Table III. Mean domain scores for the principal domains.
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JRQLQ RQLQJ

Domain No. of items Mean score (SD) Domain No. of items Mean score (SD)
New symptoms 4 3.04 (1.24)*
Eye symptoms 4 2.14 (1.42)

Usual daily activities 5 1.48 (1.00)* Activities conditions 3 3.04 (1.24)*

OQutdoor activities 2 1.36 (1.00)*

Social functioning 3 0.91 (0.94)

Sleep problems 1 1.41 (1.29)* Sleep problems 3 1.03 (1.72)

Emotional function 6 1.52 (1.29) Emotional function 4 2.19 (1.37)

General health problems 2 1.36 (1.14)* Non-nose/eye symptoms 7 2.06 (1.35)
Practical problems 3 3.47 (1.57)*

*p <0.001 (Kruskal—Wallis test).

Comparing mean scores for each domain with that for the social functioning domain in the JRQLQ and those for nose-symptoms activities
limitation and practical problems with those for the other domains in the RQLQ]J.

that the two questionnaires are comparable for the
assessment of QOL.

To assess clinical validity, nose and eye symptom
levels were investigated in relation to QOL domain
scores. Nose and eye symptom domains correlated
well with each other (p <0.001). In the JRQLQ
(Table VI), Spearman’s correlation coefficients were
>0.4 between most symptoms. In the RQLQ]J,
almost all nose and eye symptoms, with the excep-
tions of sore and swollen eyes, were correlated
(>0.4; p <0.001) with all domains (Table VI).
These results indicate that nasal/ocular symptom
levels correlated well with scores for individual
domains and that the RQLQJ is probably more
sensitive and more valid than the JRQLQ.

Overall scores also correlated well with all items
and domains in both questionnaires, showing corre-
lation coefficients of >0.4 (Table VI). These results
suggest that both questionnaires have clinical validity.

The domain—domain correlation between the
questionnaires was high (correlation coefficients of
>0.4), showing that the questionnaires had similar
constructions (Tables IV and V). The mean overall
scores were also correlated with the scores for each

domain similarly for both questionnaires, suggesting
their similar constructions (Table V).

The JRQLQ items were grouped into six domains,
indicating a few contradictions with the previous
hypothesis [4,5]. Factors and their loadings in the
JRQLQ are shown in Table VII. The total variance
explained was 82.5%. The RQLQ]J factor structure
is shown in Table VIII. The RQLQJ showed a
slightly scattered structure, as observed in a previous
study [5,6], with a total variance explained of 71.9%.

In an item—domain multitrait analysis of the
JRQLQ, the highest correlations were obtained
within the same domain (Table IX). Similar results
were seen for the RQLQYJ, with a few contradictions.
The runny nose item from nasal symptoms was more
highly correlated with practical problems (r =0.744),
the blowing nose item from practical problems was
more highly correlated with nasal symptoms (r=
0.780) and reduced productivity was more highly
correlated with non-nose/eye symptoms (r=0.872)
(Table X). Both questionnaires showed satisfactory
convergent and discriminate properties. Taken to-
gether with the factor and multitrait analyses, it was
concluded that the construct of both questionnaires
was satisfied.

Table IV. Correlations between domain scores for the two questionnaires. Values in bold indicate high Spearman’s correlation coefficients in

similar domains between the JRQLQ and the RQLQJ.

JRQLQ

Daily Sleep General health Emotional
RQLQJ activities Outdoor Social problems problems function
Activities limitation 0.653 0.586 0.519 0.505 0.534 0.627
Sleep problems 0.454 0.409 0.337 0.814 0.533 0.521
Non-nose/eye symptoms 0.521 0.578 0.534 0.558 0.741 0.734
Practical problems 0.548 0.481 0.490 0.496 0.470 0.545
Nose symptoms 0.620 0.477 0.491 0.545 0.474 0.561
Eye symptoms 0.529 0.473 0.387 0.455 0.497 0.569
Emotional function 0.625 0.569 0.619 0.498 0.629 0.797
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Table V. Correlations between the JRQLQ and RQLQJ in adjusted and matched domains.®

JRQLQ RQLQJ Pearson Spearman
Nose symptoms Nose symptoms 0.775 0.743
Eye symptoms Eye symptoms 0.818 0.821
Usual daily activities Activities limitation 0.653 0.664
Usual datly activities +outdoor activities Activities limitation 0.685 0.698
Social functioning Activities limitation 0.478 0.457
Sleep problems Sleep problems 0.782 0.747
Emotional function Emotional function 0.741 0.748
General health problems Non-nose/eye symptoms 0.665 0.670
Usnal daily activities Non-nose/eye symptoms 0.740 0.748
Nose symptoms Practical problems 0.670 0.585
Face scale Overall RQLQJ 0.489 0.554
Total JRQLQ Overall RQLQJ 0.797 0.773

“Scores for each domain on both questionnaires were significantly correlated (p <0.001; Pearson’s and Spearman’s tests).

