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ABSTRACT: MICA is a stress-regulated molecule recog-
nized by the NK cell-activating receptor NKG2D. Previ-
ously, we demonstrated that MICA is induced on activated
T cells but regulation by mitogenic cytokines and its bio-
logical consequences remain unexplored. Here, we show
that IL-2, IL-4, and IL-15 but not TNF-� or IFN-� in-
duced MICA expression in T lymphocytes present in pe-
ripheral blood mononuclear cells (PBMCs), as assessed by
Western blot. IL-2 effect involved Jak3/STAT5, p38
MAPK, p7056 kinase, Lck/fyn kinases, and NF-�B. MICA
expression was also observed in Th1 and Th2 cells. How-
ever, surface expression was not detected. T lymphocytes
present in PBMCs and isolated CD4� T lymphocytes stim-
ulated with phorbol-12-myristate-13-acetate and ionomy-
cin also induced MICA expression as assessed by Western
blot, but only low levels were expressed at the cell surface.

Activated but not resting CD4� T lymphocytes were lysed K

HLA human leukocyte antigen
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y IL-15- or IL-2-stimulated NK cells, and susceptibility
as increased when HLA class I molecules were blocked.
lso, cytokine-stimulated NK cells produced more IFN-�

fter culture with activated CD4� T lymphocytes. How-
ver, the participation of MICA in these responses, if any,
as marginal. Confocal microscopy revealed that MICA is

etained mostly inside activated CD4� T cells. Our results
uggest that low surface expression of MICA on activated
D4� T lymphocytes might be a safeguard mechanism to
rotect them from NK cells in an inflammatory, virus-
nfected, or tumor microenvironment, where NK and acti-
ated CD4� T cells are recruited. Human Immunology 67,
70–182 (2006). © American Society for Histocompati-
ility and Immunogenetics, 2006. Published by Elsevier
nc.
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ABBREVIATIONS
MICA MHC class I chain–related gene A
Sz sulfasalazine
PBMCs peripheral blood mononuclear cells
TCR T-cell receptor
E phycoerithrin
CS fetal calf serum
BS phosphate-buffered saline
SA bovine serum albumin
NTRODUCTION
ICA is a -65-kDa polymorphic non-antigen-presenting
olecule that is not associated with �2-microglobulin
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nd is encoded by a gene that maps to the HLA region
1–3]. Expression of MICA has been shown to be
odominant [4] and stress regulated [2, 5–7]. MICA is
xpressed at the cell surface in different tumors [2, 3, 5,
–12], in gastrointestinal epithelium [2], in endothelial
ells, and in fibroblasts [3, 13]. It has been demonstrated
hat surface expression of MICA signals for recognition
y the lectin-like NKG2D molecule that is expressed by
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171MICA Expression in Activated T Cells
� T lymphocytes, peripheral blood CD8� �� T lym-
hocytes, and NK cells [14, 15]. This receptor recog-
izes not only MICA but also other specific ligands
NKG2DLs), some of which are surface molecules an-
hored to the cell membrane by glycophosphatidyl–
nositol residues [16–19]. Upon engagement of
KG2D, these cells trigger a cytotoxic response to MI-
A-expressing cells and IFN-� secretion, which has been

uggested to contribute to the elimination of stressed/
eotransformed cells [5–12].

We have demonstrated that MICA expression is
nduced on CD4� and CD8� T cells activated by
llogeneic peripheral blood mononuclear cells (PBMCs)
20] in a process that involves the activation of mul-
iple and simultaneously operating intracellular path-
ays triggered by microclustering of the TCR/CD3

omplex and costimulation through CD28. These in-
racellular routes that connect T-cell activation with
ICA gene expression include activation of Lck and

yn kinases and signaling through MEK1/ERK, p38
APK, calcineurin, Jak/STATs, and p70S6 kinase

21]. Full T-cell activation requires the activation of
F-AT, AP-1, and NF-�B among other transcription

actors [22–24]. We recently demonstrated that MICA
xpression in activated T lymphocytes is regulated by
F-�B through binding of p65(RelA)/p50 het-

rodimers and p50/p50 homodimers to a putative �B
inding site located in intron 1 of the MICA gene [25].
owever, regulation of MICA expression in T lympho-

ytes by mitogenic cytokines and the biological conse-
uences of the upregulated expression of MICA on
ctivated T cells still remain unexplored.

Evidence that NK cells can interact with activated
D4� T cells has recently been provided [26], but the
onsequences of this interaction on NK cell immunobi-
logy are still unknown. Our previous findings [20, 21,
5] suggested that the MICA–NKG2D system might be
nvolved in this crosstalk. In addition, expression of

ICA on the cell surface of activated CD8� T lympho-
ytes has been observed when these cells were cultured
ith anti-CD3 or anti-CD3 plus anti-NKG2D mAbs

nd IL-2 or IL-7 plus IL-15 for 7 days [27]. However, the
unctional consequences of this expression are not
nown.

