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CD4™" and CD8™ T cells play specific roles during an immune response. Different molecular mechanisms
could regulate the proliferation, death, and effector functions of these two subsets of T cells. The p38
mitogen-activated protein (MAP) kinase pathway is induced by cytokines and environmental stress and has
been associated with cell death and cytokine expression. Here we report that activation of the p38 MAP Kkinase
pathway in vivo causes a selective loss of CD8™ T cells due to the induction of apoptosis. In contrast, activation
of p38 MAP kinase does not induce CD4™ T-cell death. The apoptosis of CD8* T cells is associated with
decreased expression of the antiapoptotic protein Bcl-2. Regulation of the p38 MAP kinase pathway in T cells
is therefore essential for the maintenance of CD4/CD8 homeostasis in the peripheral immune system. Unlike
cell death, gamma interferon production is regulated by the p38 MAP kinase pathway in both CD4* and CD8*
T cells. Thus, specific aspects of CD4™ and CD8" T-cell function are differentially controlled by the p38 MAP

kinase signaling pathway.

CD4" and CD8™" T cells perform distinct functions to me-
diate the immune response. The commitment of CD4 and CD8
lineages occurs during T-cell development in the thymus, and
it is maintained throughout the life spans of the T cells in the
peripheral immune system. CD4" CD8* double-positive (DP)
thymocytes differentiate into mature CD4* or CD8" thymo-
cytes depending on the respective T-cell receptor (TCR) spec-
ificity for major histocompatibility complex (MHC) class II or
class I, respectively (positive selection). Mature CD4" and
CD8" thymocytes leave the thymus and migrate to the periph-
eral immune system, becoming naive CD4* and CD8™ T cells.
Although both CD4" and CD8" T cells undergo clonal expan-
sion in response to antigens, naive CD4™" T cells differentiate
into helper effector cells while naive CD8" T cells become
cytotoxic cells. Effector CD4" T cells rapidly produce large
amounts of cytokine in response to an antigen. While CD8* T
cells can also secrete cytokines (e.g., gamma interferon [IFN-
v]), their major role in the immune response appears to be
cytotoxic activity, mediated by secreted proteins, such as per-
forin and granzyme.

The divergent functions of CD4"* and CD8™" T cells suggest
that distinct signaling requirements and molecular mechanisms
could mediate the activation of each subset in response to
antigens or environmental stimuli. Several examples of these
differential controls have been described. Costimulations
through 4-1BB (a new member of the tumor necrosis factor
[TNF] receptor family) and CD28 are complementary to one
another by activating CD8" and CD4" T cells, respectively
(49). Signaling through the Fas ligand appears to be required
for CD8" T-cell proliferation but not for CD4™" T-cell prolif-
eration (52).

The numbers of CD4" and CD8™ cells in the periphery
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remain constant under normal conditions, but the presence of
specific pathological environments can modulate the CD4/
CDS8 homeostasis by preferentially affecting one of these sub-
sets. For instance, human immunodeficiency virus infection is
characterized by a prolonged decline in the number of CD4™"
T cells (11, 47). As the infection progresses, a decline of CD8™
T-cell numbers, which appears to be mediated by membrane-
bound TNF-a expressed on macrophages, is also observed (20,
32). Thus, environmental stimuli can differentially regulate
CD4/CD8 homeostasis.

p38 mitogen-activated protein (MAP) kinase can be acti-
vated by multiple stimuli, such as proinflammatory cytokines
(e.g., interleukin-1g [IL-18] and TNF-a), hematopoietic
growth factors (e.g., colony-stimulatory factor-1, granulocyte/
macrophage colony-stimulatory factor, and IL-3), lipopolysac-
charide, and environmental stress (12, 13, 18, 28, 40, 46). p38
MAP kinase activation is mediated by phosphorylation on Thr
and Tyr by the dual-specificity MAP kinase kinases MKK3,
MKK4, and MKKG6 (8, 19, 34, 41). Several transcription factors
(ATF-2, Elk-1, CHOP, MEF2C, and SAP-1) and downstream
protein kinases (eukaryotic initiation factor 4E protein kinases
Mnk1 and Mnk2, PRAK, MSK1, and MAPKAP kinase 2 and
3) are substrates for p38 MAP kinase (6, 8, 13, 14, 17, 33, 36,
40, 41, 46, 56-58). Activation of the p38 MAP kinase pathway
has been associated with cell death, proliferation, and cytokine
expression (28, 30, 44, 61).

In this study, we examined the role of the p38 MAP kinase
pathway in the expression of cytokines and death of CD8" T
cells. p38 MAP kinase plays an important role in the produc-
tion of IFN-y by CD4™* and CD8™" T cells. However, activation
of p38 MAP kinase in vivo causes a selective loss of the CDS§
lineage, while the number of CD4" T cells is not affected.
Activation of the p38 MAP kinase pathway induces spontane-
ous apoptotic CD8" T-cell death, which is associated with
decreased levels of Bcl-2. Thus, p38 MAP kinase plays a crit-
ical role in the homeostasis of CD4" and CD8™" T cells in the
peripheral immune system.
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MATERIALS AND METHODS

Transgenic mice. The MKK6(Glu) and dn p38 transgenic mice have been
described previously (44). In both transgenic models the expression of
MKKG6(Glu) and the dominant-negative (dn) p38 MAP kinase was driven by the
distal Ick promoter (59). These transgenic mice have been backcrossed with
B10.BR mice (Jackson Laboratory, Bar Harbor, Maine).

