Up-regulated expression of MICA on activated T lymphocytes
involves Lck and Fyn kinases and signaling through
MEK1/ERK, p38 MAP kinase, and calcineurin
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Abstract: Major histocompatibility complex class
I-related chain (MICA) is a cell stress-regulated
molecule recognized by cytotoxic cells expressing
the NKG2D molecule. MICA can be induced on T
cells after CD3 or CD28 engagement. Here, we
investigated the intracellular pathways leading to
activation-induced expression of MICA. The Src
kinase inhibitor PP1 inhibited up-regulated ex-
pression of MICA on anti-CD3-stimulated T cells.
Downstream signaling routes involved mitogen-ac-
tivated protein kinase (MAPK) kinase (MEK)1/ex-
tracellular signal-regulated kinase (ERK), p38
MAPK, and calcineurin, as MICA expression was
prevented by U0126, SB202190, cyclosporin A,
and FK506. Also, Lck and Fyn as well as MEK1/
ERK and p38 MAPK were found to regulate MICA
expression in anti-CD28/phorbol 12-myristate 13-
acetate-stimulated T cells. Expression of MICA on
activated T cells involved interleukin-2-dependent
signaling routes triggered by Janus tyrosine ki-
nases/signal transducer and activators of transerip-
tion and p70°° kinase, as it could be inhibited by
AG490 and rapamycin. This is the first demonstra-
tion of the intracellular pathways involved in acti-
vation-induced expression of MICA, which may re-
veal potential targets for immune intervention to
modulate MICA expression in pathological disor-
ders. J. Leukoc. Biol. 73: 815-822; 2003.
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INTRODUCTION

Major histocompatibility complex class I-related chain (MICA)
is an human leukocyte antigen-related, codominantly ex-
pressed polymorphic gene, which encodes for a surface-ex-
pressed, nonantigen-presenting polypeptide of ~65 kDa [1-4],
which exhibits a restricted pattern of tissue expression [3, 5-7].
MICA is a cell stress sensor, up-regulated by heat shock [6],
oxidative stress [8], or infection with virus [9] or intracellular
bacteria [10]. MICA induction triggers recognition of stressed
cells by y8 T cells [10, 11], peripheral blood CD8™, CD28™ o8

T lymphocytes [10], and natural killer (NK) cells [12] by
interaction with the cytotoxicity-activating, lectin-like NKG2D
molecule [12, 13].

We have recently demonstrated that expression of MICA can
be induced on peripheral blood CD4" and CD8" T lympho-
cytes stimulated with allogeneic cells, involving engagement of
CD3 and costimulation through CD28 [14]. However, there is
still no evidence about the molecular mechanisms and intra-
cellular pathways involved in this up-regulated expression.

Full T cell activation requires the integration of signals
triggered by CD3 engagement and costimulation through CD28
[15]. Proximal events after engagement of the T cell receptor
(TCR)/CD3 complex are phosphorylation and activation of two
Sre family kinases, Lek and Fyn [15]. Cooperative integration
between Lck and Fyn is required for optimal phosphorylation/
activation of the {-associated protein-70 and the Src homology
2 domain-containing leukocyte phosphoprotein of 76 kDa [16],
which triggers activation of a plethora of downstream signaling
molecules [15]. Important components of these intracellular
mediators are the mitogen-activated protein kinases (MAPKS)
extracellular signal-regulated kinase (ERK), c-jun NH,-termi-
nal kinase (JNK), and p38. In turn, these kinases activate
specific transcription factors and early immune response genes
such as the interleukin (IL)-2 and IL-2 receptor (R) genes [17].
Disruption of the MAPK kinase (MEK)I/ERK pathway with
specific inhibitors suppresses the proliferative response as well
as the production of several cytokines by T lymphocytes [18].
TCR ligation also induces a rapid phosphorylation and activa-
tion of the JNK [19] and p38 MAPK [20].

In addition, the Ca®*/calmodulin-dependent serine/threo-
nine phosphatase calcineurin also plays an important role in T
cell activation. Activation of calcineurin by a rise in cytosolic
Ca®" levels induced by TCR engagement induces dephosphor-
ylation of the cytosolic transcription factor, nuclear factor of
activated T cells (NFAT), which is then translocated to the
nucleus, inducing transcription of early immune-response
genes in conjunction with other transcription factors such as
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activated protein-1 (AP-1) [21]. The activity of calcineurin can
be blocked with inhibitors such as cyclosporin A (CsA) and
FK506, which bind to a group of intracellular proteins called
immunophilins [22].

Conversely, costimulation through CD28 on T cells also
leads to activation of the Src family protein tyrosine kinases
Lek and Fyn [23, 24], which integrate signals elicited by
TCR/CD3 engagement necessary to achieve full T cell activa-
tion [15]. It has been demonstrated that CD28 engagement
increases ERK signaling [25], JNK activation [26, 27], and p38
MAPK activity [28], highlighting their role for integration of
signals 1 and 2 during T lymphocyte activation.

A key step in T lymphocyte activation is CD3- and CD28-
induced secretion of IL-2. Upon interaction with the activation-
inducible, high-affinity IL-2R, this cytokine activates the Janus
tyrosine kinase (Jak)/signal transducer and activator of tran-
scription (STAT) pathway [29, 30] and other intracellular ki-
nases such as the p70° kinase [31]. Jak1 and Jak3 as well as
STATS and STAT3 have been demonstrated to participate in
IL-2-triggered intracellular activation pathways [29].