Considering that we demonstrated that MICA is ex-
ressed by activated T cells and characterized some in-
racellular routes involved in this process, the aims of
his work were to further investigate regulation of MICA
xpression by T-cell mitogenic cytokines, to address the
unctional consequences of MICA expression, and to
urther explore the role of this HLA-related antigen in

he immunobiology of the T lymphocytes. w
ATERIALS AND METHODS
eagents and Antibodies
B202190 and rapamycin were purchased from Calbio-
hem (La Jolla, CA, USA), AG490 (an inhibitor of Jak3)
nd PP1 (an Src kinase family inhibitor) were purchased
rom Biomol Research Laboratories (Plymouth Meeting,
A, USA). Sulfasalazine (Sz) was purchased from Sigma

St. Louis, MO, USA). These drugs were dissolved in
imethyl sulfoxide, Cyclosporin A (CsA) was kindly
rovided by Novartis Argentina (Buenos Aires, Argen-
ina). Phytohemagglutinin (PHA-L), phorbol-12-myris-
ate-13-acetate (PMA), and ionomycin were from Sigma.
nterleukin (IL)-2 was from R&D Systems (Minneapolis,
N, USA), IL-4 and IL-12 were from BD (San Jose, CA,
SA), and IL-15 was from PeproTech (Rocky Hill, NJ,
SA). Anti-STAT5 (anti-STAT5) mAb, antiphosphory-

ated STAT5 polyclonal (anti-pSTAT5) mAb, anti-
ATA3 polyclonal (anti-GATA3) Ab, and anti-T-bet

anti-T-bet) mAb were purchased from Santa Cruz Bio-
echnology (Santa Cruz, CA, USA). Anti-IL-4 and anti-
L-12 mAbs were from BD. Anti-NKG2D mAb (clone
D11) was from Santa Cruz Biotechnology. Anti-
LBPs1-3 mAbs were from R&D Systems. Polyclonal

abbit antibodies against MICA were obtained as de-
cribed previously [3] and their reactivity was validated
lsewhere [13, 20, 21, 28]. Anti-MICA/B mAb D7 was
roduced as previously described [25]. An isotype-
atched mAb [29] was used as negative control (IC).

luorochrome (FITC, PE, or SPRD)-labeled anti-CD56,
nti-CD16, anti-CD4, or anti-CD3 mAbs were from
outhern Biotech (Birmingham, AL, USA). FITC-la-
eled anti-CD25 mAb was from BD, and PE-labeled
nti-IFN-� mAb was from IQ Products (Gröningen,
etherlands). The pan-reactive anti-HLA class I mAb
6/32 was purified in our laboratory from hybridoma

ulture supernatants.

eripheral Blood Mononuclear and CD4� T Cell
solation and Stimulation
eripheral blood mononuclear cells were isolated from
lood donors of healthy human volunteers by Ficoll-
aque Plus (Amersham Biosciences, Piscataway, NJ,
SA), gradient centrifugation, washed with RPMI 1640

Sigma), and resuspended in RPMI 1640 supplemented
ith 10% heat-inactivated fetal calf serum (FCS; Nato-
or, Córdoba, Argentina), sodium pyruvate, glutamine,
nd penicillin–streptomycin (RPMI/FCS). CD4� T lym-
hocytes were isolated by positive selection with mag-
etic beads (Dynabeads; Dynal, Oslo, Norway) or by
egative selection with the RosetteSep isolation kit
Stem Cell, Vancouver, BC, Canada). Cells were stimu-
ated for 3 days in 96-well, U-bottomed plates or in
4-well, flat-bottomed plates (Becton–Dickinson Lab-

are) either with a stimulating anti-CD3 mAb (clone
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K-7; BD) as described [20, 21] or with 10 ng/ml of
MA and 0.5 �g/ml of ionomycin. In other experiments,
BMCs were stimulated for 18 hours with PHA (1
g/ml), washed, and cultured in the presence of different
oses of IL-2 (0.8 or 8 ng/ml), IL-4 (5 ng/ml), or IL-15
10 ng/ml). In some experiments, PBMCs were preincu-
ated for 30 minutes at 37°C with pharmacologic in-
ibitors of intracellular signaling molecules. Control ex-
eriments were performed, stimulating PBMCs with an
sotype-matched, negative-control mAb or in RPMI
640 medium alone. Cultured cells were then used for
roliferation assays, Western blot analysis, or flow cy-
ometry. For polarization experiments, PBMCs were cul-
ured for 6 days with 0.5 �g/ml of PHA, 2 ng/ml of
L-12, and 100 ng/ml of anti-IL-4 mAb for Th1 polar-
zation or with 1 �g/ml of PHA, 5 ng/ml of IL-4, and 2
g/ml of anti-IL-12 mAb for Th2 polarization. Polarized

ells were used for assessment of MICA expression by
estern blot. Expression of GATA-3 and T-bet in po-

arized PBMCs was assessed after 3 days of culture.

roliferation Assay
ells were pulsed with 1 �Ci/well methyl-3H-thymidine

3H-Thy; New England Nuclear Life Science, Boston,
A, USA) during the last 18 hours of cell culture and
ere harvested on glass-fiber filters using a Packard
iltermate cell harvester (Packard Instruments, La
range, IL, USA). Incorporated radioactivity was mea-

ured in a liquid scintillation �-counter (Packard Instru-
ents). Results are expressed as mean counts per minute

cpm) of triplicate wells � SD.