The internal consistency reliability of each domain
in the two questionnaires was also satisfactory
(Cronbach’s alpha >0.76), indicating excellent
reliability (Table XI).

There were no floor or ceiling effects.

Discussion

On the basis of this study it can be concluded that
both the JRQLQ and RQLQJ are equally useful tools
for the practical assessment of QOL in AR. They
have good acceptability, excellent reliability and
adequate construct validity. However, there are
several differences between the questionnaires in
terms of their construction. There are 6 domains

in the JRQLQ and 7 in the RQLQYJ; the total number

of items is 18 and 28, respectively. In the JRQLQ,
principal target domains were usual daily activity
(38.8% of total items, including the outdoor activity
domain), followed by social functioning and emo-
tional function (17.4% each), with the exception of
the nasal/ocular symptom domain, but there was no
practical problem domain. In the RQL.Q]J, principal
target domains were nasal/ocular symptoms (27.6%)
and non-eye/nose symptoms (24.1%), followed by
practical problems and emotional function (13.8%
each), but there was no social functioning domain.
Accordingly, it is characterized that the JRQLQ and
RQLQJ] mainly target usual daily activities and
rhinitis-related health problems, respectively. QOL
is a concept that includes a large set of physical,
psychological, social and functional aspects of the

Table VI. Clinical validity: Correlation coefficients of symptoms levels with individual mean domain scores in the (a) JRQLQ and (b)

RQLQJ. Values in bold indicate high correlation coefficients.

(a)

Domain Runny nose  Sneezing Stuffy nose Itchy nose Itchy eyes Watery eyes

Usual daily activities 0.577 0.507 0.420 0.399 0.407 0.400

Outdoor activities 0.453 0.397 0.283 0.327 0.391 0.301

Social functioning 0.408 0.326 0.322 0.209 0.280 0.263

Sleep problems 0.387 0.390 0.511 0.349 0.350 0.334

General health problems 0.396 0.380 0.349 0.387 0.365 0.340

Emotional function 0.459 0.421 0.335 0.416 0.388 0.335

Overall 0.555 0.496 0.430 0.426 0.440 0.406

(b)

Domain Runny nose  Sneezing Stuffy nose Itchy nose Itchy eyes Watery eyes Sore eyes Swollen eyes
Activities limitation 0.458 0.594 0.560 0.534 0.478 0.434 0.395 0.440
Sleep problems 0.537 0.378 0.409 0.466 0.464 0.378 0.384 0.388
Non-nose/eye symptoms 0.470 0.531 0.491 0.540 0.481 0.526 0.517 0.561
Practical problems 0.504 0.751 0.668 0.596 0.594 0.526 0.386 0.440
Nose symptoms 0.758 0.854 0.767 0.835 0.460 0.532 0.375 0.414
Eye symptoms 0.337 0.416 0.468 0.519 0.811 0.826 0.828 0.843
Emotional function 0.409 0.536 0.517 0.532 0.531 0.607 0.504 0.515
Overall 0.606 0.701 0.669 0.702 0.663 0.677 0.605 0.642
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Table VII. Factor analysis for the JRQLQ. Values in bold indicate high correlation coefficients.

Factor

Item F1 F2 F3 F4 F5 F6

Reduced productivity 0.258 0.248 0.816 0.152 0.212 0.114

Poor mental concentration 0.337 0.405 0.684 0.249 0.120 0.274

Reduced thinking power 0.250 0.555 0.589 0.283 0.106 0.211

Impaired reading 0.217 0.737 0.333 0.202 0.212 0.103

Poor memory 0.261 0.769 0.207 0.168 0.239 0.167

Limitation of outdoor life 0.211 0.356 0.123 0.757 0.109 0.220

Limitation of going out 0.313 0.133 0.249 0.781 0.257 0.182

Reluctance to visit friends 0.282 0.096 0.240 0.569 0.577 0.116

Reduced contact with friends 0.149 0.227 0.205 0.326 0.744 0.241

Uneasy with people around you 0.300 0.196 0.072 0.054 0.832 0.093

Impaired sleeping 0.210 0.235 0.083 0.148 0.207 0.820

Tiredness 0.567 0.045 0.315 0.276 0.118 0.603

Fatigue 0.525 0.101 0.305 0.248 0.112 0.629

Frustrated 0.746 0.180 0.310 0.259 0.184 0.308

Irritable 0.795 0.251 0.265 0.118 0.222 0.190

Depressed 0.880 0.197 0.194 0.158 0.273 0.155

Unhappy 0.680 0.360 0.059 0.277 0.239 0.236

Loading rate (%) 21.6% 13.2% 12.5% 12.4% 11.6% 11.2%
lives of healthy or ill patients [10]. Although many Scores from nose and eye symptoms were €x-
definitions of QOL have been proposed, the JRQLQ cluded from the total QOL score for the JRQLQ but
includes all essential domains. were included in the overall RQLQ]J score, because