In the present study, we investigated the molecular mecha-
nisms and intracellular pathways involved in activation-in-
duced expression of MICA. We observed that up-regulated
expression of MICA on T lymphocytes stimulated by CD3
engagement involves activation of Lek and Fyn kinases and
subsequent signaling through simultaneous routes that proceed
through MEK1/ERK, p38 MAPK, and calcineurin. Moreover,
up-regulated expression of MICA on T lymphocytes stimulated
by CD28 engagement and phorbol 12-myristate 13-acetate
(PMA) also involves the Sre kinases Lck and Fyn, signaling
through MEK1/ERK and p38 MAPK but not calcineurin. Part
of these effects operates through induction of 1L.-2-dependent,
intracellular signaling routes triggered by the Jak/STAT path-
way and activation of the p70°® kinase.

MATERIALS AND METHODS

Reagents

U0126, SB202190, and rapamycin were purchased from Calbiochem (La Jolla,
CA). AG490 (an inhibitor of Jak3) and PP1 (an Src family kinase inhibitor)
were purchased from Biomol Research Laboratories (Plymouth Meeting, PA).
The drugs were dissolved in dimethyl sulfoxide (DMSO) at 5, 2, 1, 25, and 10
mM, respectively. CsA was kindly provided by Novartis Argentina (Buenos
Aires). FK506 (Fujisawa Ireland, Kerry) was kindly provided by Gador Ar-
gentina (Buenos Aires). PMA (Sigma Chemical Co., St. Louis, MO) was
dissolved in DMSO at 25 ng/ml. Stimulating mouse anti-human CD3 mono-
clonal antibody (mAb; clone SK7) and stimulating mouse anti-human CD28
mAb (clone L293) were obtained from Becton Dickinson (San Jose, CA).
Anti-ERK polyclonal Ab, antiphosphorylated ERK (anti-pERK) mAb, and
peroxidase-conjugated antiphosphotyrosine-specific mAb were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA).

Peripheral blood mononuclear cell (PBMC)
isolation and stimulation

PBMCs were isolated from blood donors from healthy human volunteers by
Ficoll-Paque™ Plus (Amersham Biosciences, Piscataway, NJ) gradient cen-
trifugation, washed with RPMI 1640 (Sigma Chemical Co.), and resuspended
in RPMI 1640 supplemented with 10% heat-inactivated fetal calf serum (FCS;
Life Technologies, Gaithersburg, MD), sodium pyruvate, glutamine, and pen-
icillin-streptomycin (RPMI/FCS). PBMCs were stimulated with PMA (0.5
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ng/ml), anti-CD3 mAb (25 ng/ml), anti-CD28 mAb (500 ng/ml), anti-CD28
mADb (0.5 pg/ml) plus PMA (0.5 ng/ml) and were cultured for 3 days in 96-well,
“U”-bottomed plates or in 24-well, flat-bottomed plates (Becton Dickinson
Labware). In some experiments, PBMCs were preincubated for 30 min at 37°C
with pharmacologic inhibitors of intracellular signaling molecules. In other set
of experiments, inhibitors were added to the cultures at the moment of the mAb
stimulation. Control experiments were performed, stimulating PBMCs with an
isotype-matched, negative-control mAb [32]. Cultured cells were then used for
proliferation assays or Western blot analysis.

Proliferation assay

Cells were pulsed with 1 pCi/well methyl-*H-thymidine (*H-Thy; New En-
gland Nuclear Life Science, Boston, MA) during the last 18 h of cell culture
and were harvested on glass-fiber filters using a Packard Filtermate cell
harvester (Packard Instruments, La Grange, IL). Incorporated radioactivity was
measured in a liquid scintillation B-counter (Packard Instruments). Results are
expressed as mean counts per minute (cpm) of triplicate wells * sp. Percent-
ages of inhibition of proliferation induced by each drug were calculated as 100
=100 X (M grug= CPMypqek ground) (CPMithout drug™ CPMpackground)s Where “drug”
represents the cpm obtained in the presence of the drug, “without drug”
represents the cpm obtained in mAb-stimulated cells in the absence of drugs,
and “background” represents the background *H-Thy incorporation obtained
with the isotype-matched, negative-control mAb. Statistical analysis was per-
formed applying the parametric, ordinary ANOVA test with Bonferroni’s

correction.

Anti-MICA rabbit sera

Polyclonal rabbit antibodies against MICA were obtained as described previ-
ously [3]. Briefly, serum #620 was raised against a peptide corresponding to
amino acid residues 42—60 of the translated sequence of MICA, and serum
#0621 was raised against a peptide corresponding to amino acid residues
140-160 of the translated sequence of MICA [1]. Their reactivity and speci-
ficity have been characterized previously [3, 5, 33].

Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blot

Cells were washed three times with phosphate-buffered saline and lysed with
1%  3-[(3-chloramidopropyl)dimetylammonio]-1-propanesulfonate  (Sigma
Chemical Co.) in 0.15 M NaCl, 50 mM Tris-HCI, pH 7.4 (Tris-buffered saline),
in the presence of a mixture of protease inhibitors (Sigma Chemical Co.) and
1 mM sodium ortho-vanadate. Protein concentration of lysates was measured
with the Micro bicinchoninic acid kit (Pierce, Rockford, IL). Denaturing
discontinuous gel electrophoresis (SDS-PAGE) under reducing conditions and
Western blots were performed as described previously [3]. The same amount of
proteins from different samples was loaded onto the gels (10 or 20 pg,
depending on the experiment). Proteins were transferred to polyvinylidene
difluoride (PVDF) membranes (Amersham Biosciences), and equal loading was
confirmed by Ponceau S staining. Blocked PVDF membranes were incubated
with a pool of anti-MICA sera #620 and #621 (diluted 1/10,000), anti-ERK
(1/3000), or anti-pERK (1/1000) Ab. Bound Ab were detected with peroxidase-
labeled anti-rabbit or mouse immunoglobulin G (Bio-Rad, Hercules, CA) and
chemiluminescent detection with the enhanced chemiluminescence Western
blotting detection reagent (Amersham Biosciences) and Kodak BioMax films.
No bands were observed in Western blots incubated with normal rabbit sera.
In other experiments, PVDF membranes were incubated with peroxidase-
conjugated, antiphosphotyrosine mAb PY-20 for 3 h and were developed by
chemiluminiscent detection as described.