DS–PAGE and Western Blot
ell lysates, SDS–PAGE, and Western blot were per-

ormed as previously described [20, 21]. Twenty micro-
rams of proteins from each sample were loaded onto the
els. Proteins were transferred to nitrocellulose mem-
ranes (Amersham) and equal loading was confirmed by
onceau S staining or by probing for �-actin expression
sing a specific mAb (DAKO, Dakocytomation,
lostrup, Denmark). Blocked membranes were incu-
ated with different polyclonal or monoclonal Abs.
ound Abs were detected with peroxidase-labeled anti-

abbit or antimouse IgG (Bio-Rad, Hercules, CA, USA),
nd chemiluminescent detection using the ECL detection
eagent (Amersham Biosciences) and Kodak BioMax
ilms. No bands were observed in Western blots incu-
ated with normal rabbit sera or normal mouse IgG.

low Cytometry
ell viability after culture with different drugs and in-
ibitors was checked by propidium iodide (PI) exclusion.
urity of isolated cell populations (CD4� T lympho-
ytes, NK cells) was analyzed using specific fluoro-

hrome-labeled mAbs in a FACScalibur flow cytometer c
BD). Surface MICA and ULBPs expression was analyzed
y flow cytometry with the corresponding mAbs and
ntimouse IgG-RPE (DAKO). An isotype-matched mAb
as used as negative control.

K Cells and Stimulation with IL-15
uman peripheral blood-derived NK cells were isolated

rom healthy human volunteers using the RosetteSep
K cell enrichment reagent (Vancouver, BC, Canada)

nd Ficoll-Paque Plus gradient centrifugation. NK cells
ere washed with RPMI 1640, resuspended in RPMI/
CS, and used as effector cells for cytotoxicity assays or
FN-� production. In some experiments, NK cells were
timulated with 10 ng/ml of IL-15 for 72 hours prior to
se. Purity of NK cells was always above 94%, as as-
essed by flow cytometry with PE-labeled anti-CD56 and
ITC-labeled anti-CD16 mAbs.

ytotoxicity Assays
ive-hour standard 51Cr release assays were performed
sing 5000 target cells labeled with 51Cr/well (CD4� T
ells stimulated for 72 hours with PMA and ionomycin)
nd NK cells (resting or stimulated with IL-15 for 72
ours) as effector cells, at E:T ratios of 10:1 or 5:1. For
locking experiments, targets and effector were cultured
n the presence of 10 �g/ml of the anti-HLA class I
an-reactive mAb W6/32, the anti-NKG2D mAb
D11, or an isotype-matched negative control mAb. The
ercentage of cytotoxicity (51Cr release) was calculated as
ollows: 100 	 [(experimental release 
 spontaneous
elease)/(maximum release 
 spontaneous release)]. Max-
mum release was obtained from target cells lysed with
% Triton X-100. Spontaneous release was always below
5% of maximum release. Statistical analysis of data was
erformed using ANOVA with Dunnett’s comparison
est.

ntracellular IFN-� Detection
esting or IL-15-stimulated NK cells were cultured
ith syngeneic CD4� T lymphocytes stimulated with
MA and ionomycin, at an E:T ratio of 1:1 for 24 or 48
ours. Brefeldin A (10 �g/ml; Sigma) was added during
he last 5 hours of culture, and then cells where used for
riple color flow cytometry staining with anti-CD3-
PRD, anti-IFN-�-RPE, and anti-CD56-FITC mAbs to
nalyze the intracellular expression of IFN-�. Samples
ere acquired in a FACScalibur flow cytometer and

esults were analyzed with the WinMDI 2.8 software.

ndirect Immunofluorescence and Confocal
icroscopy

ositively or negatively isolated CD4� T cells were
timulated with PMA and ionomycin for 72 hours. Stim-
lated cells were stained for surface MHC cells I mole-

ules using the W6/32 mAb and Cy3-labeled donkey
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173MICA Expression in Activated T Cells
ntimouse IgG (Jackson Immunoresearch Laboratories,
est Grove, PA, USA). Thereafter, cells were washed

ith PBS supplemented with 0.2% of bovine serum
lbumin (PBS/BSA), seeded onto polylysine-coated glass
overslips, and fixed with 2% of p-formaldehyde (pfa) in
BS for 5 min. After washing, cells were permeabilized
ith 0.05% saponin (Sigma) in PBS/BSA (PBS/BSA/

aponin) for 10 min, and nonspecific binding sites were
locked by incubation with normal goat serum diluted
/20 in PBS/BSA/saponin for 30 min. Thereafter, cells
ere incubated with 200 �g/ml of biotinylated anti-
ICA mAb D7 or IC mAb for 30 min. Bound Abs were

etected with FITC-labeled streptavidin (Pierce, Rock-
ord, IL, USA) for 30 min. After washing, coverslips were
ounted with DABCO on glass slides and observed in a

igital Eclipse E800 Nikon C1 confocal microscope sys-
em with Nikon Plan Apo 60X/1.40 Oil and Nikon Plan
po 40X/0.95 objectives. All procedures were performed

t room temperature.

