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Superantigen-induced corticosteroid resistance
of human T cells occurs through activation of
the mitogen-activated protein kinase kinase/
extracellular signal-regulated kinase (MEK-ERK)

pathway

Ling-bo Li, PhD,? Elena Goleva, PhD,? Clifton F. Hall, MS,? Liang-Shiou Ou, MD,¢ and
Donald Y. M. Leung, MD, PhD?" Denver, Colo, and Taoyuan, Taiwan

Background: Microbial superantigens induce human T-cell
resistance to corticosteroids.

Objective: Understanding the molecular pathways resulting in
corticosteroid-resistant T cells is important because this
condition can complicate the treatment of inflammation.
Methods: The response of human PBMC:s to steroids was
assessed by using proliferation assays after stimulation with
superantigens or anti-CD3 in the presence of various kinase
inhibitors. Glucocorticoid receptor a (GCRa) localization was
defined on the basis of intracellular staining. Protein
phosphorylation was measured by means of Western blotting.
Results: In the current study we found that PBMCs stimulated
with superantigen, but not anti-CD3, induced corticosteroid-
resistant T cells. However, the purified T cells stimulated either
with staphylococcal enterotoxin B (SEB) or anti-CD3 are
susceptible to corticosteroid inhibition. These results imply that
signals on antigen-presenting cells might act in concert with the
T-cell receptor to cause steroid resistance. Blockade of CD40-
CDA40 ligand interaction had no effect on superantigen-induced
corticosteroid resistance. However, CD28 costimulation with
T-cell receptor activation induced corticosteroid resistance of
human T cells in a dose-dependent manner. Superantigen
stimulation, compared with anti-CD3 stimulation, was found to
induce a more rapid and sustained phosphorylation of mitogen-
activated extracellular signal-regulated kinase (ERK).
Treatment with PD98059 and UO126 (specific mitogen-
activated protein kinase kinase [MEK]/ERK inhibitors), but
not a p38 inhibitor or a c-Jun N-terminal kinase inhibitor,
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restored the response to steroids, as indicated by proliferation
assays. Furthermore, purified ERK1 and ERK2 were able to
phosphorylate recombinant human GCRa directly in an in
vitro kinase assay. Of note, superantigen-induced corticosteroid
resistance was associated with abrogation of GCRa nuclear
translocation. This effect could be reversed by treatment with
MEK/ERK pathway inhibitors.

Conclusions: These data are compatible with the hypothesis
that superantigen-induced corticosteroid resistance involves the
Raf-MEK-ERK1/ERK2 pathway of T-cell receptor signaling,
which leads to GCRa phosphorylation and inhibition of
dexamethasone-induced GCRa nuclear translocation.

(J Allergy Clin Immunol 2004;114:1059-69.)

Key words: Superantigens, T cells, steroid resistance, MEK/ERK
pathway, corticosteroids, glucocorticoid receptor

Microbial infection frequently triggers the onset and
aggravates the course of chronic inflammatory diseases.
An important mechanism by which microbes contribute to
disease pathogenesis is through the secretion of super-
antigens. These molecules bind directly, without antigen
processing, to MHC class II molecules on antigen-
presenting cells (APCs) and trigger the potent activation
of T cells through selected T-cell receptor B (TCR-B)
variable region elements.! TCR repertoire analysis of
PBMC:s or cells from sites of local tissue inflammation
have demonstrated involvement of superantigens in the
pathogenesis of a number of diseases, including Kawasaki
disease, rheumatoid arthritis, severe asthma, atopic der-
matitis, and guttate psoriasis.”®

Corticosteroids are the mainstay of anti-inflammatory
therapy in many chronic diseases. However, a subset of
patients who fail to respond to corticosteroids have been
referred to as corticosteroid resistant (CR).” For example,
a recent study in the Journal revealed that an analysis of
T cells from the bronchoalveolar samples of patients with
severe asthma who did not respond well to corticosteroids
was consistent with an expansion of their TCR-8 chain
consistent with superantigen stimulation.* Interestingly, in
Kawasaki disease intravenous immunoglobulin, rather
than corticosteroids, is first-line therapy.8 Furthermore,
atopic dermatitis colonized with Staphylococcus aureus is
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Abbreviations used
APC: Antigen-presenting cell
CD40L: CDA40 ligand
CR: Corticosteroid resistant
Cy3: Indocarbocyanine
DAPI: 4’-6-diamidino-2-phenylindole, dihydrochloride
ERK: Extracellular signal-regulated kinase
GCR: Glucocorticoid receptor
IC5: Inhibitory concentration of 50%
JNK: c-Jun N-terminal kinase
MAPK: Mitogen-activated protein kinase
MEK: Mitogen-activated protein kinase kinase
MFI: Mean fluorescence intensity
PI3K: Phosphatidylinositol 3-kinase
PKC: Protein tyrosine kinase C
SEB: Staphylococcal enterotoxin B
TCR: T-cell receptor
TSST-1: Toxic shock syndrome toxin 1