Films were analyzed with the Scion image analysis software (Scion, Fred-
erick, MD). Background was substracted from the images, and after tresholding
and binary conversion, the intensity of each band was recorded and expressed
as arbitrary units (AU). The percentage of inhibition of MICA expression
induced by the drugs was calculated as 100 — 100 X (AU(hW—AUba(:kgmu"d)/
(AU, ithout drug=AUpuckground)> Where “drug” represents the AU obtained in the
presence of each drug, “without drug” represents the AU obtained in mAb-
stimulated cells in the absence of drugs, and “background” represents the
background AU obtained with the isotype-matched, negative control mAb.

http://www.jleukbio.org



Flow cytometry

Cell viability after culture with different drugs and inhibitors was checked by
propidium iodide (PI) exclusion and monitored by flow cytometry using an
Ortho cytoron flow cytometer (Ortho, Raritan, NJ). Apoptosis was assessed by
analyzing the percentage of hypodiploid cells after culture with different drugs
and inhibitors, as described previously by Nicoletti et al. [34].

RESULTS

We have recently demonstrated that activation-induced ex-
pression of MICA on T lymphocytes involves CD3 or CD28
engagement [14]. We now investigated the molecular mecha-
nisms implicated in this phenomenon. As Lck and Fyn tyrosine
kinases have been demonstrated to initiate the TCR/CD3 sig-
nal-transduction pathway, we first inhibited these kinases with
the pharmacologic agent PP1 [35] and analyzed the induction
of MICA on anti-CD3-activated T cells. The concentrations of
PP1 used in our experiments did not induce apoptosis on
resting or anti-CD3-stimulated T cells, as assessed by PI
staining of hypodiploid DNA content and flow cytometry (data
not shown). However, when PBMCs were activated with anti-
CD3 mAb in the presence of PP1, a profound inhibition of
proliferation was observed (Fig. la). MICA expression was
strongly inhibited (Fig. 1b), suggesting that activation of Lck
and Fyn kinases is a critical, proximal event that leads to
activation-induced expression of MICA on T cells. The inhib-
itory activity of PP1 was confirmed, as basal levels of tyrosine-
phosphorylated proteins were detected in Western blots of
anti-CD3-stimulated cells incubated with this drug (Fig. 1c).
As inhibition of proximal events in CD3-induced T cell
activation affects MICA expression, we investigated down-
stream events triggered by Lck and Fyn that might participate
in this phenomenon. First, we used inhibitors of the MEK1/
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ERK pathway (U0126; ref. [36]), the p38 MAPK pathway
(SB202190; ref. [37]), and calcineurin (CsA and FK506; refs.
[38, 39]). The concentrations of U0126, SB202190, CsA, and
FK506 used in our experiments did not induce apoptosis on
resting or anti-CD3-stimulated T cells, as assessed by PI
staining of hypodiploid DNA content and flow cytometry (data
not shown). The specific inhibitor U0126 completely abrogated
the proliferative response of anti-CD3-stimulated T cells, and
SB202190 produced inhibitions of 85-92% (Fig. 2a). In ad-
dition, both drugs strongly inhibited MICA expression (Fig.
2b). Densitometric analysis of Western blots indicates that
U0126 induced inhibitions ranging from 78% to 100%, and
SB202190 inhibited MICA expression in percentages ranging
from 84% to 93%, depending on the experiment (Fig. 2b, lower
panel). pERK was detected only during early stages of the
culture (15 and 30 min), which was inhibited by U0126.
However, pERK could not be detected after 72 h of culture
(even in the absence of U0126), the time at which the cells
were harvested for analysis of MICA expression (Fig. 2c).
These results indicate that the MEK1/ERK and the p38 MAPK
signaling pathways participate in activation-induced expres-
sion of MICA following engagement of CD3.

Inhibition of calcineurin with CsA and FK506 also induced
a strong reduction of the proliferative response in anti-CD3-
stimulated T cells (64-75% and 71-93% inhibition, respec-
tively, Fig. 2a). Also, both compounds strongly inhibited MICA
expression (Fig. 2b), indicating that calcineurin is also in-
volved in the signaling pathways that lead to up-regulated
expression of MICA on T lymphocytes after CD3 engagement.

Inhibition of the proliferative response observed with the
different pharmacologic inhibitors used in our experiments
suggests that their concentrations are sufficient to dramatically
affect normal cell proliferation. Maximal inhibition of MICA
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Fig. 1. Inhibition of Lck and Fyn on anti-CD3-stimulated T lymphocytes prevents up-regulated expression of MICA. PBMCs were stimulated for 72 h with
anti-CD3 mAb (a-CD3) in the absence (-) or presence of 1, 10, or 20 wM Src kinase inhibitor PP1, harvested, and used for proliferation assays (a) or Western
blot analysis for MICA expression (b). As negative control, PBMCs stimulated with an isotype-matched mAb (IC) were also analyzed. The arrow indicates the
~65-kDa band corresponding to MICA. In addition, the broad inhibitory effect on tyrosine phosphorylation of PP1 was assessed by Western blot using the
antiphosphotyrosine mAb PY-20 in lysates from cells stimulated for 15 min with anti-CD3 mAb in the absence (=) or presence of 1 or 10 M Src kinase inhibitor
PP1 (c). Basal tyrosine phosphorylation was assessed in lysates of cells incubated with the isotype-matched, negative-control mAb (IC). Molecular weight markers
are shown on the left. The results shown are representative of three independent experiments performed with different blood donors. *, P < 0.001, versus a-CD3