ESULTS
itogenic Cytokines Induce Upregulated

xpression of MICA in T Lymphocytes
ICA is not expressed by resting T or B lymphocytes [3]

ut it is induced in activated CD4� and CD8� T cells
3, 20]. Since MICA expression appears to be partially
ependent on a functional IL-2-dependent intracellular
ignaling route [21], we explored whether this cytokine
nduces MICA expression in T cells simultaneously stim-
lated with an activating anti-CD3 mAb and whether
L-2 can directly induce MICA expression in T cells
resent in PBMCs (Figure 1). We observed that IL-2
trongly enhanced the proliferation of PBMCs stimulated
ith an anti-CD3 mAb (Figure 1a) and induced higher

evels of MICA expression, assessed by Western blot,
han each stimulus alone (Figure 1b). CsA, which inhib-
ts calcineurin, blocked T-cell proliferation and MICA
xpression as previously described [21], and this effect
as reverted by exogenous IL-2. Thus, we conclude that

L-2 cooperates with CD3 engagement for the induction
f MICA expression. To investigate whether IL-2 inde-
endently triggers MICA expression, resting PBMCs
ere stimulated with this cytokine for 3 or 5 days. It was
bserved that high doses (8 ng/ml) of this cytokine
nduced a proliferative response (Figure 2a) and MICA
xpression (Figure 2b). Since resting T cells do not
xpress CD25 (the � chain of the high-affinity IL-2
eceptor), PBMCs were preactivated with PHA for 18
ours and stimulated with IL-2 (Figures 2c–2e). As
xpected, preactivated T lymphocytes expressed CD25,
hich reached a plateau after 12 hours of stimulation and

emained high for at least 48 hours (Figure 2c). Also,

hese preactivated cells became more responsive to exog- c
nous IL-2 with regard to proliferation (Figure 2d) and
ICA expression (Figure 2e). However, when surface
ICA expression was investigated by flow cytometry, no

onsistent surface MICA expression could be detected
not shown).

Intracellular signaling routes involved in IL-2-driven
ICA expression were investigated using pharmacologic

nhibitors (Figure 3). The results of these experiments
emonstrated that the Jak3 inhibitor AG490, the p38
APK inhibitor SB202190, the p70S6 kinase inhibitor

apamycin, the Src kinase inhibitor PP1, and the NF-�B
nhibitor sulfasalazine all inhibited proliferation in dif-
erent degrees (Figure 3a) and strongly inhibited MICA
xpression (Figure 3b) in preactivated T cells present in
BMCs stimulated with IL-2. As a control of the exper-

ment, we observed that AG490 and PP1 inhibited the
hosphorylation of STAT5, as expected (Figure 3c). Also,
z inhibited the formation of the NF-�B complexes in
lectrophoretic mobility shift assays performed with a
onsensus �B nucleotide (not shown).

To address whether other mitogenic cytokines that
hare the � chain of their receptor with the IL-2R, such
s IL-4 and IL-15, can induce MICA expression in T
ymphocytes present in PBMCs, these cytokines were
sed to stimulate resting or preactivated PBMCs (Figure
). In contrast to IL-2, the culture of quiescent PBMCs
ith IL-4 did not upregulate MICA at any doses (up to
5 ng/ml) and times (up to 10 days) examined (data not
hown). However, preactivated cells stimulated with IL-4
Figure 4a) or IL-15 (Figure 4b) showed a strong prolif-
ration and marked MICA expression. Like IL-2, IL-4

b
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175MICA Expression in Activated T Cells
xpression (Figure 4c). Regarding IL-2, when surface
ICA expression was investigated by flow cytometry, no

urface MICA expression was detected (not shown). Con-
ersely, nonmitogenic cytokines such as IFN-� and
NF-� did not induce MICA expression in T lympho-
ytes at different doses and times of stimulation tested, as
ssessed by Western blot (not shown).

From these experiments, we conclude that different
itogenic cytokines such as IL-2, IL-4, and IL-15 induce
ICA in preactivated T cells. The effects observed with

L-2 require functional signaling routes that involve the
ak/STAT pathway, the p38 MAPK, the p70S6 kinase,
he Src kinases Lck and Fyn, and NF-�B.

xpression of MICA in Th1 and Th2 Cells
ince IL-2 and IL-4 are involved in the proliferation of
h1 and Th2 cells, we addressed whether they express
ICA. Th1 and Th2 cells were obtained after in vitro

olarization of PBMCs as described under Materials and
ethods. Thereafter, proliferation was evaluated by thy-
idine uptake (Figure 5a) and MICA expression was

ssessed by Western blot (Figure 5b). As shown, MICA
xpression was induced on both cell populations and no
ajor differences could be observed between Th1 and
h2 cells. An increase in T-bet expression confirmed
olarization to a Th1 phenotype and an increase in
ATA3 expression confirmed polarization to a Th2 phe-
otype (Figure 5b). However, we were unable to detect
urface expression of MICA by flow cytometry on Th1 or
h2 cells (not shown).