more responsive to treatment with the combination of
corticosteroids and antibiotics compared with cortico-
steroids alone.’ Although the role of superantigens in
these latter 2 diseases is still debated, it is of interest that
intravenous immunoglobulin has high titers of antibodies
against staphylococcal superantigens, and antibiotics act
to shut off superantigen production by S aureus.'®"'" In the
case of patients with severe asthma, rheumatoid arthritis,
and psoriasis, failure to control inflammation with corti-
costeroid therapy can lead to disease progression. There-
fore it is important to understand mechanisms underlying
CR conditions and develop new therapeutic targets for
intervention in this process. A recent study demonstrated
that superantigens can induce CR T cells in vitro; how-
ever, the molecular mechanism for this effect has not been
elucidated.'> In the current study we addressed the
hypothesis that development of T-cell resistance to
corticosteroids after superantigen activation occurs as
the result of activation of the mitogen-activated protein
kinase kinase/extracellular signal-regulated kinase (MEK/
ERK) pathway.

METHODS
Reagents

Staphylococcal enterotoxin B (SEB), toxic shock syndrome toxin 1
(TSST-1; Toxin Technology, Sarasota, Fla), anti-human CD3
(Orthoclone OKT 3 sterile solution; Ortho Biotech Products, L.P.,
Raritan, NJ), CD28 (BD PharMingen, San Diego, Calif), and
dexamethasone (Sigma Chemicals Co, St Louis, Mo) were used for
cell stimulation. The p38 mitogen-activated protein kinase (MAPK)
inhibitor SB203580 (inhibitory concentration of 50% [ICso] = 35 nM),
the MEK inhibitors U0126 (ICsq = 72 nM) and PD98059 (IC5o = 2
M), c-Jun N-terminal kinase (JNK) inhibitor (ICsy = 40 nM), the
phosphatidylinositol 3-kinase (PI3K) inhibitor wortmannin (ICso =5
nM), the phosphokinase C (PKC) inhibitor RO-31-8220 (IC5, = 10
nM), and the PKCO inhibitor TER 14687 were obtained from
Calbiochem (San Diego, Calif). Fluorochrome-labeled CD3 (clone
SK7), CD14 (clone M5E2), and CD19 (clone HIB19) antibodies were
purchased from BD PharMingen. Purified anti-CD40 ligand (anti-
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CD40L) antibody and human CD154 (CD40L) muCD8 fusion protein
(Ancell Corp, Bayport, Me) were used in blocking experiments.

Isolation of human PBMCs

PBMCs were isolated by means of Ficoll-Hypaque density
gradient centrifugation from heparinized venous blood obtained from
healthy donors, as previously described.'” Cultures were subse-
quently stimulated with 100 ng/mL SEB, 100 ng/mL TSST-1, or 0.5
pg/mL soluble anti-CD3 and maintained for the indicated time.

Cell sorting

CD3%, CD14™, and CD19™ cell populations were sorted on the
Mo-Flow cytometer (Cytomation, Fort Collins, Colo) on the basis of
surface marker expression. The purity of isolated cells was 99%, as
determined by means of flow cytometric analysis.

Intracellular staining for glucocorticoid
receptor

Glucocorticoid receptor o (GCRa) nuclear translocation in
response to dexamethasone was analyzed by means of fluorescence
microscopy, as previously described.'? In brief, human PBMCs (1 X
10 cells/mL) stimulated with superantigens or anti-CD3 for 48 hours
were subsequently treated with 10~% M dexamethasone for 1 hour or
remained untreated. The GCR intracellular staining was performed
as described earlier.'® The anti-GCR antibody (PA1-516; Affinity
Bioreagents, Golden, Colo) used in this study recognizes only
GCRa. Intensity of GCRa staining was assessed by using image
analysis software (Slidebook; Intelligent Imaging Innovations,
Denver, Colo) and expressed as mean fluorescence intensity
(MFI). Fifty to 100 cells were analyzed per slide. In brief, a series
of 1-wm z-frames were taken through groups of cells in both the
4'-6-diamidino-2-phenylindole, dihydrochloride (DAPI) (nuclear)
and indocarbocyanine (Cy3) (GCRa) channels. Each stack of images
then underwent the nearest neighbor’s deconvolution. This allowed
for exact localization of the nucleus within the cell and removed
background fluorescence from above and below the z-frame that
could affect the reliability of the results. A single computer-generated
mask was then defined on the basis of the DAPI staining. The
intensity of Cy3 staining (GCRa) was assessed by using the analysis
software purely within the DAPI mask and hence the nucleus and the
Cy3 mask, from which the DAPI mask was subtracted (cytoplasm).
In this way increased MFI within DAPI masks (cell nuclei)
corresponds to increases in GCRa within the nucleus and hence
receptor nuclear translocation. The data can be as well presented as
a nuclear/cytoplasm ratio of corresponding Cy3 masks for nuclear
and cytoplasmic regions of cells that were analyzed.

For GCR nuclear translocation experiments in the presence of
inhibitors and blocking antibodies, the cells were preincubated with
these reagents for 2 hours at 37°C before superantigen stimulation
and then treated as described above or used for cell proliferation
assays. All inhibitors and blocking antibodies remained in cell culture
after preincubation.