Cell preparation and surface staining. The distribution of major cell popula-
tions in the thymus, spleen, and lymph nodes was examined by cell surface
staining and flow cytometry (EPICS; Coulter), with phycoerythrin (PE)-conju-
gated anti-CD4 monoclonal antibodies (MAb), a red®'3-conjugated anti-CD8
MAD, and a fluorescein isothiocyanate-conjugated anti-CD45R/B220 MAb
(Pharmingen, San Diego, Calif.). Additional surface markers were stained with
PE-conjugated anti-CD44 (Caltag, Burlingame, Calif.), biotinylated anti-
TCR(H57), anti-CD69, or anti-CD25 MAD followed by a red®”"-conjugated
streptavidin (Pharmingen).

Total CD8" T cells were isolated from spleen and lymph nodes by negative
selection with anti-NK (NK1.1; Pharmingen), anti-CD4 (GK 1.5), anti-Macl
(Pharmingen), and anti-MHC class IT MAbs to label NK, macrophages, CD4™"
cells, and B cells, respectively, followed by depletion with magnetic beads (Per-
ceptive Biosystems, Framingham, Mass.) as described previously (24, 42, 43).
Total CD4* T cells were similarly isolated from spleen and lymph nodes with
anti-NK1.1, anti-CDS8, anti-Macl, and anti-MHC class II MAbs. Splenocytes
were derived from syngeneic antigen-presenting cells (APC).

Proliferation and measurement of cytokine production. Enzyme-linked immu-
nosorbent assays (ELISA) were performed with purified anti-IFN-y MAb (2
pg/ml) as the primary (capture) antibody, biotinylated anti-IFN-y MADb as the
secondary (detection) antibody, horseradish peroxidase-conjugated avidin D (2.5
pg/ml; Vector Laboratories, Burlingame, Calif.), and peroxidase substrate and
reaction stop solutions (Kirkegaard and Perry Laboratories, Gaithersburg, Md.)
following the recommended protocol (Pharmingen). Recombinant mouse IFN-y
(Gibco-BRL, Gaithersburg, Md.) was used as a standard. The proliferative
response was determined after 3 days by measurement of [*H]thymidine incor-
poration (Amersham Corp.) for 18 h.

Viability and cell death. CD8" cells were cultured under various conditions.
The number of live cells was determined by Trypan Blue staining. Purified CD8*
cells were stained with PE-conjugated anti-CD4 and red®!3-conjugated anti-CD8
MAD, fixed in 1% paraformaldehyde, permeabilized in 70% ethanol, and assayed
for apoptosis via terminal deoxynucleotidyltransferase-mediated fluorescein iso-
thiocyanate-dUTP incorporation, as described by the manufacturer (Pharmin-
gen).

Reverse transcriptase PCR (RT-PCR). Total RNA was extracted with the
Ultraspec RNA isolation system (Biotex Laboratories) as recommended by the
manufacturer. First-strand cDNA was obtained by reverse transcription as de-
scribed previously (43) with total RNA (2 pg). cDNA was used to determine
Bcl-2 and hypoxanthine guanine phosphoribosyltransferase (HPRT) (26, 63)
gene expression by PCR with previously described primers.

p38 MAP kinase assays. Cells were lysed with buffer A (20 mM Tris [pH 7.5]
10% glycerol, 1% Triton X-100, 0.137 M NaCl, 25 mM B-glycerophosphate, 2
mM EDTA, 0.5 mM dithiothreitol, 1 mM sodium orthovanadate, 2 mM sodium
pyrophosphate, 10 ug of leupeptin/ml, 1 mM phenylmethylsulfonyl fluoride) as
described previously (7, 43). Endogenous p38 MAP kinase was immunoprecipi-
tated with anti-p38 polyclonal antibody (40) prebound to protein A-Sepharose.
The immunoprecipitates were washed twice with buffer A and twice with kinase
buffer (25 mM HEPES [pH 7.4], 25 mM B-glycerophosphate, 25 mM MgCl,, 0.5
mM dithiothreitol, 0.1 mM sodium orthovanadate). The protein kinase reactions
were initiated by addition of 1 pg of recombinant substrate protein (glutathione
S-transferase-ATF2) and 50 pM [y-*P]ATP (10 Ci/mmol). The reactions were
terminated after 30 min at 30°C by addition of Laemmli sample buffer. Phos-
phorylation of the substrate protein was examined after sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) by autoradiography and Phos-
phorImager analysis (Molecular Dynamics Inc.).

Western blot analysis. Proteins were fractionated by SDS-PAGE, electro-
phoretically transferred to an Immobilon-P membrane (Millipore Inc.), and
probed for p38 with an anti-p38 polyclonal antibody (Santa Cruz Biotechnology).
Antibodies used to detect Bcl-2 family proteins were mouse anti-Bcl-X; , hamster
anti-Bcl-2, and rabbit anti-Bax (Pharmingen). Immunocomplexes were detected
by chemiluminescence (Renaissance; NEN).