without PP1.
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Fig. 2. Inhibition of MEK1, p38 MAPK, and cal-

cineurin prevents up-regulated expression of MICA Py 50|
on anti-CD3-stimulated PBMCs. Cells were stimu-
lated for 72 h with anti-CD3 mAb (a-CD3) in the
absence (—) or presence of 20 M MEKI inhibitor
U0126, 10 uM p38 MAPK inhibitor SB202190
(SB), or 1 uM calcineurin inhibitors CsA and
FK5006, harvested, and used for proliferation assess-

ment (a) or Western blot analysis for MICA expres- O [3)
sion (b). As negative control, PBMCs stimulated -
with an isotype-matched mAb (IC) or PBMCs cul-

RPMI
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IC
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CsA
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tured for 3 days without mAb (RPMI) were also
analyzed. The arrow indicates the ~65-kDa band
corresponding to MICA. The intensity of each band
was quantified by densitometric analysis and ex-
pressed in AU (lower panel). In addition to prolif-
eration, efficacy of the U0126 treatment was also
assessed by Western blot using anti-ERK and anti- c
pERK (pERK) Ab in lysates from cells stimulated

a-CD3

a-CD3

for 15 min, 30 min, or 72 h with anti-CD3 mAb

15 min 30 min 72h

(a-CD3) in the absence (-) or presence (+) of 20
M UO0126 (c). Basal levels of ERK and pERK were

+ -+ -+

analyzed in freshly isolated, untreated cells (lane 1).

The results shown are representative of three inde-
pendent experiments performed with different blood
donors. *, P < 0.001, versus a-CD3 without phar-
macologic inhibitors.

expression was observed with 1 uM U0126, CsA, and FK506
and 10 M SB202190. However, higher concentrations of
these inhibitors did not further inhibit MICA expression (Fig.
3). As CsA and FK506 were unable to completely inhibit
MICA expression, it is likely that some calcineurin-indepen-
dent, alternative routes might also signal for MICA expression
on anti-CD3-stimulated T cells.

As the Src kinases Lek and Fyn, ERK, and p38 MAPK are
also implicated in activation during CD28 cosignaling in T
lymphocytes, we investigated their involvement in MICA ex-
pression on T lymphocytes activated with anti-CD28 mAb plus
PMA (Fig. 4). Although only 20 uM Src kinase inhibitor PP1
diminished the proliferative response of the cells (Fig. 4a), the
inhibition of up-regulated expression of MICA was already
evident at 1 pM of the drug (Fig. 4b). Similarly, U0126 and
SB202190 slightly affected the *H-Thy uptake (Fig. 4c), which

uo126 [uM] 0 CsA[uM] 0 0.01 01 1
m
SB202190 [uM] 0 1 10 50 FK506 [uM] 0 0.01 0.1

_]-

Fig. 3. Dose-dependent effect of U0126, SB202190, CsA, and FK506 on
MICA expression in anti-CD3-stimulated PBMCs. Cells were stimulated for
72 h with anti-CD3 mAb (a-CD3) in the absence or presence of different
micromolar concentrations of U0126, SB202190, CsA, or FK506 (indicated at
the top of each panel), harvested, and used for Western blot analysis for MICA
expression. The results shown are representative of three independent exper-
iments performed with different blood donors.
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ranged from 16% to 18% for U0126 and 28% to 34% for
SB202190, depending on the experiment. However, both drugs
markedly inhibited the induction of MICA expression, which
ranged from 45% to 68% for U0126 and 67% to 100% for
SB202190, depending on the experiment (Fig. 4d). In addition
to proliferation assessment, the effects of PP1 and U0126 were
confirmed, as basal levels of phosphotyrosine proteins were
detected in the presence of PP1 (Fig. 4e), and low levels of
pERK were detected in U0126-treated cells shortly after stim-
ulation (15 and 30 min). However, pERK reached high levels
after 72 h of stimulation, even in the presence of U0126 (Fig.
4f). The use of higher doses of U0126 and SB202190 demon-
strated a dose-dependent effect on MICA expression on cells
activated with anti-CD28/PMA (Fig. 5). Furthermore, com-
plete inhibition of MICA expression was achieved with 50 uM
U0126 (Fig. 5). Our results indicate that MICA expression
induced on T cells upon engagement of CD28 involves activa-
tion of Lek and Fyn, MEK1/ERK, and p38 MAPK signaling
pathways.

As expected, calcineurin, which does not participate in
cosignaling after CD28 engagement [15], is not involved in
anti-CD28/PMA-induced MICA expression, as CsA and
FK506 slightly inhibited the proliferative response (5-10%
inhibition for CsA and 4—15% inhibition for FK506, Fig. 4a)
and MICA expression (11-24% inhibition for CsA and 7-13%
inhibition for FK506, Fig. 4b). Ten times higher concentrations
of CsA or FK506 (10 M) did not induce higher inhibitions of
MICA expression on anti-CD28/PMA-stimulated cells (data
not shown).