Cell proliferation assays

Cell proliferation assays were performed in 96-well round-bottom
plates in complete medium: RPMI-1640 (Cellgro; Mediatech, Inc,
Hernon, Va) supplemented with 10% FBS (Gemini Bio Products,
Calabasas, Calif), 1% penicillin-streptomycin, and 20 mM HEPES
(Mediatech, Inc). Human PBMCs (1 X 10°/well) and purified T cells
(7-9 X 10*well) in a total volume of 200 L were stimulated with
100 ng/mL SEB or 0.5 pg/mL anti-CD3 with or without 0.001 to
1 pg/mL soluble anti-CD28 antibodies, as previously described,'? in
the absence or presence of 1072 to 107® M dexamethasone. For
dose-response experiments, 4 different concentrations of anti-CD3
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FIG 1. Requirements for delivery of CR response through the TCR. A, Proliferative response of SEB
(superantigen)- or anti-CD3-stimulated PBMCs to dexamethasone (n=4). *P < .001 compared with cells
cultured in the absence of dexamethasone. Results are expressed as mean = SEM counts per minute of
triplicate cultures. B, Response of purified T cells to SEB in the presence of steroids and requirement of APCs
for the development of steroid resistance. *P < .01 compared with purified T cells stimulated with
superantigen without APCs. Proliferative response data under various conditions are expressed as
a percentage of superantigen-induced tritiated thymidine incorporation in the absence of dexamethasone.

(0.1 wg/mL, 0.5 pg/mL, 1 pg/mL, and 5 wg/mL) and SEB (10 ng/
mL, 100 ng/mL, 500 ng/mL, and 1 pg/mL) were used. The cultures
were incubated for 72 hours at 37°C in a humidified 5% CO,
incubator. The cell proliferation was assessed on the basis of tritiated
thymidine incorporation, as previously described."

It has been shown that immobilized superantigens can be used to
stimulate T-cell proliferation in the absence of APCs."* Therefore in
some experiments the purified CD3™ T cells were cultured in plates
precoated with SEB (5 pg/mL SEB in 0.1 M sodium carbonate, pH
9.6, buffer overnight at 4°C) or with 100 ng/mL soluble SEB in
combination with 0.001 to 1 pg/mL anti-CD28. When soluble SEB
was used for T-cell stimulation, the cell cultures were supplemented
with purified monocytes, B cells, or PBMCs irradiated at 3000 rad.

Western blot analysis

Human PBMCs were incubated with 100 ng/mL SEB and 0.5 pg/
mL anti-CD3 with or without 0.5 pg/mL anti-CD28 for different time
points and lysed in ice-cold TENT lysis buffer with protease inhibi-
tors cocktail (Sigma). For experiments with inhibitor treatment, cells
were preincubated with inhibitors for 1 hour or with dimethyl sulf-
oxide as a solvent control and then stimulated with mitogens still in
the presence of inhibitors. Thirty micrograms of total protein per

condition were resolved on 12% SDS-PAGE gel and transferred to
nitrocellulose membrane (Bio-Rad, Hercules, Calif). The membranes
were blocked in Tris-buffered saline/5% dry milk/0.05% Tween 20
for 2 hours and incubated with anti-phospho-ERK or anti-ERK
antibodies (1:5000; Santa Cruz Biotechnologies, Santa Cruz, Calif)
at 4°C overnight. Subsequently, membranes were washed in Tris-
buffered saline/0.05% Tween 20 and incubated for 1 hour at room
temperature with anti-mouse or anti-rabbit horseradish peroxidase
(HRP)-labeled IgG (1:500; Amersham Pharmacia Biotech,
Piscataway, NJ), washed, incubated with chemiluminescent reagent
(Perkin Elmer Life Sciences, Boston, Mass), and processed for
autoradiography.

GCR phosphorylation

Recombinant human GCRa (1.25-20 g, Affinity Bioreagents)
was mixed with 10 ng of recombinant ERK1 or 25 ng of ERK2
kinases (Upstate, Charlottesville, Va) in assay dilution buffer I
(Upstate). Twenty micrograms of myelin basic protein (Upstate) was
used as a control substrate for the phosphorylation. Phosphorous 32
([**P])-ATP cocktail (10 pCi) was added: 1 mCi/100 pL (3000 Ci/
mmol) [*?P]-ATP stock (Amersham Pharmacia Biotech) was diluted
1:10 with magnesium-ATP cocktail (75 mmol/L. MgCl,/500 uM
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FIG 2. Proliferative response of T cells stimulated in the presence of increasing anti-CD28 costimulation after
anti-CD3 stimulation of PBMCs at different concentrations of dexamethasone (A;n =5, *P<.01 and **P < .001
compared with stimulation without dexamethasone) and after SEB stimulation of purified human T cells in an
APC-free environment in the presence of different concentrations of dexamethasone (B; n=5, *P < .05 and
**P < .001 compared with stimulation without dexamethasone).