Reagents. Reagents used for T-cell culture included phorbol myristate acetate
(PMA) and ionomycin (Sigma Chemical Co., St. Louis, Mo.), concanavalin A
(Boehringer Gmblt, Mannheim, Germany), IL-2 (R & D Systems, Minneapolis,
Minn.), SB203580 (Vertex Pharmaceuticals, Inc., Cambridge, Mass.), zVAD-fmk
(Enzyme Systems Products, Livermore, Calif.), and anti-IFN-y MAb (Pharmin-

gen).

RESULTS

Regulation of the p38 MAP kinase signaling pathway in
CD4* and CD8* T cells. CD8" and CD4" T cells have dif-
ferent effector functions during an immune response, suggest-
ing that intracellular signaling pathways and gene expression
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FIG. 1. Regulation of p38 MAP kinase in CD4" and CD8" T cells. (A)
CD4" and CD8" T cells freshly isolated from spleens and lymph nodes from
wild-type mice were lysed. p38 MAP kinase activity was measured in an immune
complex assay with glutathione S-transferase ATF2 as a substrate in the presence
of [y-*>P]JATP. The phosphorylated ATF2 was detected after SDS-PAGE by
autoradiography (top) and was quantitated by PhosphorImager analysis (bot-
tom). p38 MAP kinase protein levels were examined by immunoblot analysis of
whole extracts (middle). (B) CD4" and CD8" T cells were incubated with
medium alone (—) or with PMA (5 ng/ml) plus ionomycin (250 ng/ml) (P/I) for
30 min. p38 MAP kinase activity was assayed as described for panel A. The
phosphorylated ATF2 was detected after SDS-PAGE by autoradiography (top)
and was quantitated by PhosphorImager analysis (bottom). The results are rep-
resentative of three (A) and two (B) experiments.

patterns may also differ between the two T-cell populations.
We have recently shown that the p38 MAP kinase signaling
pathway plays an important role in the production of IFN-vy by
effector CD4" Thl cells but does not affect CD4™ T-cell ex-
pansion. To investigate the role of p38 MAP kinase in CD8" T
cells, we first examined the activity of p38 MAP kinase in both
CD4™" and CD8™ T-cell subsets by an in vitro assay with ATF-2
as the substrate. The level of p38 MAP kinase activity detected
in CD8" T cells was consistently higher (two- to three-fold)
than the level of activity detected in CD4" T cells (Fig. 1A).
Immunoblot analysis, however, showed that the amounts of
p38 MAP kinase protein in CD4" and CD8" T cells were
similar (Fig. 1A). Thus, the elevated p38 MAP kinase activity
observed in CD8™ T cells was not caused by an increased p38
MAP kinase protein expression. Increased p38 MAP kinase
activity was also observed in CD8" T cells stimulated with
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PMA and ionomycin compared to activity in stimulated CD4™*
T cells (Fig. 1B). Together, these results suggested that this
signaling pathway may be differentially regulated in CD8™" and
CD4™" T cells.

Activation of p38 MAP Kkinase in vivo causes a specific loss
of CD8™* T cells in the peripheral immune system. To inves-
tigate the specific role of p38 MAP kinase in CD4" and CD8™
T-cell function, we examined these two populations by using
transgenic mice in which the p38 MAP kinase pathway was
constitutively activated in vivo. We have developed transgenic
mice (44) expressing a constitutively activated form of MKK6,
a MAP kinase kinase that selectively phosphorylates and acti-
vates p38 MAP kinase (19, 34, 41). These mice express an
MKK6 mutant in which the amino acids at the activating sites
of phosphorylation, Ser®” and Thr*'!, were replaced by Glu
[MKK6(Glu)] (41, 44). The expression of MKK6(Glu) was
targeted to peripheral T cells and certain thymocyte popula-
tions by using the distal Ick promoter. These mice have been
previously used to confirm the role of p38 MAP kinase in the
production of IFN-y by CD4* Th1 cells (44).

Two lines of MKK6(Glu) transgenic mice showed a selective
reduction in the percentage of CD8" T cells in the total pe-
ripheral lymphocyte population (Fig. 2A). Results of succes-
sive experiments (n = 4) revealed a diminution of CD8" T
cells, both as a percentage of total T cells (Fig. 2B) and as an
absolute CD8" T-cell number (Fig. 2C). CD4™" T-cell or B-cell
populations were not significantly altered.

Thymic development in the MKK6(Glu) transgenic mice
was not modified, as evidenced by normal distribution of
CD4~ CD8 double-negative (DN), DP, CD4", and CD8"
thymocytes (Fig. 2D). The absolute number of cells in each of
these populations was also normal (data not shown), and no
difference in the expression of the heat-stable antigen, CD44,
CD25, CD69, and TCR was observed (data not shown). These
data indicated that activation of MKKG6 caused a specific re-
duction of the peripheral CD8" T cells without disturbing
thymocyte development significantly.