ow Levels of Surface Expression of MICA on T
ymphocytes Stimulated with PMA and
onomycin
ifferent modes of stimulation of T lymphocytes that

nduced engagement of surface receptors led to low or
bsent surface MICA expression [3, 20, and results here
resented]. To become independent of these surface re-
eptors, we explored the effects of PMA and ionomycin,
hich act together as a potent mitogen for human T

ymphocytes (Figure 6). MICA expression was investi-

™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
IGURE 3 Inhibition of Jak3, Lck, p38 MAPK, p70S6

inase, and NF-�B prevent expression of MICA in T lympho-
ytes present in PBMCs activated by IL-2. Proliferation (a) and
ICA expression assessed by Western blot (b) were analyzed

n PBMCs preactivated with 0.5 �g/ml PHA for 18 hours and
ultured with 8 ng/ml IL-2 for 72 hours in the absence or in
he presence of 50 �M AG490 (AG490), 10 �M SB202190
SB), 1 �M rapamycin (Rapa), 10 �M PP1, or 0.5 mM
ulfasalazine (Sz). As control, inhibition of STAT5 phosphor-
lation by 50 �M AG490 and 10 �M PP1 was analyzed by

estern blot (c). Results are representative of three indepen-

ent experiments performed with three different blood donors.
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ated by Western blot (Figure 6a) and flow cytometry
Figure 6b). We observed that MICA was consistently
etected in lysates of these cells, but only low levels were
xpressed at the cell surface. Although we performed the
low cytometry studies with the mAb D7, which also
etects MICB, this particular NKG2DL was not ex-
ressed by activated T lymphocytes when we used a
ICB-specific mAb (not shown). Preliminary evidence
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IGURE 4 IL-4 and IL-15 induce the expression of MICA
n T lymphocytes present in PBMCs. Proliferation (left) and

ICA expression (right) analyses of PBMCs preactivated with
HA for 18 hours and cultured without or with 5 ng/ml IL-4

a) or 10 ng/ml IL-15 (b) for 72 hours. Also, the effects of IL-4
n proliferation (left) and MICA expression (right) were inves-
igated in PBMCs stimulated with anti-CD3 mAb for 72
ours in the absence or in the presence of 5 ng/ml IL-4 (c). As
ontrol, PBMCs stimulated with the isotype control mAb were
nalyzed. �-Actin corresponds to the membrane incubated
ith the anti-�-actin mAb (housekeeping protein). Results are

epresentative of three independent experiments performed
ith three different blood donors.
btained in our lab suggests that IL-10 or TGF-� se- p
reted by activated T lymphocytes or other effects me-
iated by CD4�CD25� regulatory T cells are not re-
ponsible for this low surface expression because
eutralization of these cytokines with specific mAbs or
epletion of CD4�CD25� regulatory T cells with mag-
etic beads did not increase the levels of MICA detected
y flow cytometry on CD4� T lymphocytes stimulated
ith PMA and ionomycin (C.I. Domaica, personal com-
unication). These results indicate that activated T lym-
hocytes, in particular CD4� cells, upregulate MICA
xpression but that the levels reached at the cell surface
emain quite low. Since other NKG2DLs have been
escribed, we addressed their expression on resting and
ctivated CD4 T cells. In these experiments, we were
nable to detect expression of ULBP-1 and -3 on resting
not shown) and on CD4� T lymphocytes stimulated with
MA and ionomycin (Figure 6c), and we observed a very
light upregulation of ULBP-2 on activated T lympho-
ytes in only two of six donors (the other four donors did
ot upregulate ULBP-2).

unctional Consequences of MICA Expression in
Lymphocytes

ince stimulation with PMA and ionomycin induced low
evels of surface MICA on stimulated CD4� T lympho-
ytes, we address its functional consequences. First, we
nvestigated whether these cells become more susceptible
o syngeneic NK cells. CD4� T cells stimulated for 72
ours with PMA and ionomycin were cultured with
yngeneic NK cells or with syngeneic NK cells stimu-
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rotein). Results are representative of three independent ex-

eriments performed with three different blood donors.
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177MICA Expression in Activated T Cells
ated with IL-15 for 72 hours. Thereafter, standard chro-
ium release assays were performed (Figures 7a and b).
e observed that resting NK cells were completely

nable to lyse resting (not shown) or activated CD4� T
ymphocytes but IL-15-activated NK cells were cyto-
oxic against activated CD4� T lymphocytes (Figures 7a
nd b). However, susceptibility of activated CD4� T
ymphocytes to NK cell-mediated lysis was acquired
hen the interaction of KIRs with the HLA class I
olecules was blocked with the W6/32 mAb (Figure

b). Blockade with an anti-NKG2D mAb did not restore
esistance to NK cell-mediated cytotoxicity, suggesting
hat MICA is not involved in the lysis of activated CD4�

lymphocytes by resting NK cells when engagement of
K cell-inhibitory receptors is prevented (not shown).
lso, blockade of NK cell-inhibitory receptors with the
6/32 mAb strongly increased susceptibility of acti-

ated CD4� T lymphocytes to IL-15-stimulated NK
ells (Figure 7b) but this susceptibility was not pre-
ented by the anti-NKG2D mAb (not shown). These
esults suggest that activation renders CD4� T lympho-
ytes sensitive to destruction by activated NK cells but
ot by resting NK cells and that the MICA–NKG2D
ystem does not participate in this biological response.
imilar results were obtained when the experiments were
erformed with NK cells stimulated with IL-2 (not
hown).