ATP in assay dilution buffer I) before the assay. The samples were
incubated for 10 minutes at 30°C in a shaking incubator. Twenty-five
microliters of samples was spotted onto P81 filter paper, washed
3 times with 0.75% phosphoric acid, and then washed once with
acetone and counted in a liquid scintillation counter. The leftover
samples were boiled in SDS sample buffer, resolved on 4% to 15%
Tris-HCI gel (Bio-Rad) under denaturing conditions and then dried
on thick filter paper in a vacuum drier for 1 hour at 65°C. The dry gels
were processed by phosphoimaging to detect the [**P] incorporation.

Statistical analysis

Immunofluorescence and cell proliferation data were analyzed by
using the Student 7 test. A P value of less than .05 was considered
significant. Data were expressed as means = SEM.

RESULTS

Cellular requirements for superantigen-
induced CR T cells
Because superantigens are known to activate T cells

through the TCR, our initial experiments compared
the effects of dexamethasone on superantigen (SEB or

TSST-1) versus anti-CD3-induced proliferation of human
T cells. As shown in Fig 1, A, dexamethasone significantly
inhibited the T-cell proliferation induced by anti-CD3.
In contrast, SEB-induced (Fig 1, A) or TSST-induced (data
not shown) T-cell proliferation was not affected by
dexamethasone. This difference in steroid responsiveness
between SEB versus anti-CD3 appeared to be due to
a qualitative difference in signaling because SEB stimu-
lation, compared with anti-CD3 stimulation, was steroid
resistant over a wide range of concentrations, despite the
use of lower concentrations of SEB than anti-CD3. This
was not dependent on the magnitude of baseline pro-
liferation (in the absence of dexamethasone) because
SEB proliferation at 10 ng/mL was similar to the level
of proliferation induced by 0.1 to 5 pg/mL anti-CD3.
However, T cells at all concentrations of anti-CD3 tested
were markedly more steroid sensitive than even T cells
stimulated with low concentrations of SEB (ie, 10 ng/mL;
P < .001).

Because TCR activation occurs through CD3, this set
of experiments suggested that costimulatory signals by
APCs might be needed for induction of CR T cells by
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FIG 3. The effects of different protein kinase inhibitors on superantigen-induced corticosteroid resistance.
Wortmannin (A), JNK inhibitor (B), or SB203580 (C) did not change superantigen-induced PBMC reactivity to
dexamethasone. D, U1026 abrogates the CR effect induced in PBMCs by superantigens (*P < .05).

superantigens. Purified T cells were cultured with SEB
alone or in the presence of APCs (irradiated PBMCs,
B cells, or monocytes) to confirm the requirement of
APCs. The effect of dexamethasone on T-cell proliferation
induced by superantigen was assessed on the basis of
tritiated thymidine incorporation. T cells can proliferate
in response to plastic-immobilized superantigen in the
absence of APCs'* because plastic-anchored SEB facili-
tates TCR cross-linking. As shown in Fig 1, B, when
purified T cells (in the absence of APCs) were cultured in
the plates precoated with SEB, dexamethasone signifi-
cantly inhibited T-cell proliferation: 10~® M dexametha-
sone caused up to 99% inhibition of the T-cell
proliferation compared with SEB alone (P< .0001). In
contrast, SEB-induced T-cell proliferation was signifi-
cantly less inhibited by dexamethasone in the presence
of APCs (irradiated PBMCs, monocytes, or B cells):
the percentage of inhibition of cell proliferation was
11.39% * 6.47% (P< .01), 29.91% * 7.63% (P< .01),
and 10.11% = 0.94% (P < .01), respectively (compared
with that without APCs).

CD28, but not CD40, is involved in
superantigen-induced corticosteroid
resistance

Interactions between CD40 on APCs and its ligand on
T cells has been implicated in T cell-mediated immune

responses.15 We therefore examined the role of the
CD40-CD40L costimulatory pathway in this process. In
these experiments PBMCs were preincubated with 2 to
10 pg/mL CDA40OL blocking antibody or with CD40L
fusion protein for 2 hours and then stimulated with 100
ng/mL SEB in the presence of different concentrations
of dexamethasone still in the presence of blocking
reagents. The effect of blocking antibody on T-cell
reactivity to dexamethasone was compared with that of
SEB alone. Disruption of CD40-CD40L interaction had
no effect on superantigen-induced cell proliferation in
the presence of dexamethasone (T-cell proliferation
induced by SEB was not inhibited by the presence of
the blocking antibody, even with 10~ ¢ M dexametha-
sone: 142,316 = 6252 cpm vs 148,448 = 7475 cpm,
respectively), indicating that other costimulatory signals
must be involved in this process. The CD40L fusion
construct also had no effect on superantigen-induced CR
T cells (data not shown).