To confirm the constitutive activation of p38 MAP kinase in
the MKK6(Glu) transgenic mice, we examined p38 MAP ki-
nase activity in CD4" and CD8" T-cell populations isolated
from control and MKK6(Glu) transgenic mice. The levels of
p38 MAP kinase activity in both CD4" and CD8™ T cells from
these mice were augmented compared to the levels of activity
detected in CD4" and CD8" T cells from negative-littermate
control (NLC) mice, respectively (Fig. 2E). Thus, the expres-
sion of the MKKG6(Glu) transgene has led to the activation of
p38 MAP kinase in both CD4" and CD8" populations, al-
though only the CD8" T-cell number was reduced in the
MKKG6(Glu) transgenic mice.

The p38 MAP kinase pathway negatively regulates the pro-
liferative response in CD8" T cells. An analysis of TCR and
cell surface activation markers (CD25, CD69, and CD44) by
flow cytometry showed normal expression of these molecules
in CD4" T cells from the MKK6(Glu) transgenic mice (Fig.
3A). No significant difference in the levels of expression of
CD25 and CD44 activation markers in the residual CD8" T
cells present in the MKK6(Glu) mice compared to those in
control CD8" T cells was observed (Fig. 3A). The expression
of the TCR was slightly reduced, and that of CD69 was slightly
upregulated, on MKK6(Glu) CD8* T cells (Fig. 3A). Further-
more, the expression of the memory marker CD45RB was
normal in these cells (data not shown), suggesting that the
CD8™" T cells present in the MKK6(Glu) transgenic mice did
not represent a population of activated or memory cells.

To determine the proliferative response of the CD8" T cells
remaining in the MKK6(Glu) transgenic mice, equal numbers
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of purified CD8" T cells from NLC and MKK6(Glu) trans-
genic mice were stimulated with concanavalin A (ConA) in the
presence of wild-type APC. Interestingly, low levels of prolif-
eration were detected in CD8" T cells isolated from
MKKG6(Glu) transgenic mice (Fig. 3B). Addition of IL-2 did
not restore the proliferative ability of CD8" of T cells (Fig.
3B), indicating that IL-2 production was not the major defect
in these cells. To demonstrate that the hypoproliferation of
CD8" T cells from the MKK6(Glu) transgenic mice was
caused by the activation of p38 MAP kinase, we examined the
effect of the specific p38 MAP kinase inhibitor SB203580 (28,
54, 60, 64). CD8™" T cells were stimulated with ConA and IL-2
in the presence or absence of SB203580. In these experiments,
APC were not added in order to avoid indirect effects of the
drug on these cells. The presence of SB203580 restored the
proliferative capacity of CD8" T cells from the MKK6(Glu)
transgenic mice (Fig. 3C) and did not inhibit the proliferation
of control cells. An analysis of the CD4" T-cell subset indi-
cated that CD4™ T cells from the MKK6(Glu) transgenic mice
proliferate similarly to control CD4" T cells (Fig. 3D).

We have previously shown that inhibition of the p38 MAP
kinase pathway by expression of dn p38 MAP kinase in trans-
genic mice did not affect the proliferation of CD4 " T cells (44).
To further demonstrate the specific role of p38 MAP kinase in
CD8" T cells, we isolated CD8™" T cells from NLC and dn p38
transgenic mice and stimulated them with ConA and APC in
the presence or absence of IL-2. In correlation with the studies
of the MKK6(Glu) transgenic mice, CD8" T cells from the dn
p38 transgenic mice had an increased proliferative response
(Fig. 4). Together, these results indicated that p38 MAP kinase
selectively interfered with the proliferation of CD8" T cells but
that it did not affect CD4™ T-cell proliferation.

Activation of the p38 MAP kinase pathway induces apopto-
sis selectively in CD8* T cells but not in CD4™ T cells. The low
number of CD8" T cells in the MKK6(Glu) transgenic mice
could be caused by a direct inhibition of CD8" T-cell prolif-
eration. However, no difference in BrdU incorporation in vivo
was observed in these mice (data not shown). The activation of
the p38 MAP kinase pathway has been associated with the
induction of apoptosis (62), indicating that an increased death
of CD8" T cells could be an alternative cause for the loss of
this population in the MKK6(Glu) transgenic mice. Supporting
this hypothesis, reduced numbers of MKK6(Glu) CD8™ T cells
were recovered from cultures after stimulation with ConA for
48 h (Fig. 5A), whereas the presence of the p38 MAP kinase
inhibitor during stimulation increased the viability of these
cells (Fig. 5A).

We examined the rate of spontaneous death of CD8" T cells
isolated from the MKK6(Glu) transgenic and NLC mice in
vitro upon incubation in medium alone. The number of live
MKK6(Glu) CD8 T cells recovered after 24 h was low, and
very few MKK6(Glu) CD8™ T cells survived at 48 h, compared
with CD8™" T cells from control mice (Fig. 5B). In contrast, the
survival of CD4™ T cells from the MKK6(Glu) transgenic mice
was comparable to the survival of CD4" T cells from control
mice (Fig. 5B).