Engagement of NKG2D has been shown to trigger
FN-� secretion by NK cells [10 –12, 14]. Thus, we
nvestigated whether NK cells or NK cells stimulated
ith IL-15 or IL-2 for 72 hours secrete IFN-� upon

nteraction with resting or CD4� T lymphocytes stim-
lated for 72 hours with PMA and ionomycin. We
bserved the appearance of a slight percentage of IFN-
-producing NK cells (defined as CD3
CD56�IFN-��

ells) upon coculture with activated CD4� T lympho-
ytes, but this phenomenon was insensitive to NKG2D
lockade using an anti-NKG2D mAb (Figure 7c, top
ot plots). The percentage of IFN-�-producing NK cells
as strongly increased when NK cells were previously

timulated with IL-15 for 72 hours (Figure 7c, bottom
eft dot plot). The production of IFN-� was slightly
educed by the anti-NKG2D mAb (Figure 7c, bottom
eft dot plot), but the amount of IFN-� detected in the
ells remained unchanged in the presence of this mAb
Figure 7d). These results suggest that the involvement
f the MICA–NKG2D system in the production of
FN-� by activated NK cells, if any, is marginal.
either resting nor cytokine-stimulated NK cells

pontaneously produced IFN-� during these cultures
not shown). Similar results were obtained with NK cells

timulated with IL-2. p
onfocal Microscopy
s mentioned above, MICA was consistently detected in

ell lysates of PMA/ionomycin-activated CD4� T lym-
hocytes, but only low levels were expressed at the cell
urface. To investigate whether MICA is retained inside
he cell, confocal microscopy was performed (Figure 8).
ere, we observed that MICA expression was confined to

n intracellular compartment since the green fluores-
ence corresponding to MICA was detected inside the
ells, mostly localized in the cytoplasmic region and
learly not located in the nucleus, which remained un-
tained. This cellular localization was clearly distinguish-
ble from a cell surface localization like the red fluores-
ence obtained for the MHC class I molecules. Therefore,
espite expressing some MICA on the cell surface, acti-
ated CD4� T lymphocytes retain the majority of the
ICA pool of molecules inside the cell. From a func-

ional point of view, this provides these activated T cells
ith a mechanism to prevent NKG2D-dependent

ytotoxicity.

ISCUSSION
revious evidence obtained by our lab indicated that
ICA expression can be induced on activated T lym-

hocytes in a process that partially depends on IL-2 [21].
n the present work, we demonstrated that this cytokine
ooperates with CD3 engagement for MICA expression
Figure 1) and that IL-2 can directly induce MICA
xpression in T cells present in PBMCs (Figure 2). This
bility was accompanied by the strong mitogenic effect
f IL-2 on T cells [22–24]. The effect of IL-2 was more
ronounced when cells were preactivated for 18 hours
ith PHA due to the upregulation of CD25 and assem-
ly of the high-affinity IL-2R [24]. However, no surface
xpression of MICA was observed. MICA induction by
L-2 was dependent on functional signaling routes that
nvolve Jak3/STAT5, p38 MAPK, p70S6 kinase, Lck/fyn
inases, and the transcription factor NF-�B (Figure 3),
hich is in line with the dependence on similar intra-

ellular mediators previously demonstrated by us to be
nvolved in activation-induced MICA expression in T
ymphocytes stimulated with anti-CD3 mAb or anti-
D28 mAb plus PMA [21, 25].
Because we demonstrated that different mitogenic

timuli [20] induce MICA expression on T lymphocytes,
e investigated the effect of other T-cell mitogenic cy-

okines that signal through receptors that share their �
hain with the IL-2R, such as IL-4 and IL-15 [30], and
ound that both cytokines also induced MICA expression
Figure 4). In contrast, IFN-� and TNF-�, like IFN-�
3], did not induce MICA expression in T lymphocytes.
hus, cytokine-regulated expression of MICA in T lym-

hocytes appears to be restricted to mitogenic cytokines.
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178 L.L. Molinero et al.
ince IL-2 and IL-4 are involved in the activation and
roliferation of Th1 and Th2 cells, we investigated
hether they express MICA. We found that indeed,
ICA was induced on both cell types (Figure 5) but were

nable to detect the molecule expressed on the cell
urface.