A key event upon CD3 engagement and CD28 costimulation
is the induction/secretion of I1-2 and the expression of the

http://www.jleukbio.org
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Fig. 4. Inhibition of Lck, Fyn, MEKI1, and p38
MAPK but not calcineurin prevents up-regulated
expression of MICA in anti-CD28/PMA -stimulated
PBMCs. Cells were stimulated for 72 h with anti-
CD28 mAb plus PMA (a-CD28/PMA) in the ab-
sence (-) or presence of 1, 10, and 20 uM Src
kinase inhibitor PP1 (PP1, a and b) or 20 pM
MEKT inhibitor U0126, 10 M p38 MAPK inhib-
itor SB202190 (SB), or 1 wM calcineurin inhibitors
CsA or FK506 (¢ and d), harvested, and used for
proliferation assessment (a and c¢) or Western blot

a-CD28/PMA analysis for MICA expression (b and d). As nega-

tive control, PBMCs cultured with medium alone
(RPMI, b), anti-CD28 mAb alone (a-CD28, a—d),
or PMA alone (¢ and d) were also analyzed. The
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arrow indicates the ~65-kDa band corresponding
to MICA. The intensity of each band from panel d
was quantified by densitometric analysis and ex-
pressed in AU (lower panel). In addition, the
broad, inhibitory effect on tyrosine phosphorylation
of PP1 was assessed by Western blot with the
antiphosphotyrosine mAb PY-20 in lysates from
cells stimulated for 15 min with a-CD28/PMA in
the absence (-) or presence of 1 or 10 wM Src
kinase inhibitor PP1 (e). Basal tyrosine phosphor-

ylation was assessed in lysates of cells incubated
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high-affinity IL-2R [15]. Using subapoptotic concentrations of
AGA490 (an inhibitor of Jak3 that disrupts signaling through the
Jak/STAT pathway; refs. [29, 30, 40]), we observed a strong
inhibition of the proliferative response of anti-CD3- and anti-
CD28/PMA-stimulated T cells (Fig. 6a). Similarly, the p70>
kinase inhibitor rapamycin [31, 41] also inhibited the *H-Thy
uptake by anti-CD3- and anti-CD28/PMA-stimulated T cells

without mAb (RPMI). Molecular weight markers
are shown on the left. Also, efficacy of the U0126
treatment was assessed by Western blot with anti-
ERK and anti-pERK (pERK) Ab in lysates from
cells stimulated for 15 min, 30 min, or 72 h with
a-CD28/PMA in the absence () or presence (+) of
20 uM U0126 (f). Basal levels of ERK and pERK

were analyzed in freshly isolated, untreated cells

(lane 1). The results shown are representative of
three independent experiments performed with dif-
ferent blood donors. *, P < 0.05, versus a-CD28/
PMA without PP1; **, P < 0.001, versus a-CD28/

m
w

<
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uo126

PMA without pharmacologic inhibitors (U0126,

a-CD28/PMA SB202190, CsA, or FK506).

(Fig. 6b). Both inhibitors induced a dose-dependent suppres-
sion of activation-induced expression of MICA on T lympho-
cytes upon CD3 engagement or CD28 costimulation (Fig.
6, c—e).

Therefore, expression of MICA induced by stimulation of T
cells with anti-CD3 mAb involves activation of Lck and Fyn
and signaling through the MEK1/ERK, p38 MAPK, and cal-
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Fig. 5. Dose-dependent effect of U0126 and SB202190 on MICA expression
on anti-CD28/PMA-stimulated PBMCs. Cells were stimulated for 72 h with
anti-CD28/PMA in the absence or presence of different micromolar concen-
trations of U0126 and SB202190 (indicated at the top of each panel), har-
vested, and used for Western blot analysis for MICA expression. The results
shown are representative of three independent experiments performed with
different blood donors.

cineurin pathways. In contrast, expression of MICA on anti-
CD28/PMA-stimulated T cells also involves activation of Lck
and Fyn and signaling through the MEK1/ERK and the p38
MAPK pathways.

DISCUSSION

We have previously demonstrated that MICA expression on
activated T cells involves engagement of CD3 and costimula-
tion through CD28 [14]. In the present study, we investigated
the intracellular mediators involved in this phenomenon.

In the presence of accessory cells, inhibition of Lck and Fyn
in T cells activated by TCR/CD3 engagement strongly inhib-
ited up-regulated expression of MICA (Fig. 1). As Lck and Fyn
activate the Ras-Raf-MEK1/ERK pathway in T cells stimu-
lated by CD3 engagement, we investigated the participation of
this signaling route in MICA expression. Our results using
U0126 indicate that MICA expression relies on an early,
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d), harvested, and used for proliferation assessment «-CD3
(a and b) or Western blot analysis for MICA expres-
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performed with different blood donors. *, P <
0.001, versus a-CD3 without AG490 (a) or Rapa (b),
and ** P < 0.001, versus a-CD28/PMA without
AG490 (a) or Rapa (b).
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functional Ras-Raf-MEKI1-ERK signaling pathway. In agree-
ment with previous observations indicating an early but not
sustained ERK activity necessary for T cell activation [19, 42,
43], we observed the presence of pERK only early after stim-
ulation (15-30 min) in anti-CD3-stimulated cells, which was
critical for the induction of MICA expression (Figs. 2 and 3).

Another signaling pathway activated by Lck and Fyn is the
p38 MAPK pathway [15, 20]. We confirmed the participation of
this kinase in the proliferative response of anti-CD3-stimulated
T cells and demonstrated that p38 MAPK is an important
intracellular mediator that leads to up-regulated expression of
MICA after CD3 engagement (Figs. 2 and 3).

TCR/CD3 ligation also activates the Ca®*/calmodulin-de-
pendent serine/threonine phosphatase calcineurin [21, 22].
Two different calcineurin inhibitors (CsA and FK506) inhib-
ited the proliferative response, as well as MICA expression on
anti-CD3-activated T cells (Figs. 2 and 3), confirming that this
phosphatase participates in activation-induced MICA expres-
sion.