An analysis of apoptosis by terminal deoxynucleotidyltrans-
ferase-mediated dUTP-biotin nick end labeling (TUNEL) as-
say in freshly isolated lymphocytes showed an increased frac-
tion of apoptotic CD8™ T cells in vivo from the MKK6(Glu)
transgenic mice (Fig. 5C). Incubation in medium alone for 24 h
resulted in increased apoptotic death of MKK6(Glu) CD8" T
cells compared to that of control CD8* T cells (Fig. 5C).
Similar results were obtained by an analysis of forward- and
side-scatter parameters to measure apoptosis by flow cytom-
etry (data not shown). In contrast, no difference in the number
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FIG. 2. Selective loss of CD8" T cells in the MKK6(Glu) transgenic mice. (A) Cells from spleens or lymph nodes from NLC and MKK6(Glu) transgenic (Tg™")
mice from lines 15 and 12 were stained with anti-CD4 and anti-CD8 MAb and analyzed by flow cytometry. Numbers represent the percentages of cells in each gate.
One representative experiment is shown. (B) Cells from spleens or lymph nodes (LN) from NLC or MKK6(Glu) transgenic mice (line 15) were stained with anti-CD4,
anti-CD8, and anti-CD45R(B220) MAD and analyzed by flow cytometry. Values represent the average percentages of CD8" T, CD4™ T, and B (B220™) cells from four
experiments. (C) Absolute numbers of CD4* T cells and CD8™ T cells in lymph nodes from NLC littermate control and MKK6(Glu) transgenic mice. The means and
standard deviations from four independent experiments are presented. (D) Thymocytes from NLC mice and MKK6(Glu) transgenic mice were stained and analyzed
as described for panel A. (E) CD4" and CD8* T cells freshly isolated from spleens and lymph nodes from NLC and MKK6(Glu) transgenic mice were lysed, and whole
extracts were assayed for p38 MAP kinase activity as described for Fig. 1A. The phosphorylated ATF2 was detected after SDS-PAGE by autoradiography (top) and
quantitated by PhosphorImager analysis (bottom). The data shown are representative of three experiments.
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FIG. 3. Characterization of cell surface marker expression and proliferative activity in MKK6(Glu) CD8™" T cells. (A) Lymph node cells from NLC (light line) and
MKKG6(Glu) transgenic (dark line) mice were stained with anti-CD4 and anti-CD8 MAD in combination with anti-TCR, anti-CD25, anti-CD69, or anti-CD44 MAb.
Histograms represent the expression of the indicated cell surface marker in CD8* or CD4* T-cell populations. (B) CD8" T cells (5 X 10* cells/well) were isolated from
NLC and MKKG6(Glu) transgenic (Tg") mice and incubated with medium alone (=) or stimulated with ConA (2.5 pg/ml) and APC (5 X 10%) in the absence
(ConA/APC) or presence (ConA/APC/IL-2) of IL-2 (30 U/ml). Proliferation was determined after 3 days by [*H]thymidine incorporation. The data shown are
representative of four experiments. (C) CD8" T cells (5 X 10* cells/well) were isolated from NLC and MKK6(Glu) transgenic mice and incubated with medium alone
(=) or stimulated with ConA (2.5 pug/ml) plus IL-2 (30 U/ml), in the presence (ConA/IL2/SB203580) or absence (ConA/IL2) of the p38 MAP kinase inhibitor SB203580
(1 wM). Proliferation was determined as described for panel B. (D) CD4" T cells (5 X 10* cells/ml) isolated from NLC littermate control or MKK6(Glu) transgenic
mice were cultured in medium alone (—) or ConA (2.5 pg/ml) and IL-2 (30 U/ml) (ConA/IL-2). The proliferative response was determined as for panel B.

of apoptotic CD4™ T cells in the MKK6(Glu) transgenic mice
compared to that in NLC mice was observed (Fig. 5C). These
results demonstrated that activation of the p38 MAP kinase
pathway in vivo selectively induced apoptosis in CD8" T cells
but not in CD4™" T cells.

Caspases constitute a family of cysteine proteases that are
activated during programmed cell death (29). To determine
whether the caspase pathway was involved in the p38 MAP
kinase-induced CD8" T-cell death, we examined the effect of
the caspase inhibitor zZVAD-fmk. CD8" T cells from the
MKKG6(Glu) transgenic mice were incubated in vitro in the
presence of zZVAD or dimethyl sulfoxide alone, and apoptosis
was examined by TUNEL after 24 h. The presence of zZVAD
completely prevented the death of the MKK6(Glu) CD8" T
cells (Fig. 5SD), indicating that the induction of apoptosis by
p38 MAP kinase in CD8" T cells was mediated by caspases.

The increased cell death observed in MKK6(Glu) CD8* T

cells suggested that hyperproliferation of CD8" T cells from
the dn p38 transgenic mice could be due to increased resis-
tance to activation-induced cell death. We therefore examined
the survival of CD8™ T cells from negative-control mice and dn
p38 transgenic mice upon stimulation with ConA plus IL-2.
After stimulation but prior to cell expansion, an increased
number of live dn p38 CD8" T cells was recovered compared
with the number of wild-type CD8" T cells (Fig. 5E). Com-
pared to CD8" T cells from the MKK6(Glu) transgenic mice,
CD8" T cells from the dn p38 transgenic mice were more
resistant to spontaneous cell death during the incubation in
medium alone (Fig. 5E). These results suggested that the p38
MAP kinase pathway is involved in cell death induced during
CD8™" T-cell activation.