MICA is recognized by the C-type lectin receptor
KG2D and this recognition triggers cytotoxicity

gainst different MICA-expressing tumors or infected
ells and IFN-� secretion by NK cells [6, 7, 10–12, 14].
lso, mitogen-activated T lymphocytes are targets of

L-2-stimulated NK cells in a NKG2D-dependent pro-
ess [12, 31] and IFN-� secretion by CD4� T cells is
nduced upon coculture with IL-2-stimulated NK cells
26]. However, IFN-� production by NK cells upon
oculture with CD4 T cells was not investigated in this
ork. Previous work performed in our laboratory led to

he observation that although MICA was induced on
ctivated T lymphocytes by different mitogens or phys-
ological stimuli, surface expression of this NKG2DL
as not systematically detected or was even absent [3,

b
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IGURE 6 Expression of MICA in T lymphocytes present in
BMCs and in isolated CD4� T lymphocytes activated with
MA and ionomycin. MICA expression on T lymphocytes
resent in PBMCs and in isolated CD4� T lymphocytes not
timulated (
) or stimulated with PMA and ionomycin for 72
ours (PMA/Iono) was investigated by Western blot (a) and
low cytometry with the anti-MICA mAb D7 (b, open histo-
rams). Also, expression of ULBPs-1, -2, and -3 was investi-
ated by flow cytometry with specific mAbs in lymphocytes
resent in PBMCs and in isolated CD4� T lymphocytes stim-
lated with PMA/Iono for 72 hours (c). Gray histograms
orrespond to the IC mAb. Results are representative of five
ndependent experiments performed with three different blood
onors.
0, and results here presented]. To address the functional p
onsequences of MICA expression in activated T cells and
o become independent of the engagement of surface
eceptors, we stimulated PBMCs and isolated CD4� T
ymphocytes with PMA and ionomycin. Here, we ob-
erved that MICA was consistently detected in lysates of
hese cells, but only low levels were expressed at the cell
urface (Figure 6) compared to the levels expressed by
ifferent tumor cells [5, 8, 9, 11, 12]. IL-10 or TGF-�
ecreted by activated T lymphocytes or the presence of
D4�CD25� regulatory T cells were not responsible for

his low or absent surface expression (C.I. Domaica,
ersonal communication). Currently, we are investigating
he factors that may regulate surface expression of MICA
n activated T lymphocytes. In addition, expression of
ther NKG2DLs such as MICB and the ULBPs-1 [16–
9], -2, and -3 was not detected on resting or on CD4 T
ymphocytes stimulated with PMA and ionomycin (only
n T cells from two of six donors were a very slight basal
xpression and minor upregulation of ULBP-2 observed).
nfortunately, we could not assess surface expression of
LBP-4 and RAET1G because specific Abs are not

vailable. Therefore, we considered that the low surface
xpression of MICA detected on the cell surface of acti-
ated CD4� T lymphocytes may not be enough to elicit
ytotoxicity by NKG2D� cells.

To investigate the functional consequences of MICA
xpression on activated T lymphocytes, we analyzed their
usceptibility to NK cell-mediated cytotoxicity and
FN-� production by the NK cells. Although we de-
ected cytotoxicity of IL-15- and IL-2-stimulated NK
ells toward mitogen-stimulated CD4� T cells (Figure
), the involvement of MICA in this process could not be
emonstrated using a blocking anti-NKG2D mAb (since
e did not observe expression of the ULBPs1-3 or MICB
n activated T cells, any blockade of the anti-NKG2D
Ab was likely due to interference with the interaction

etween this receptor and MICA). Likewise, cytokine-
ctivated NK cells produced more IFN-� than resting
K cells upon coculture with activated but not with

esting CD4� T lymphocytes, but MICA does not appear
o be involved in this process.

Our results indicate that the low surface expression of
ICA on activated CD4� T lymphocytes may be a

afeguard mechanism to protect them from resting NK
ells, especially during a T cell-dependent immune re-
ponse. These levels may not be enough to overcome the
rotective effects of the high levels of expression of HLA
lass 1 molecules that act as ligands of NK cell-inhibi-
ory receptors such as KIR2DLs, KIR3DLs, and mem-
ers of the ILT/LIR family [32]. Accordingly, suscepti-
ility of activated CD4� T lymphocytes to NK cells was
bserved when the engagement of these inhibitory re-
eptors was avoided with the blocking anti-HLA class I

an-reactive mAb W6/32. Intracellular retention of
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IGURE 7 Cytotoxicity and IFN-� secretion of resting and IL-15-stimulated NK cells in response to activated CD4� T
ymphocytes. Standard 51Cr release assays were performed using CD4� T lymphocytes stimulated for 72 hours with PMA and
onomycin as target cells and resting or IL-15-stimulated NK cells as effector cells at two E:T ratios (a). Also, blocking
xperiments with the anti-HLA class 1 mAb W6/32 or an isotype control (IC) mAb were performed using resting NK cells or
K cells stimulated for 72 hours with IL-15, at an E:T ratio of 10:1 (b). Standard error bars are shown in (a) and (b). **p � 0.01.