CD28 is known to provide a costimulatory signal that
cooperates with the TCR/CD3 complex to induce T-cell
activation.'® T cells were stimulated through the TCR by
means of anti-CD3 cross-linking with or without different
concentrations of anti-CD28 antibody to investigate the
role of CD28 in the induction of CR T cells. Dexameth-
asone suppressed the ability of PBMCs to proliferate in
response to anti-CD3 (Fig 2, A). Dexamethasone (1076 M)
caused a 90% inhibition of anti-CD3—induced PBMC
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FIG 4. SEB, compared with anti-CD3, induces more rapid and sustained ERK activation. A, The kinetics of ERK
phosphorylation after SEB versus anti-CD3 stimulation, as assessed by means of Western blotting. A
representative experiment is shown of 3 independent experiments performed. B, In vitro phosphorylation of
the recombinant human GCR (1 g, 5 g, and 20 pg, respectively) by ERK1 (lanes 3-5) and ERK2 kinases (lanes
8-10). Lane 1, Blank; lane 2, positive control (myelin basic protein [MBP]); lanes 6 and 7, autophosphorylation

controls for ERK1 and ERK2. MBP, Myelin basic protein.

proliferation. However, in the presence of increasing
concentrations of soluble anti-CD28 antibody, T cells
became more resistant to dexamethasone: at low concen-
trations of anti-CD28 (0.001—0.01 pg/mL), the cells
remained sensitive to dexamethasone, and higher concen-
trations of anti-CD28 (0.1—0.5 pg/mL) restored T-cell
proliferation, even in media with 10~ ® M dexamethasone
(Fig 2, A). These data suggested that CD28 costimulation
shifted the response of human T cells to dexamethasone in
a dose-dependent manner from a steroid-sensitive state to
a CR state after stimulation through the TCR.

To further investigate the role of CD28 signaling in
SEB-induced human T-cell steroid resistance, we exam-
ined the ability of an mAb to CD28 for its direct ability to
act as a costimulatory signal for SEB in the absence of
APCs. Purified T cells were cultured with anti-CD28
antibody (0.001-1.0 pg/mL) for 72 hours in the presence
of SEB. In the control group (SEB-coated plate) dexa-
methasone treatment suppressed the ability of T cells to
proliferate in response to SEB (Fig 2, B). However, when
T cells were stimulated with SEB in the presence of
increasing concentrations of anti-CD28, T cells became

more CR. At 0.5 pg/mL, anti-CD28 completely restored
T-cell resistance to dexamethasone induced by SEB.

Involvement of the ERK pathway in
superantigen-induced CR T cells

Previous experiments suggest that the CD28 costimu-
latory signal is important for the development of CR T cells
induced by superantigen. To study the signaling pathways
that link CD28 to superantigen induction of CR T cells, we
first used a cell-permeable low-molecular-weight inhibitor
specific for the PI3K wortmannin. Its effect was assessed
by the ability of the inhibitor to restore inhibition of PBMC
proliferation by dexamethasone after SEB stimulation.
Surprisingly, PI3K inhibitor had no effect on SEB-induced
steroid resistance (Fig 3, A). Because PKC cascade
activation is considered to be the major downstream event
after TCR engagement, we also tested the effects of
selective PKC inhibitors: 100 nM RO-318220 (IC5o = 10
nM) and 0.5 M TER 14687. They did not subvert the
response to corticosteroids as well (data not shown).

Previous studies have shown that CD28 plays a crucial
role in superantigen-induced T-cell activation, and CD28
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FIG 5. GCR nuclear translocation is inhibited after superantigen stimulation in the presence of dexamethasone
(Original magnification 630%; blue, DAPI-nuclear staining; red, Cy3-GCR.) A, Anti-CD3-stimulated cells with
(+) or without (-) dexamethasone treatment. B, SEB- or TSST-1-stimulated cells with (+) or without (-)
dexamethasone treatment. The pictures are representative of 6 independent experiments in which 50 to 100
cells per slide were analyzed. C, Cy3 GCR nuclear/cytoplasm ratio in the cells stimulated with anti-CD3 and

superantigens.

can augment signals from the TCR to the MAPK
cascade.'®!” Therefore we sought to determine whether
each of these signaling pathways had distinct effects on
the molecular mechanisms that control steroid response.
PBMCs were preincubated with the specific p38 in-
hibitor SB203580, the JNK inhibitor, and the MEK/ERK
inhibitor U0126 for 2 hours before SEB stimulation for 72
hours (all inhibitors remained in the cell culture). Several
concentrations of the inhibitors were tested to determine
the concentration that was not toxic to the cells and was
not able to inhibit cell proliferation on its own. Data
summarized in Fig 3, B and C, showed that 100 nM of JNK
inhibitor (ICsp = 40 nM) and 1 uM of p38 kinase inhibitor
SB203580 (IC5q = 35 nM) had no effect on SEB-induced
steroid resistance. However, the specific MEK/ERK
inhibitor U0126 at 1 pM (ICso=72 nM), which we
verified by means of Western blotting with phospho-ERK
antibodies to completely inhibit ERK phosphorylation
(data not shown), partially restored the T-cell response to
dexamethasone: 10~ ° M dexamethasone caused up to
45.85% = 13.12% inhibition of the T-cell proliferation
after SEB stimulation in the presence of U0126 inhibitor
(P < .05 compared with SEB stimulation only in the
presence of 10~ % M dexamethasone; Fig 3, D). This was
further verified by another MEK/ERK inhibitor: 10 uM
PD98059 (IC50 = 2 pM) caused up to 44.13% = 10.58%

inhibition of SEB-induced T-cell proliferation in the
presence of 10~® M dexamethasone (P< .05 compared
with SEB stimulation only in the presence of 10°°M
dexamethasone). In the presence of 10~° M dexametha-
sone in the culture media, the counts were as follows:
55,406 = 5231 cpm for SEB stimulation in the presence of
10 uM PD98059 versus 143,176 = 35636 cpm for SEB
only (P< .05).