Bcl-2 expression is negatively regulated by the p38 MAP
kinase pathway in CD8* T cells. Several molecular mecha-
nisms are involved in T-cell death. The expression of Fas li-
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FIG. 4. Increased proliferation of CD8" T cells from the dn p38 transgenic
mice. CD8" T cells (5 X 10* cells/well) were isolated from NLC and dn p38
transgenic (dn p38 Tg™) mice and incubated with medium alone (—) or stimu-
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presence (ConA/APC/IL-2) of IL-2 (30 U/ml). Proliferation was determined as
described for Fig. 3B. The data are representative of two experiments.

gand in activated T cells leads to induced cell death. JNK,
another member of the MAP kinase family, has been impli-
cated in the upregulation of Fas ligand expression on specific
cell types (10, 25). No Fas ligand expression was detected by
cell surface staining and RT-PCR in CD8" T cells from the
MKKG6(Glu) transgenic mice (data not shown), indicating that
activation of p38 MAP kinase did not upregulate Fas ligand
expression in these cells. In addition, similar levels of Fas were
expressed in CD8™ T cells from control and MKK6(Glu) trans-
genic mice (data not shown).

The Bcl-2 protein family comprises multiple members that
act to mediate or protect cells from apoptotic death (4). Bcl-2
itself confers resistance to cell death and is expressed at low
levels in immature DP thymocytes but is upregulated in mature
single-positive thymocytes and peripheral T cells (15, 21, 55).
We examined the expression of Bcl-2 in T cells from the
MKKG6(Glu) transgenic mice. CD4" and CD8" T cells isolated
from NLC and MKK6(Glu) transgenic mice were lysed, and
whole extracts were used for Bcl-2 detection by Western blot
analysis. Strikingly, the level of Bcl-2 in CD8™ T cells from the
MKKG6(Glu) transgenic mice was diminished compared to its
expression in control CD8" T cells (Fig. 6A), while its expres-
sion in CD4" T cells was not affected.

Bcl-x; is another antiapoptotic protein whose expression is
inverse to the expression of Bcl-2 in thymocytes and T cells.
Peripheral T cells express Bcl-2 but not Bcl-x;, while high
levels of Bcl-x; and low levels of Bcl-2 have been found in
immature DP thymocytes (16, 31). In correlation, Bcl-x; was
undetectable in CD4" and CD8" T cells from control mice
(Fig. 6A). No upregulation in CD8" T cells from the
MKKG6(Glu) transgenic mice was observed (Fig. 6A), indicat-
ing that the low level of expression of Bcl-2 in these cells was
not compensated for by an increase in Bcl-x; .

The balance between proapoptotic and antiapoptotic Bcl-2
family members is a determinant for cell death or survival. We
therefore examined the expression of the proapoptotic Bax
molecule, which is also involved in cell death (38). Similar
levels of Bax were found in control and MKK6(Glu) CD8" T
cells (Fig. 6A). Together, these data suggested that the selec-
tive death of CD8™ T cells in the MKK6(Glu) transgenic mice
in vivo could be due to an unbalanced ratio of pro- and anti-
apoptotic Bcl-2 family members.
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Recently, several molecular mechanisms have been de-
scribed as being involved in the regulation of Bcl-2 protein and
gene expression (4). To determine whether activation of p38
MAP kinase may regulate transcription of the bcl-2 gene, we
examined bcl-2 mRNA levels by RT-PCR. No significant dif-
ference in bcl-2 gene expression between CD8" T cells from
NLC and MKKG6(Glu) transgenic mice was observed (Fig. 6B).
Similar results were obtained by microarray analyses (data not
shown), indicating that activation of p38 MAP kinase did not
affect bcl-2 gene expression but rather regulated Bcl-2 protein
levels in CD8" T cells.

Regulation of IFN-y production by p38 MAP Kkinase in
CD8™ T cells. We have recently demonstrated that the activa-
tion of p38 MAP kinase increases IFN-y production during
differentiation of CD4™ T cells (44). IFN-v is also produced by
activated CD8" T cells as an effector molecule. The current
results indicate that activation of p38 MAP kinase causes ap-
optosis in CD8™" T cells but not in CD4* T cells. We therefore
examined the effect of p38 MAP kinase activation on the pro-
duction of IFN-y in CD8" T cells. IFN-y production in
MKKG6(Glu) and control CD8" T cells was determined at
different times after activation with ConA in the presence or
absence of IL-2. Despite the inability of CD8" T cells from the
MKKG6(Glu) transgenic mice to proliferate, these cells pro-
duced large amounts of IFN-y compared to control CD8* T
cells (Fig. 7A). The presence of SB203580 inhibited the over-
production of IFN-y by CD8" T cells from the MKK6(Glu)
transgenic mice (Fig. 7B). These results indicate that persistent
activation of p38 MAP kinase also potentiated IFN-y produc-
tion by antigen-stimulated CD8™ T cells.