We had also demonstrated that in the presence of accessory
cells, CD28 engagement induces MICA expression [14]. Here,
we observed that the Lek and Fyn kinases, MEK1/ERK, and
the p38 MAPK pathway, which are activated upon CD28
stimulation [23-25, 28, 44], are also involved in up-regulated
expression of MICA (Fig. 4). The strong effect observed on
MICA expression contrasts with the weak inhibition of the
proliferative response when the MEK1/ERK or the p38 MAPK
pathways were disrupted. These findings suggest that T cells
have alternative and mutually compensating routes to initiate
cell-cycle progression and proliferation upon CD28 engage-
ment but that disruption of any of those routes produces a
profound impact on MICA expression. The minimal effect of
CsA and FK506 on the proliferation of T cells after CD28
costimulation is in agreement with previous findings about a
marginal role of calcineurin in costimulation-dependent T cell
activation [45]. In addition, we observed only a marginal effect
of FK506 and CsA on MICA expression levels in anti-CD28-
stimulated T cells.

It is known that Jak1, Jak3, and STATS5 are activated upon
IL-2 interaction with its high-affinity receptor [29, 30] and that
the p70°° kinase participates in the elicited intracellular path-
ways [31]. We observed that the Jak/STAT pathway and the
p70% kinase participate in the up-regulated expression of
MICA upon CD3 engagement or CD28 costimulation (Fig. 6),
most likely via autocrine/paracrine IL-2-mediated effects. The
signaling routes involved in IL-2-mediated, up-regulated ex-
pression of MICA are currently under study in our laboratory.

Although we cannot rule out the possibility that the phar-
macologic agents used in our experiments could affect other
cellular targets that participate in MICA expression on T
lymphocytes, our approach of using pharmacologic inhibitors
has the advantage over cell-line transfection-based strategies
in that it can be applied to normal (resting) cells. Hence, our
results do not correspond to a cell line that has disregulated,
intracellular metabolic pathways and high basal kinase activ-
ities. In addition, there is experimental evidence that indicates
that overexpression of different kinases induces activation of
intracellular pathways that do not operate during T cell-spe-

cific signal-transduction pathways under normal, physiological
responses [46].

The expression of MICA induced by multiple cytoplasmic
signaling routes demonstrated in this study is probably
achieved through activation of specific transcription factors
such as NFAT, nuclear factor-kB, and AP-1 [15, 21, 47]. We
can speculate that a full set of transcription factors activated by
MEK1/ERK, p38 MAPK, calcineurin, and Jak proteins is
required to induce a cooperative effect that activates transerip-
tion of the MICA gene. Pharmacologic inhibition of signaling
routes that activate one or some of these transcription factors
should therefore affect MICA expression, as observed in this
study. Hence, our results set the basis for experiments to
elucidate the transcription factors involved in up-regulated
expression of MICA, which are currently in progress in our
laboratory.

Our results constitute the first demonstration of intracellular
mediators involved in MICA expression. Up-regulated expres-
sion of MICA on T lymphocytes stimulated by CD3 engagement
involves activation of Lck and Fyn kinases and subsequent
signaling through simultaneous routes that proceed through
MEK1/ERK, p38 MAPK, and calcineurin. Moreover, expres-
sion of MICA on T lymphocytes stimulated by CD28 engage-
ment and PMA also involves Lck, Fyn, MEK1/ERK, and p38
MAPK but not calcineurin. Part of these effects appears to
operate through induction of IL-2-dependent signaling routes
triggered by the Jak/STAT pathway and activation of the p70™°
kinase. The elucidation of the multiple, intracellular signaling
pathways and mediators involved in the up-regulated expres-
sion of MICA may reveal potential targets for immune inter-
vention to modulate MICA expression in pathological disor-
ders.

ACKNOWLEDGMENTS

This work was supported by grants from ANPCYT (PICT99
05-6914, N. W. Z.) and Fundacién Antorchas (14116-107,
N. W. Z). L. L. M. is a postgraduate fellow of
CONICET. G. A. R., L. F., and N. W. Z. are members of the
Researcher Career of CONICET. We thank Dr. Peter Stastny
from University of Texas Southwestern Medical Center (Dallas)
for providing the anti-MICA sera, Dr. A. Mangisch from No-
vartis Argentina for providing cyclosporin A, and Dr. A. Pérez
Lloret from Gador Argentina for providing FK506.

REFERENCES

1. Bahram, S., Bresnahan, M., Geraghty, D. E., Spies, T. (1994) A second
lineage of mammalian major histocompatibility complex class 1 genes.
Proc. Natl. Acad. Sci. USA 91, 6259-6263.

2. Li, P., Willie, S. T., Bauer, S., Morris, D. L., Spies, T., Strong, R. K. (1999)
Crystal structure of the MHC class I homolog MIC-A, a y8 cell ligand.
Immunity 10, 577-584.

3. Zwirner, N. W., Ferndandez-Vifia, M. A., Stastny, P. (1998) MICA, a new
polymorphic HLA-related antigen, is expressed mainly by keratinocytes,
endothelial cells and monocytes. Immunogenetics 47, 139-148.

4. Molinero, L. L., Marcos, C. Y., Mirbaha, F., Fainboim, L., Stastny, P.,
Zwirner, N. W. (2002) Codominant expression of the polymorphic MICA
alloantigens encoded by genes in the HLA region. Eur. J. Immunogenet.

29, 315-320.

Molinero et al.  Signaling pathways and MICA expression 821



10.

11.

12.

13.

14.

15.

16.

19.

20.

21.

22.

23.

24.

25.

. Zwirner, N. W., Dole, K., Stastny, P. (1999) Differential surface expression

of MICA by endothelial cells, fibroblasts, keratinocytes, and monocytes.
Hum. Immunol. 60, 323-330.