c) Intracellular IFN-� produced by resting (top) or IL-15-stimulated NK cells (bottom) after coculture for 24 hours with CD4�

lymphocytes stimulated for 72 hours with PMA and ionomycin, in the absence (left) or in the presence of the anti-NKG2D
locking mAb (right) was assessed by triple color flow cytometry. The numbers in the top right quadrant represent the percentage
f IFN-�-producing cells. Less than 1% of IFN-�-producing CD3
CD56� cells were detected in the absence of coculture with
ctivated CD4� T cells. The relative amounts of IFN-� detected in IL-15-stimulated NK cells after coculture with activated
D4� T lymphocytes, in the absence (thin line) or in the presence of the anti-NKG2D blocking mAb (dotted line) are also shown

d). No IFN-� production was detected in IL-15-stimulated NK cells cultured in the absence of activated CD4� T cells (thick line).
he gray histogram corresponds to the staining produced by the IC control mAb. Results are representative of three independent

xperiments performed with three different blood donors.
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180 L.L. Molinero et al.
ICA in activated CD4� T lymphocytes was confirmed
y confocal microscopy (Figure 8), which suggests that
ctivated CD4� T cells have the potential to become
argets of NKG2D-dependent cytotoxicity if surface ex-
ression of MICA surpasses the threshold imposed by the
xpression of the HLA class I molecules. We believe that
his may provide the activated CD4� T lymphocytes
ith a mechanism to resist cytotoxicity of cytokine-

ctivated NK cells in an inflammatory environment, in a
irus-infected tissue, or in a tumor microenvironment,
here NK and activated CD4� T cells are recruited and

urther stimulated with locally produced cytokines. The
rotection of activated CD4� T cells from NK cell-
ediated cytotoxicity in such environments might be

mportant to allow them to exert their effector functions
i.e., cytokine secretion). Otherwise, lysis of recently ar-
ived activated CD4� T cells by NK cells would lead to
n inefficient antigen-elimination phase and early termi-
ation of the immune response.

Our findings raise the question of the biological sig-
ificance of intracellular MICA in activated T lympho-
ytes. Two hypotheses can be proposed. On one hand, it
s possible that intracellular MICA may have an addi-
ional, still unknown immunoregulatory function ex-
rted through association with NKG2D. For example,
ICA may regulate the surface levels of NKG2D by

ntracellular sequestration. On the other hand, it is also
ossible that, to become expressed on the cell surface on
ctivated T cells, MICA needs an extra signal produced
uring the cross talk of activated T lymphocytes with
ther cell populations present in inflamed, virus-in-
ected, or neotransformed tissues. A cross talk of acti-

IGURE 8 Confocal microscopy with activated CD4� T lym
onomycin for 72 hours were stained for surface MHC class I m
ith biotinylated anti-MICA mAb D7 and streptavidin–FITC (

C mAbs is also presented (right). Cells were analyzed by conf
ated CD4 T cells and NK cells has been demonstrated t
ecently [26] but it is also possible that this putative
xtra signal may be provided by other cells present in
uch tissues. Regardless of the origin and nature of this
ypothetical signal, it is possible that activated T lym-
hocytes rapidly express MICA at high levels at the cell
urface by mobilization from intracellular deposits. Re-
ently, it was observed that MICA can be expressed at
he cell surface on CD8� T cells stimulated with anti-
D3 or anti-CD3 plus anti-NKG2D mAbs and cultured

or 7 days in the presence of mitogenic cytokines such as
L-2 or IL-7 plus IL-15 [27], but so far we ignore the
unctional consequences of this surface expression. Al-
hough cytotoxicity of activated CD4� T lymphocytes
y IL-15-activated NK cells was observed (Figure 7), we
hink that it is advantageous for an activated effector T
ymphocyte to keep MICA inside the cell, especially in
tressed tissues where high concentrations of IL-15 se-
reted by dendritic cells and macrophages induce
KG2D upregulation and cytotoxicity of NK cells

gainst stressed target cells [30]. Once the termination
hase of the immune response is reached due to antigen
xhaustion, activated T lymphocytes need to be cleared
rom the body. In this case, surface expression of MICA
ay contribute to the elimination of these activated T

ymphocytes.
In summary, we provide evidence that MICA is ex-

ressed by T lymphocytes stimulated with mitogenic
ytokines such as IL-2, IL-4, or IL-15 and by Th1 and
h2 cells, but the molecule, being retained mostly inside

he cell, is poorly transported to the cell surface. These
ells resisted NK cell-mediated cytotoxicity, even
hough they expressed low levels of surface MICA. Al-

ytes. Isolated CD4� T lymphocytes stimulated with PMA and
les (using the W6/32mAb), fixed, permeabilized, and stained
As negative control, staining obtained with the corresponding
microscopy. Bar, 10 �m.
phoc
olecu
left).
hough the timing of in vivo surface expression of MICA
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181MICA Expression in Activated T Cells
n T lymphocytes in stressed tissues remains to be in-
estigated, it is possible that under still unknown con-
itions, MICA may be rapidly expressed at high levels at
he cell surface of activated T cells simply by mobiliza-
ion from intracellular deposits. Accordingly, our results
re of potential relevance in designing strategies to mod-
late NKG2D-mediated cytotoxicity by NK cells to-
ard activated T lymphocytes in pathological situations,

hrough the induction of surface expression of MICA.
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