GCRa« phosphorylation by ERK1/ERK2 kinases

Our experiments with MEK/ERK inhibitors strongly
supported the involvement of ERKI1/ERK2 in super-
antigen-induced steroid resistance. We further studied
the relationship between superantigen stimulation and
ERK phosphorylation at serial time points up to 48 hours.
As shown in Fig 4, A, SEB induced ERK phosphorylation
more rapidly (detectable within 1 minute) than the steroid-
sensitive stimulator anti-CD3 (which required 5 minutes).
After SEB stimulation, compared with anti-CD3 stimula-
tion, ERK phosphorylation was also stronger and more
persistent at the 48-hour time point. In contrast, phospho-
ERK was not detectable after 48 hours of stimulation of
PBMCs with anti-CD3. However, enhancement of cos-
timulatory signaling by adding anti-CD28 to anti-CD3
quickly induced ERK phosphorylation (Fig 4, A). All
groups expressed similar amounts of total ERK (see
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nuclearicyto-
DAPI+CY3 CY3 DAPI plasmic ratio
of Cy3/GCR
P38 inhibitor
A 0962001 SEB 24 h
DEX1h
JNK inhibitor
B 1.020.03 SEB 24 h
DEX1h
MEK inhibitor
c 122+0.03* SEB 24 h
DEX1h

FIG 6. MEK inhibitor, but not p38 MAPK or JNK inhibitor, restores the GCR nuclear translocation of T cells in
the presence of superantigen after dexamethasone treatment. Each panel is representative of 3 independent
experiments in which 50 to 100 cells per slide were analyzed. A, p38 MAPK inhibitor (1 wM). B, JNK inhibitor
(100 nM). C, U0126 (1 pM). *P < .01 compared with p38 MAPK- and JNK-treated cells that were stimulated

with 10® M dexamethasone for 1 hour.

Fig E1 at the Journal’s Online Repository at www.mosby.
com/jaci).

Itis known that GCR phosphorylation can be associated
with a reduction in its activity in T-cell responses.'®%’
Indeed, when we treated purified recombinant human
GCRa in vitro with purified ERK1 and ERK2 kinases,
there was a significant increase in phosphorylation of the
GCRa molecule (Fig 4, B). The degree of [*°P] in-
corporation was similar to [*?P) incorporation in the
control substrate (myelin basic protein) after kinase
phosphorylation (Fig 4, B, lane 2).

Superantigen stimulation prevents nuclear
translocation of GCR in human T cells

It has been suggested that phosphorylation of the GCR
influences its ability to translocate to the nuclear region in
response to a receptor agonist.'®2® Because we demon-
strated in Fig 4, B, that ERK directly phosphorylates GCR,
it was of interest to examine the effect of superantigen on
GCR nuclear translocation. PBMCs from 6 healthy donors
were stimulated with 100 ng/mL SEB or anti-CD3 for 48
hours. The cells were then treated with 107® M dexa-
methasone for 1 hour at 37°C or sham treated. In these
experiments GCRa location was examined by means of
indirect immunofluorescence with anti-GCRa rabbit poly-
clonal antiserum detected by means of Cy3-conjugated
secondary antibody (red), and the cell nuclei were defined
by staining with the blue fluorescent DNA dye DAPI. In
the current study the response of SEB-stimulated T cells to
steroids was evaluated by means of GCRa nuclear
translocation. T cells were distinguished from monocytes
by means of surface staining with anti-CD3 APC anti-
body.

In the absence of dexamethasone stimulation, GCRa
was distributed uniformly in the cells (Fig 5, A and B).
After dexamethasone treatment, GCR« translocated to the
cell nucleus in all anti-CD3-simulated cells (Fig 5, A), but

GCR failed to translocate into nuclei in SEB-stimulated
cells (Fig 5, B). The nuclear/cytoplasm ratio of GCRa was
1.30 *= 0.09 in anti-CD3-stimulated cells after dexameth-
asone treatment (P =.0015 compared with the baseline
nuclear/cytoplasm ratio of GCRa); in contrast, the
nuclear/cytoplasm ratio of GCRa in SEB-stimulated cells
was 1.02 = 0.05, which was not significantly different
from GCRa distribution before dexamethasone treatment
(1.04 = 0.04; Fig 5, C). These data indicate that super-
antigen stimulation prevents nuclear translocation of
GCRa induced by dexamethasone.

We then compared the effect of different MAPK
inhibitors on GCRa nuclear translocation after SEB
stimulation. In these experiments we treated the cells with
the inhibitors in the same way and the same concentration
as used for cell proliferation. In the SB203580- and JNK
inhibitor—treated groups, dexamethasone had no effect on
GCRa distribution (Fig 6, A and B). In contrast, dexa-
methasone induced efficient GCRa translocation in the
U0126/SEB-treated group (Fig 6, C). Cy3 MFIs for the
nuclear region of the cells before and after dexamethasone
treatment in this group were as follows: 545.0 = 215.3
versus 897.8 £ 287.12 (P =.001; P < .01 compared with
p38 MAPK- and JNK-treated cells that were stimulated
with 10 M dexamethasone for 1 hour).