. Groh, V., Bahram, S., Bauer, S., Herman, A., Beauchamp, M., Spies, T.

(1996) Cell stress-regulated human major histocompatibility complex
class I gene expressed in gastrointestinal epithelium. Proc. Natl. Acad.

Sci. USA 93, 12445-12450.

. Groh, V., Rhinehart, R., Secrist, H., Bauer, S., Grabstein, K. H., Spies, T.

(1999) Broad tumor-associated expression and recognition by tumor-
derived y3 T cells of MICA and MICB. Proc. Nail. Acad. Sci. USA 96,
6879-6884.

. Yamamoto, K., Fujiyama, Y., Andoh, A., Bamba, T., Okabe, H. (2001)

Oxidative stress increases MICA and MICB gene transcription in the
human colon adenocarcinoma cell line Caco-2. Biochim. Biophys. Acta

1526, 10-12.

. Groh, V., Rhinehart, R., Randolph-Habecker, J., Topp, M. S., Riddell,

S. R., Spies, T. (2001) Co-stimulation of CD8a3 T cells by NKG2D via
engagement by MIC induced on virus-infected cells. Nat. Immunol. 2,
255-260.

Das, H., Groh, V., Kuijl, C., Sugita, M., Morita, C., Spies, T., Bukowski,
J. F. (2001) MICA engagement by human Vy2V32 T cells enhances their
antigen-dependent effector function. Immunity 15, 83-93.

Groh, V., Steinle, A., Bauer, S., Spies, T. (1998) Recognition of stress-
induced MHC molecules by intestinal epithelial y& T cells. Science 279,
1737-1740.

Bauer, S., Groh, V., Wu, J., Steinle, A., Phillips, J. H., Lanier, L., Spies,
T. (1999) Activation of NK and T cells by NKG2D, a receptor for
stress-inducible MICA. Science 285, 727-729.

Wu, J., Song, Y., Bakker, A. B. H., Bauer, S., Spies, T., Lanier, L.,
Phillips, J. H. (1999) An activating immunoreceptor complex formed by
NKG2D and DAP10. Science 285, 730-732.

Molinero, L. L., Fuertes, M. B., Rabinovich, G. A., Fainboim, L., Zwirner,
N. W. (2002) Activation-induced expression of MICA on T lymphocytes
involves engagement of CD3 and CD28. J. Leukoc. Biol. 71, 791-797.
Alberola-Ila, J., Takaki, S., Kerner, J. D., Perlmutter, R. M. (1997)
Differential signaling by lymphocyte antigen receptors. Annu. Rev. Immu-
nol. 15, 125-154.

Denny, M. F., Patai, B., Straus, D. B. (2000) Differential T-cell antigen
receptor signaling mediated by the Src family kinases Lck and Fyn. Mol.
Cell. Biol. 20, 1426-1435.

. Garrington, T. P., Johnson, G. L. (1999) Organization and regulation of

mitogen-activated protein-kinase signaling pathways. Curr. Opin. Cell

Biol. 11, 211-218.

. Dumont, F. J., Staruch, M. J., Fischer, P., DaSilva, C., Camacho, R. (1998)

Inhibition of T cell activation by pharmacologic disruption of the MEK1/
ERK MAP kinase or calcineurin signaling pathways results in differential
modulation of cytokine production. J. Immunol. 160, 2579-2589.

Zhu, L., Yu, X., Akatsuka, Y., Cooper, J. A., Anasetti, C. (1999) Role of
mitogen-activated protein kinases in activation-induced apoptosis of T
cells. Immunology 97, 26-35.

Schafer, P. H., Wang, L., Wadsworth, S. A., Davis, J., Siekierka, J. J.
(1999) T cell activation signals up-regulate p38 mitogen-activated protein
kinase activity and induce TNF-a production in a manner distinct from
LPS activation of monocytes. J. Immunol. 162, 659—668.

Rao, A., Luo, C., Hogan, P. G. (1997) Transcription factors of the NFAT
family: regulation and function. Annu. Rev. Immunol. 15, 707-747.
Liu, J., Albers, M. W., Wandless, T. J., Luan, S., Alberg, D. G., Belshaw,
P. J., Cohen, P., MacKintosh, C., Klee, C. B., Schreiber, S. L. (1992)
Inhibition of T cell signaling by immunophilin-ligand complexes corre-
lates with loss of calcineurin phosphatase activity. Biochemisiry 31,
3896-3901.

Holdorf, A. D., Green, J. M., Levin, S. D., Denny, M. F., Strauss, D. B.,
Link, V., Changelian, P. S., Allen, P. M., Shaw, A. S. (1999) Proline
residues in CD28 and the Src homology (SH)3 domain of the Lck are
required for T cell costimulation. J. Exp. Med. 190, 375-384.

Michel, F., Grimaud, L., Tuosto, L., Acuto, O. (1998) Fyn and ZAP-70 are
required for Vav phosphorylation in T cells stimulated by antigen pre-
senting cells. J. Biol. Chem. 273, 31932-31938.

Carey, K. D., Dillon, T. J., Schmitt, J. M., Baird, A. M., Holdorf, A. D.,
Straus, D. B., Shaw, A. S., Stork, P. J. (2000) CD28 and the tyrosine kinase
ek stimulate mitogen-activated protein kinase activity in T cells via
inhibition of the small G protein Rapl. Mol. Cell. Biol. 20, 8409-8419.

822 Journal of Leukocyte Biology Volume 73, June 2003

26.

27.

28.

29.

30.

31

32.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Su, B., Jacinto, E., Hibi, M., Kallunki, T., Karin, M., Ben-Neriah, Y.
(1994) JNK is involved in signal integration during costimulation of
lymphocytes. Cell 77, 727-736.

