8* T cells by 48
h. Although previous work has shown that NF-xB reponses are proportional to the duration of
stimulus for at least 6 h (33), our data and the above cited studies strongly suggest that there
are potent homeostatic mechanisms that limit terminal NF-xB activation steps in T cells (i.e.,
p65 nuclear translocation) at late time points (by 48 h), despite continued TCR engagement
and IKK activation.

Overall, our data suggest an interesting dichotomy in the way that CD4* and CD8" T cells
signal to NF-«B. Further work will be required to determine the precise molecular mechanisms
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that allow CD8* T cells to successfully activate NF-xB and divide in the absence of PKC9,
Bcl10, or Maltl.
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Figure 1. CD4™ T cells from PKCO7", Bcl107", and Malt1”- mice fail to proliferate in response to
TCR stimulation

Purified T cells from the indicated strains of mice were labeled with CFSE and stimulated with
plate-bound anti-TCRp at (A) the indicated concentrations; (B) 100 pg/mL; and (C) 30 pg/mL.
Proliferation was assessed every 24 h by flow cytometry. (D) Primary CFSE histogram data
from the experiment shown in (C). Overlays show the dilution of CFSE in CD4" and CD8* T
cells over time. (E) Total numbers of live T cells from the experiment in (C) were quantified
by Trypan Blue staining. Data in panel A are representative of 2 experiments performed at
similar doses of anti-TCR stimulation, while data in panels B-E are representative of 4
experiments performed with 30-100 pg/mL anti-TCRp stimulation.

J Immunol. Author manuscript; available in PMC 2009 November 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kingeter and Schaefer Page 15

5 ug/mL
= N W kA~ O,

CD4+* T cells CD8* T cells
s 14 OTIl 814 HY
8 | . 1% PKce- oTil 64K PKCo/~ HY
"5’_ -
8 3 44
=12 1
21 1 11 2:. 55
I I I 1 1 8- T 1 Ll T T
1 5 i
= 4:
s
S| :
S| ]mnuu 7
T ) T 1 1 8- 1 1 ] 1 1
@5 ]
£ E4 67
259 i
~ B2 7
S @, 21
= |
Q_ I I I 1 1 1 1 T 1 1
5 ] ]
—E' 4 ] 61
\g) 3: 41
— | 2 -
14 21

1
0 24 48 72 96 0 24 48 72 9
Incubation time (hr)

Figure 2. Defects in PKCO7- CD4™ T cell proliferation in response to specific antigen stimulation
CFSE-labeled lymphocytes from the indicated strains of mice were incubated with mitomycin
C-inactivated C57BL/6 splenocytes plus the indicated concentrations of stimulatory peptide

or 5 pg/ml of a null variant. Proliferation was assessed at the indicated times by flow cytometry.
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Figure 3. PKCO7", Bcl107", and Malt1™" T cells show defects in IL-2 production, but upregulate

CD44 and CD25 after TCR ligation

(A) IL-2 ELISAs of supernatants from T cells stimulated with 100 ug/mL of anti-TCRp
(detection limit=570 pg/mL). Data are representative of 3 experiments; bars indicate SEM. (B)
IL-2 ELISAs of total T cells or purified CD4* or CD8* T cells from WT or Malt1”- mice
stimulated with 100 pg/mL anti-TCRp (detection limit=340 pg/mL). Data are representative
of 2 biological replicates; bars indicate SEM. (C) FACS analysis showing the percentage of
CD4" and CD8™ T cells upregulating both CD44 and CD25 in response to 100 pg/mL anti-
TCRp. Data are representative of 3 experiments at doses ranging from 10-100 pug/mL anti-
TCRp. (D) Cells were stimulated with the indicated concentrations of plate-bound anti-
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TCRp and stained every 24 h with antibodies to CD25 and CD44. Histogram overlays show
CD25 expression on CD4* and CD8" T cells at 0 and 72 h post-TCR ligation.
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Figure 4. I1L-2 fails to rescue knock-out CD4* T cell proliferation