DISCUSSION

The anti-inflammatory and immunosuppressive prop-
erties of corticosteroids are their major pharmacologic
benefits and make them the most widely prescribed class
of drugs in the world. The physiologic response and
sensitivity to corticosteroids varies among individuals,
tissues, and cell types.” As such, corticosteroid resistance
complicates the treatment of chronic inflammatory dis-
eases. Although not proved, we hypothesize that super-
antigens contribute to the severity of various diseases by
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inducing corticosteroid resistance.>%1221-22 However, the
molecular basis of glucocorticoid resistance is not well
understood.” In this article we demonstrate that activation
of the MEK/ERK pathway is the key mediator and
signaling pathway involved in the induction of super-
antigen-induced CR T cells.

Our study demonstrated that stimulation through the
TCR/CD3 complex per se does not induce corticosteroid
resistance. Costimulatory signals on APCs play a critical
role in this process by augmenting the strength and
duration of ERK activation. The interaction between
CD28 on the T-cell surface and CD80/CD86 on the
APC:s, as well as the interaction of CD40 on the APCs and
CD154 (CD40L) on the T-cell surface, are required for
optimal activation of T cells by means of both conven-
tional antigen and superantigen.”’24 In contrast to CD28
expression, which is presented constitutively at high levels
on CD4" T cells,'® only activated T cells express CD40L.
It has been shown that blocking antibody to CD40L
significantly inhibits TSST-1-induced IL-2, IFN-y, and
TNF-a secretion by activated PBMCs.* In our experi-
ments disruption of CD40-CD40L interactions by various
concentrations of anti-CD40L mAb did not change the
steroid responsiveness of superantigen-activated T cells to
dexamethasone.

In contrast, our experiments showed that CD28 cos-
timulation is required for the induction of steroid re-
sistance induced by superantigen. Although superantigen
stimulation does not increase CD28 expression on T cells,
it induces the expression of increased levels of its ligands
(CD80 and CD86),> therefore making superantigen
stimulation more dependent from CD28 signaling. We
found that enhancement of TCR signaling by
CD28-mediated costimulation (by increasing doses of
anti-CD28) abrogated the suppressive effects of dexa-
methasone on anti-CD3—induced proliferation of human
PBMCs. Moreover, addition of anti-CD28 to SEB-
stimulated T cells in an APC-free system restored T-cell
proliferation in the presence of dexamethasone, suggest-
ing that the amount of signaling through CD28 determines
the level of steroid resistance after T-cell activation. The
anti-CD28 that was used in the current study (clone 37.51,
BD Pharmingen) has been used by various investigators
as a costimulatory signal for T-cell proliferation.?®?’
Although the study with CD28 blocking antibody prob-
ably will provide more direct evidence for our conclusion,
antagonists of CD28 are currently unavailable. On the
other hand, the blockade of CD28 ligands (B7.1 and B7.2)
might have 2 opposite effects: in addition to reducing
T-cell costimulation through CD28, B7 blockade can also
prevent CTLA-4 from transmitting a negative-regulatory
signal, making it difficult to interpret the results.”®
However, the experiments presented do not exclude the
possibility that superantigen induces T-cell glucocorticoid
resistance by means of a mechanism that does not solely
rely on CD28 but is still dependent on some signal from
APCs.

Activation of T cells is initiated by formation of an
immunologic synapse involving the rearrangement of
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receptors into a central supramolecular activation cluster
that is enriched with TCRs and CD2 and CD28 mole-
cules.””! The cytoplasmic domain of CD28 has the
potential to engage several signaling proteins. It can
interact with the SH2 domain of the p85 subunit of
PI3K, SH3 domains of IL-2—inducible T-cell kinase and
LCK protein tyrosine kinase, and the SH2 domain of
growth-factor receptor-bound protein 2.16

By using various selective protein kinase inhibitors, we
examined the potential signaling pathways that are
stimulated by anti-CD28 and that lead to augmentation
of the CR response. The concentrations of all inhibitors
used in this study exceeded their ICsq values. Their ability
to completely inhibit phosphorylation of the related
substrates after mitogenic stimulation at the concentra-
tions used was confirmed by means of Western blotting.
Recruitment of PI3K is considered to be the main sig-
naling pathway that is engaged by CD28."® Surprisingly,
we found that selective inhibition of PI3K by wortmannin
had no affect on superantigen-induced proliferation in the
presence of dexamethasone. Previous studies suggested
that CD28 can augment signaling from the TCR to the
mitogen-activated protein kinase (MAPK) cascade.'®!”
By using specific MAPK inhibitors at concentrations that
were greater than their ICsy values, our goal was to
determine which MAPK family member participates in
the subversion of corticosteroid response by superanti-
gens. We demonstrate here that signaling through the
MEK/ERK pathway is essential for the development of
superantigen-mediated resistance to corticosteroids. As
assessed with a T-cell proliferation assay, blockade of
MEK/ERK signaling with U0126 and PD98059 (MEK/
ERK-specific inhibitors) abolished superantigen-induced
steroid resistance. In contrast, inhibition of JNK or p38
MAPK did not have such an effect. This provides
evidence for a selective role of the MEK/ERK pathway
in this process.