Activation of p38 MAP kinase is required for IFN-y expres-
sion in effector CD4" Thl cells (44). To determine whether
activation of the p38 MAP kinase pathway was also required
for induction of IFN-y in CD8™" T cells, we examined CD8* T
cells from the dn p38 transgenic mice. CD8" T cells from
control and dn p38 transgenic mice were stimulated with ConA
for different periods of time. The production of IFN-y was
lower in CD8™ T cells from the dn p38 transgenic mice than in
CD8™" T cells from control animals (Fig. 7C). Thus, the p38
MAP kinase pathway is required for IFN-y expression in both
CD4™" and CD8™ T cells but induces cell death selectively in
CD8™ T cells.

DISCUSSION

The molecular mechanisms that control commitment to the
CD4 or CDS lineage, effector function, and homeostasis of
CD4" and CD8" T cells represent an aspect of the T-cell
response that remains unclear. Despite the presence of the
TCR in both CD4 and CDS8 subsets, distinct sources of co-
stimulation and intracellular signaling pathways can control
the activation, survival, and death of CD4" and CD8" T cells.
Here, we demonstrate that the p38 MAP kinase signaling path-
way is implicated in the control of IFN-y production in both
CD4" and CD8" T cells but that it regulates apoptosis selec-
tively in CD8™ T cells and not in CD4™ T cells.

IFN-v is an effector cytokine produced by several cell types,
such as CD4" and CD8™" T cells (1). Little is known about the
molecular mechanisms that regulate the expression of this cy-
tokine in different types of effector cells. It has recently been
shown that TCR-mediated IFN-y production is dependent on
Stat4 in CD4" T cells but not in CD8" T cells (3). We have
previously shown the importance of the p38 MAP kinase path-
way on the production of IFN-y in CD4" Thl effector cells
(44). Inhibition of p38 MAP kinase reduces the production of
IFN-v, while activation of this pathway increases IFN-y pro-
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FIG. 6. Diminished Bcl-2 protein levels in CD8™ T cells by activation of p38
MAP kinase. (A) CD4" and CD8* T cells freshly isolated from spleens and
lymph nodes from NLC and MKK6(Glu) transgenic mice (Tg") were lysed.
Whole extracts were assayed for Bcl-2, Bax, and Bcl-X; expression by immuno-
blot analysis. Total thymocyte (Thy) extracts from control mice were used as
controls for Bel-X; expression. (B) cDNA was generated from total RNA ob-
tained from freshly isolated CD8" T cells from NLC and MKK6(Glu) transgenic
mice. Bcl-2 gene expression was determined by PCR with 3 (top) or 2 ul (middle)
of the cDNA reaction mixture. HPRT expression was determined by using 2 pl
of the cDNA mixture.

duction in CD4" Thl cells. In contrast, IL-4 production by
CD4™ Th2 cells is not affected by p38 MAP kinase (44). In this
study, we have shown that activation of the p38 MAP kinase
pathway results in an elevated TCR-mediated IFN-y produc-
tion by CD8* T cells, while p38 MAP kinase inhibition re-
duced IFN-y production in these same cells. Thus, the p38
MAP kinase pathway plays a key role in the control of IFN-y
gene expression in both CD4* and CD8" T-cell populations.

The p38 MAP kinase pathway has been implicated in several
biological processes, including proliferation, cell death, and
cytokine expression; however, its role in cell death remains
unclear. p38 MAP kinase has been shown to be necessary for
apoptosis in the PC12 neuronal cell line (62). Activation of
MKKG6 induces cell death in Jurkat T cells, although this effect
is not mediated by p38 MAP kinase (22). Our results demon-
strate that in vivo expression of a constitutively activated
MKKG6 in transgenic mice causes apoptosis of CD8™* T cells but
not CD4" T cells. Inhibition of p38 MAP kinase rescues
MKK6(Glu) CD8* T cells from death. Different intracellular
signaling pathways therefore control cell death and survival in
these two T-cell populations. The selective induction of apo-
ptosis in CD8" T cells by p38 MAP kinase indicates that this
pathway is critical to maintaining normal CD4/CD8 homeosta-
sis.

Several studies have shown that the disruption of specific
signaling pathways leads to changes in peripheral CD4/CDS8
homeostasis. The expression of an activated form of the cell
surface receptor Notch in thymocytes leads to both an increase
of the CDS lineage and a decrease of the CD4 lineage (45).
Expression of a mutant form of IkBa in the thymus causes a
reduction of CD8" T cells in both the periphery and the
thymus (2). Activation of the ERK MAP kinase pathway favors
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cells/ml) were isolated and activated with ConA (2.5 pg/ml) in the absence (—)
or presence of SB203580 (1 wM). The supernatants were harvested 3 days
poststimulation and were analyzed by ELISA to determine IFN-y production.
(C) CD8" T cells (10° cells/ml) from NLC and dn p38 transgenic mice were
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U/ml). The supernatants were harvested at different periods of time upon stim-
ulation and were analyzed by ELISA to determine IFN-y production.
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the differentiation to the CD4 lineage in the thymus and pe-
riphery (48). An increased CD4/CD8 ratio was observed for
peripheral organs and the thymuses of mice deficient in Jak3
(37, 39, 50, 53). In these mouse models, impairment of thymic
maturation and lineage commitment appears to be the cause of
the changes in the CD4/CDS8 homeostasis. In contrast, in our
study, we show that the persistent activation of p38 MAP
kinase results in the specific loss of CD8" T cells in the pe-
ripheral immune system, while thymic development does not
appear to be affected.