Weiss, L., Whitmarsh, A. J., Yang, D. D., Rincén, M., Davis, R. J., Flavell,
R. A. (2000) Regulation of c-Jun NH(2)-terminal kinase (Jnk) gene
expression during T cell activation. J. Exp. Med. 191, 139-146.
Zhang, J., Salojin, K. V., Gao, J. X., Cameron, M. J., Bergerot, L.,
Delovitch, T. L. (1999) p38 Mitogen-activated protein kinase mediates
signal integration of TCR/CD28 costimulation in primary murine T cells.
J. Immunol. 162, 3819-3829.

Leonard, W. J., O’Shea, J. J. (1998) Jaks and STATs. Biological implica-
tions. Annu. Rev. Immunol. 16, 293-332.

Beadling, C., Guschin, D., Witthuhn, B. A., Ziemiecki, A., lhle, J. N,
Kerr, I. M., Cantrell, D. (1994) Activation of JAK kinases and STAT
proteins by interleukin-2 and interferon alpha, but not the T cell antigen
receptor, in human T lymphocytes. EMBO J. 13, 5605-5615.

Mills, G. B., Schmandt, R., Gibson, S., Leung, B., Hill, M., May, C., Shi,
Y. F., Branch, D. R., Radvanyi, L., Truitt, K. E., et al. (1993) Transmem-
brane signaling by the interleukin-2 receptor: progress and conundrums.
Semin. Immunol. 5, 345-364.

Goldbaum, F. A., Leoni, J., Wallace, J. C., Fossati, C. A. (1993) Charac-
terization of an 18-kilodalton Brucella cytoplasmatic protein which ap-
pears to be a serological marker of active infection of both human and
bovine brucellosis. J. Clin. Microbiol. 31, 2141-2145.

Zwirner, N. W., Marcos, C. Y., Mirbaha, F., Zou, Y., Stastny, P. (2000)
Identification of MICA as a new polymorphic alloantigen recognized by
antibodies in sera of organ transplant recipients. Hum. Immunol. 61,
917-924.

Nicoletti, L., Migliorati, G., Pagliacci, M. G., Grignani, F., Riccardi, C.
(1991) A rapid and simple method for measuring thymocyte apoptosis by
propidium iodide staining and flow cytometry. J. Immunol. Methods 139,
271-279.

Hanke, J. H., Gardner, J. P., Dow, R. L., Changelian, P. S., Brissette,
W. H., Weringer, E. J., Pollok, B. A., Connelly, P. A. (1996) Discovery of
a novel, potent, and Src family-selective tyrosine kinase inhibitor. J. Biol.
Chem. 271, 695-701.

Favata, M. F., Horiuchi, K. Y., Manos, E. J., Daulerio, A. J., Stradley,
D. A., Feeser, W. S., Van Dyk, D. E., Pitts, W. J., Earl, R. A., Hobbs, F.,
Copeland, R. A., Magolda, R. L., Scherle, P. A., Trzaskos, J. M. (1998)
Identification of a novel inhibitor of mitogen-activated protein kinase
kinase. J. Biol. Chem. 273, 18623-18632.

Davies, S. P., Reddy, H., Caivano, M., Cohen, P. (2000) Specificity and
mechanism of action of some commonly used protein kinase inhibitors.
Biochem. J. 351, 95-105.

Liu, J. (1993) FK506 and cyclosporin: molecular probes for studying
intracellular signal transduction. Trends Pharmacol. Sci. 14, 182-188.
Matsuda, S., Koyasu, S. (2000) Mechanisms of action of cyclosporine.
Immunopharmacology 47, 119-125.

Wang, L. H., Kirken, R. A., Erwin, R. A., Yu, C. R., Farrar, W. L. (1999)
JAK3, STAT, and MAPK signaling pathways as novel molecular targets for
the tyrphostin AG-490 regulation of IL-2-mediated T cell response. J. Im-
munol. 162, 3897-3904.

Abraham, R. T., Wiederrecht, G. J. (1996) Immunopharmacology of rapa-
mycin. Annu. Rev. Immunol. 14, 483-510.

Chen, D., Heath, V., O’Garra, A., Johnston, J., McMahon, M. (1999)
Sustained activation of the Raf-MEKI1-ERK pathway elicits cytokine
unresponsiveness in T cells. J. Immunol. 163, 5796-5305.

DeSilva, D. R., Jones, E. A., Favata, M. F., Jaffee, D. D., Magolda, R. L.,
Trzaskos, J. M., Scherle, P. A. (1998) Inhibition of mitogen-activated
protein kinase kinase blocks T cell proliferation but does not induce or
prevent anergy. J. Immunol. 160, 4175-4181.

August, A., Dupont, B. (1995) Activation of extracellular signal-regulated
protein kinase (ERK/MAP kinase) following CD28 cross-linking: activa-
tion in cells lacking p56'*. Tissue Antigens 46, 155-162.

Geginat, J., Clissi, B., Moro, M., Dellabona, P., Bender, J. R., Pardi, R.
(2000) CD28 and LFA-1 contribute to cyclosporin A-resistant T cell
growth by stabilizing the IL-2 mRNA through distinct signaling pathways.
Eur. J. Immunol. 30, 1136-1144.

Moriggi, R., Sexl, V., Piekorz, R., Topham, D., Ihle, J. N. (1999) Stat5
activation is uniquely associated with cytokine signaling in peripheral T
cells. Immunity 11, 225-230.

Kuo, C. T., Leiden, J. M. (1999) Transcriptional regulation of T lympho-
cyte development and function. Annu. Rev. Immunol. 17, 149-187.

http://www.jleukbio.org