(A) CFSE-labeled T cells were stimulated with 30 ug/mL plate-bound anti-TCRp and were
supplemented with the indicated concentrations of recombinant murine I1L-2 at t=24 h.
Proliferation was assessed by FACS at the indicated times post-stimulation. (B) Primary CFSE
histogram data from Figure 4A, showing the dilution of CFSE signal in CD4* and CD8* T
cells at 0 and 72 h post-TCR ligation. (C) Total cell number data from Figure 4A. Cells were
counted every 24 h, and live cell numbers determined by Trypan Blue staining. Data are
representative of 2 experiments performed with 30-100 pg/mL anti-TCRp and 1-50 ng/mL
rmlL-2.
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Figure 5. Ectopic IL-2 improves knock-out CD8" T cell survival

(A) T cells from the experiment in Fig. 4A were stained with anti-CD4 and anti-CD8 antibodies
and with Pl and Hoechst 33342 to measure apoptosis. Data are representative of 2 experiments
performed with 30-100 pg/mL anti-TCRp and 1-50 ng/mL rmlIL-2. (B) Quantification of
apoptosis in parent (undivided) and divided CD8" T cells from WT, PKC6, and Bcl107- mice
in the presence or absence of exogenous IL-2. A second experiment using Pl to quantify

apoptotic cells yielded highly similar results.
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Figure 6. Differential IkBa phosphorylation in CD4* and CD8* T cells from PKCO™7, Bcl107", and

Malt1”~ mice

(A) Western blots of whole cell lysates prepared from WT and PKCO™~ T cells stimulated with
the indicated concentrations of plate-bound anti-CD3g plus soluble anti-CD28 (1 ug/mL). Data
are representative of 2 experiments. (B) Validation of the phospho-I1kBo. flow assay. Purified
WT T cells were stimulated with 100 ug/mL plate-bound anti-TCRp plus 1 ug/mL soluble anti-
CD28. Media, DMSO, or IKK inhibitors 82 (BAY 117-7082) or 85 (BAY 11-7085) were added
after 48 h, and cells were harvested at 30 min and 2 h. Phospho-IxBa levels were assessed as

described in Materials and Methods. Data are representative of 3 experiments. (C-E)

Intracellular FACS analysis of phospho-1xBa. Purified T cells from the indicated strains of
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mice were stimulated with (C) 100 ug/mL plate-bound anti-TCRp plus 1 ug/mL soluble anti-
CD28, (D) 100 pg/mL plate-bound anti-TCR, or (E) 30 ug/mL plate-bound anti-TCRp plus
1 pg/mL soluble anti-CD28. Error bars in (C) indicate standard deviation of data from 3 parallel
samples from 3 mice. Data in (D) are representative of 3 experiments. Data in (E) are
representative of at least 3 experiments per phenotype performed between 30-100 anti-TCRp.
(F) Primary histogram data from stimulation experiment in (E), showing 0 h (no fill) and 48 h
(grey fill) post-TCR ligation. Dashed line indicates the peak level of IkBao phosphorylation at
t=48 h in WT cells. (G) Primary histogram overlays showing phospho-lxBa levels in parent
and divided CD8* T cells at t=0 h (no fill) and t=48 h (grey fill) post-TCR ligation. (H)
Quantification of phospho-1xBa levels in parent and divided CD8* T cells. CFSE labeled cells
were stimulated with the indicated concentration of anti-TCRp. Parent and divided cells were
identified using a similar gating strategy as in Fig. 5B, and phospho-IkBa levels were
determined in each population.
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Figure 7. PKCO7" T cells show defective p65 nuclear localization

(A) Epifluorescence microscopy images showing nuclear localization of p65 (red) at 0 h, 24
h, and 48 h post-TCR ligation for WT and PKC67- CD4™ (green) and CD8" (blue) cells. (B
and C) Quantification of levels of nuclear p65 relative to levels of cytoplasmic p65 at 0, 24,
and 48 h post-TCR ligation for WT and PKC67- CD4* and CD8* T cells. The box indicates
the distribution of values around the median (solid line), while the whiskers indicate the highest
and lowest value for each time point. The data analysis strategy is described in detail in
Materials and Methods. For data analysis, approximately 30 images were analyzed for each
genotype at each time point. Statistical comparisons between WT and PKC6- and between
time points are shown in (B) and (C), respectively. Tp<0.0001, *p<0.0005, ¥p<0.01, 8p<0.05.
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