Table VIII. Factor analysis for the RQLQJ. Values in bold indicate high correlation coefficients.

Factor
Item F1 F2 F3 F4 F5 Fé F7
Activities limitation 0.217 0.208 0.215 0.159 0.735 0.003 0.207

0.440 0.284 0.039 0.054 0.395 0.089 0.395
0.363 0.403 0.115 0.208 0.480 0.0036 0.209

Difficulty getting to sleep 0.258 0.172 0.165 0.707 0.145 0.099 0.223
Waking up during night 0.179 0.179 0.131 0.859 0.120 0.087 0.079
Lack of a good night’s sleep 0.241 0.197 0.166 0.867 0.143 0.091 0.097
Tiredness 0.724 0.224 0.182 0.192 0.176 0.211 0.100
Fatigue 0.664 0.134 0.218 0.193 0.194 0.010 0.117
Thirst 0.498 0.105 0.172  0.352 0.004 0.128  0.558
Reduced productivity 0.761 0.260 0.237 0.159 0.260 0.163 0.032
Poor concentration 0.774 0.251 0.272 0.143 0.291 0.119 0.079
Headache 0.322 0.109 0.169 0.241 0.065 0.641 0.245
Worn out 0.719 0.206 0.201 0.270 0.046 0.333 0.077
Inconvenience of carrying tissues  0.103  0.794  0.154 0.205 0.016 0.218 0.039
Need to rub nose/eyes 0.234 0.633 0.448 0.302 0.157 0.092 0.090
Need to blow nose repeatedly 0.233  0.835 0.110 0.145 0.112 0.164 0.147
Stuffy nose 0.060 0.356 0.066 0.399 0.165 0.181  0.586
Runny nose 0.254 0.790 0.046 0.042 0.221 0.121 0.262
Sneezing 0.220 0.664 0.117 0.153 0.297 0.117 0.058
Postnasal drip 0.136  0.502 0.200 0.180 0.202 0.213 0.425
Itchy eyes 0.163 0.370 0.653 0.299 0.247 0.003 0.180
Watery eyes 0.198 0.344 0.642 0.109 0.225 0.196 0.032
Sore eyes 0.234 0.051 0.782 0.135 0.129 0.115 0.163
Swollen eyes 0.287 0.112 0.783 0.083 0.064 0.159 0.217
Frustrated 0.299 0.337 0.252 0.213 0.540 0.359 0.159
Irritable 0.456 0.264 0.256 0.190 0.598 0.285 0.057
Impatient restless 0.383  0.041 0.362 0.146 0.464 0.464 0.050
Embarrassed " 0.138  0.313  0.120 0.020 0.172 0.77t  0.061
Loading rate (%) 16.4 11.9 10.9 12.0 8.8 6.7 5.2
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Table IX. Convergent and discriminate validity, mulritrait item—domain analysis for the JRQLQ.®

Domain
Usual daily Outdoor Social Sleep General health Emotional
Item activities activities functioning problems problems function
Work 0.842 0.538 0.499 0.411 0.520 0.586
Mental 0.924 0.630 0.536 0.507 0.652 0.694
Thinking 0.912 0.593 0.514 0.417 0.581 0.602
Reading 0.828 0.551 0.522 0.402 0.449 0.556
Memory 0.779 0.505 0.571 0.414 0.523 0.572
Outdoor 0.595 0.925 0.574 0.437 0.530 0.545
Going out 0.612 0.921 0.700 0.441 0.613 0.642
Friends 0.554 0.681 0.886 0.388 0.553 0.599
Communication 0.574 0.599 0.903 0.447 0.509 0.542
Uneasy with people 0.455 0.463 0.794 0.343 0.413 0.516
Sleep 0.501 0.474 0.441 1.00 0.608 0.560
Tiredness 0.616 0.613 0.565 0.597 0.980 0.777
Fatigue 0.618 0.600 0.552 0.591 0.974 0.737
Frustration 0.686 0.619 0.588 0.548 0.786 0.941
Irritable 0.663 0.582 0.581 0.495 0.721 0.932
Depressed 0.576 0.553 0.566 0.489 0.654 0.895
Unhappy 0.558 0.575 0.586 0.524 0.624 0.832

*Stronger relationships (bold face) with same measures and weaker relationships (standard face) with different measures suggest good
convergent and discriminate validity.