Our current data in primary human T cells is consistent
with previous reports that activation through the TCR
inhibits glucocorticoid-induced apoptosis of mouse T-cell
hybridomas and mouse thymocytes.>**> Moreover, this
antagonism has been mapped to MAPK/ERK activation.>
Interestingly, these reported effects on glucocorticoid-
induced mouse T-cell apoptosis occurred after activation
with anti-CD3 mAbs. In contrast, we found that steroid
inhibition of human T-cell proliferation could be induced
only by superantigens but not by anti-CD3, despite use of
a wide range of anti-CD3 concentrations that exceeded
what was used in previous studies of mouse T cells.
Although anti-CD3 was able to induce ERK phosphory-
lation, its ability to do this was transient and weaker than
what was observed after superantigen stimulation in
human T cells. This difference in strength and duration
of ERK phosphorylation appears to account for the ability
of superantigen, but not anti-CD3, to sustain corticoste-
roid resistance in human T cells.

As with all members of the nuclear receptor superfam-
ily, the dimeric GCR mediates transactivation of target
genes by binding glucocorticoid response elements in the
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promoter region of target genes.” The ligand-activated
GCR also interacts with multiple transcription factors and
its own coactivators and regulates the function of these
signaling molecules (transrepression).>* In addition, the
GCR interacts with numerous cytosolic proteins, includ-
ing chaperones, kinases, phosphatases, nuclear shuttling
proteins, and the proteasome. GCR acts as a part of
a dynamic network, linking and integrating signaling
pathways and regulatory processes in cells.'” Execution of
these various actions begins with nuclear translocation of
the GCR after engagement with its ligand. Our experi-
ments indicate that superantigen stimulation results in
reduced GCR nuclear translocation, despite the presence
of its receptor agonist. Furthermore, we have found that
activation of the MEK/ERK pathway is responsible for
subversion of this nuclear translocation event.

Many steroid hormone receptors, including the GCR,
are phosphoproteins.'® Evidence to date indicates that
steroid hormone receptor phosphorylation serves not as an
on-off switch but modulates its function. The GCR is
thought to be a substrate for several kinases and phospha-
tases and has been shown to be polyphosphorylated on
serine and threonine residues in the amino-terminal
portion of the protein.”>~® Although the precise role of
each specific phosphorylation event remains unclear,
mutation of multiple phosphorylation sites has a profound
effect on its ability to translocate to the nucleus, receptor
stability, protein half-life, and signaling in a promoter-
specific contex.’® Several studies suggest a strong cell-
cycle dependency of GCR phosphorylation,'® as well as
a potential role of phosphorylation in nuclear cytoplasmic
shuttling.'**” In particular, phosphorylation of the GCR
controls nuclear translocation of this molecule.'”

A previous study has shown that JNK and ERK
activation contributes to the phosphorylation of serine-
threonine residues of rat GCR.*® The latter study®>®
reported that rat GCR S246 phosphorylation by ERK
leads to significant inhibition of the receptor trans-
activation. By means of sequence comparison of rat
and human GCR, it has been suggested that S246 in rat
GCR corresponds to S226 in human GCRa. This region
represents a highly conserved sequence of GCR between
the different species and is likely to be phosphorylated
by ERK on the basis of structural homology.** Recently,
it has been reported that enhancement of MEK/ERK
signaling promotes glucocorticoid resistance in CD4* T
cells.*” The current study does not exclude the possibil-
ity that MEK/ERK signaling can effect the phosphory-
lation status of the chaperone molecules that are
associated with GCR in the cell cytoplasm, which might
influence the efficiency of GCRa dissociation from the
complex and hence its nuclear translocation in response
to steroids. On the other hand, the addition of MEK/ERK
inhibitors enhances nuclear translocation of the GCR in
superantigen-stimulated PBMCs and therefore restores
the phosphorylation status of GCR, its chaperones, or
both. Although it is known that p38 MAPK can
phosphorylate GCR,* this kinase does not have a role
in superantigen-induced steroid resistance because the
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presence of the p38 MAPK inhibitor did not enhance cell
sensitivity to steroids after SEB stimulation. Data in our
current study strongly suggest that ERK phosphorylation
of the GCR triggered by superantigens prevents nuclear
translocation of the GCR, thereby inducing a state of
corticosteroid resistance.

In summary, our study provides direct evidence for the
importance of the MEK/ERK signaling pathway in the
regulation of human T-cell responsiveness to cortico-
steroids and a potential role for MEK/ERK inhibitors in
the regulation of this process. Our data further strongly
suggest that phosphorylation of the GCR is a mechanism
for superantigen-induced corticosteroid resistance, and
this event identifies GCR phosphorylation sites as a region
for further pharmacologic interventions that alter this
process.

We thank Maureen Sandoval for her help in preparing this
manuscript.
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