It has been shown that the in vitro overexpression of wild-
type MKKG6 in fetal thymus organ culture due to retroviral
infection causes deletion of DP thymocytes (51). We did not
observe an impairment of DP thymocyte development in the
MKKG6(Glu) transgenic mice, likely because the level of ex-
pression of the MKKG6(Glu) transgene in DP thymocytes
driven by the distal /ck promoter is lower than the level of
retrovirus-mediated expression. Moreover, the distal Ick pro-
moter does not drive expression in DN thymocytes (59). How-
ever, using recently generated transgenic mice that express
MKKG6(Glu) in all thymocyte populations under the control of
the proximal lck promoter, we have shown that activation of
p38 MAP kinase is required for early stages of DN thymocyte
differentiation (8a).

Bcl-2 and Bcl-x; are antiapoptotic components which dis-
play an inverse pattern of expression during lymphocyte devel-
opment. Within the thymus, Bcl-2 is expressed only in a few DP
thymocytes, but it is widely expressed in mature CD4" and
CD8" thymocytes and peripheral T cells (15, 21, 55). Alterna-
tively, Bcl-x; is present in DP thymocytes but absent from
mature single-positive thymocytes and resting peripheral T
cells (16, 31). We have shown that activation of p38 MAP
kinase results in a decreased expression of Bcl-2 that is not
compensated for by increased amounts of Bcl-x; in CD8" T
cells. In contrast, Bcl-2 levels in CD4 ™" T cells were not affected
by p38 MAP kinase activation. Bax is a proapoptotic member
of the Bcl-2 family which heterodimerizes with Bcl-2 and ho-
modimerizes with itself (38). A high Bax/Bcl-2 ratio accelerates
cell death. Activation of p38 MAP kinase does not affect the
amount of Bax present in CD8" T cells, but the diminished
Bcl-2 level in these cells increases the Bax/Bcl-2 ratio, and that
could increase the rate of apoptosis. Thus, the downregulation
of Bcl-2 constitutes a potential mechanism for induction of
apoptosis by the p38 MAP kinase pathway in specific mamma-
lian cells. In correlation with the decreased level of Bel-2 and
the loss of the CDS lineage in the MKK6(Glu) transgenic mice,
lower percentages of CD8" T cells and normal CD4™ T cells
have also been observed in Bcel-2-deficient mice (35). Interest-
ingly, Bcl-2-deficient CD8™" T cells die more quickly than Bel-
2-deficient CD4" T cells, supporting the model of different
regulatory mechanisms for CD4" and CD8" T-cell death.

Despite the low level of Bcl-2 protein present in CD8" T
cells from the MKK6(Glu) transgenic mice, we did not observe
a significant difference in the expression of the bcl-2 gene. This
suggests that p38 MAP kinase could regulate Bcl-2 levels by
posttranscriptional mechanisms. Several posttranslational
mechanisms have been found to be involved in the regulation
of Bcl-2 function (4). Recently, it has been shown that phos-
phorylation by the ERK pathway prevents ubiquitination-
dependent degradation of Bcl-2 in endothelial cells (9). In
addition, the level of Bcl-2 protein is regulated by caspase-
mediated cleavage, and the caspase cleavage fragment of Bcl-2
appears to cause the release of cytochrome c¢ (5, 23, 27). We
have shown that p38 MAP kinase-induced CD8" T-cell apo-
ptosis is mediated by caspases. It is therefore possible that the
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decreased Bcl-2 level may be mediated by activation of the
caspase pathway in these cells.

Our results suggest that regulation of p38 MAP kinase due
to antigenic or environmental stimuli could affect the survival
of CD8" T cells in the periphery. Recently, it has been re-
ported that the decreased number of CD8™ T cells observed in
advanced AIDS patients is due to increased apoptosis medi-
ated by the interaction between macrophage-bound TNF-a
and a TNF-a receptor on CD8" T cells (20). In addition,
CD8" cells from human immunodeficiency virus-infected in-
dividuals display reduced levels of Bcl-2, while Bcl-2 expression
on CD4™" T cells is normal. It is possible that activation of the
p38 MAP kinase signaling pathway by membrane-bound
TNF-a could downregulate Bel-2 in CD8™" T cells, rendering
these cells highly susceptible to apoptosis.

Our studies demonstrate that the p38 MAP signaling path-
way can control both cell death and cytokine production during
an immune response. However, the specific function of this
pathway depends on the cell type; it regulates IFN-y expres-
sion in both CD4" and CD8" T cells and promotes death
selectively in CD8" T cells. The p38 MAP kinase pathway
therefore plays a important regulatory role in the function and
fate of CD4" and CD8™" T cells.
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