Table X. Convergent and discriminate validity, multitrait item domain correlation for the RQLQJ*

Domain
Activities Sleep Non-nose/eye Practical Nose Eye Emotional
Item limitation problems symptoms problems symptoms symptoms functions
Activity 1 0.775 0.406 0.624 0.444 0.543 0.393 0.543
Activity 2 0.838 0.459 0.598 0.553 0.581 0.451 0.545
Activity 3 0.830 0.422 0.531 0.427 0.507 0.492 0.583
Sleep 1 0.478 0.819 0.553 0.444 0.555 0.434 0.451
Sleep 2 0.463 0.921 0.521 0.440 0.461 0.432 0.423
Sleep 3 0.523 0.954 0.592 0.511 0.535 0.489 0.497
Tiredness 0.623 0.485 0.829 0.478 0.527 0.528 0.639
Thirst 0.522 0.546 0.727 0.382 0.503 0.429 0.407
Reduced productivity 0.644 0.492 0.872 0.514 0.537 0.600 0.688
Sleepy 0.499 0.463 0.744 0.372 0.434 0.499 0.517
Mental concentration 0.671 0.494 0.893 0.514 0.559 0.614 0.697
Headache 0.363 0.390 0.595 0.362 0.449 0.344 0.417
Fatigue 0.610 0.526 0.863 0.512 0.525 0.524 0.608
Carrying tissues 0.486 0.423 0.432 0.914 0.656 0.436 0.491
Rubbing nose 0.580 0.532 0.577 0.870 0.634 0.601 0.589
Blowing nose 0.542 0.432 0.536 0.893 0.780 0.451 0.544
Stuffy nose 0.468 0.529 0.460 0.508 0.751 0.337 0.394
Runny nose 0.594 0.397 0.528 0.744 0.856 0.397 0.525
Sneezing 0.551 0.414 0.499 0.639 0.749 0.478 0.516
Pestnasal drip 0.581 0.478 0.552 0.605 0.841 0.536 0.534
Itchy eyes 0.477 0.475 0.485 0.567 0.441 0.825 0.533
Watery eyes 0.433 0.390 0.527 0.514 0.529 0.826 0.595
Sore eyes 0.414 0.381 0.502 0.389 0.373 0.800 0.497
Swollen eyes 0.471 0.353 0.565 0.406 0.395 0.798 0.506
Frustrated 0.593 0.473 0.608 0.553 0.545 0.609 0.862
Irritable 0.664 0.502 0.707 0.541 0.579 0.601 0.896
Impatient 0.550 0.418 0.647 0.420 0.441 0.587 0.840

Embarrassed 0.395 0.285 0.427 0.486 0.436 0.388 0.685

*Stronger relationships (bold face) were seen within the similar domains. Weaker relationships (standard face) were seen between different
domains.



Table XI. Reliability, internal consistency reliability.

Domain Cronbach’s alpha
JRQLQ 0.916
Usual daily activities 0.839
QOutdoor activities 0.844

Social functioning
Sleep problems

General health problems 0.954
Emotional function 0.936
RQLQJ
Activities limitation 0.736
Sleep problems 0.900
Non-nose/eye symptoms 0.906
Practical problems 0.870
Nose symptoms 0.813
Eye symptoms 0.846
Emotional function 0.843

impairment of QOL results from nose/eye symp-
toms, but these symptoms do not represent QOL
itself. In the RQLQJ, 8/28 items (28.5%) refer to
nose and eye symptoms, which greatly affects the
total score. However, if required, the nose and eye
symptom scores in the JRQLQ could be included in
the overall total QOL score, as with the RQLQ]J, or
totalized separately from the total QOL score, as
with the JRQLQ.

In the activity limitation domain in the RQLQ]J,
patients select only three items from a list of example
items. This number would seem to be too small,
compared with the three items in the sleep problem
domain and the seven items in the non-nose/eye
symptoms domain. The three items in the sleep
problem domain were highly correlated with each
other and these three items may be sufficient for
Japanese subjects. The items in the practical pro-
blem domain also overlap directly with those for
nose symptoms. If the number of items in these two
domains were reduced, the RQLQJ might become
simpler. The correlation of symptom scores within
each domain was better in the RQLQ]J than the
JQRQL.. This suggests that the RQLQJ may be more
responsive to changes in symptomatology due to the
greater number of options in the response conti-
nuum [9].

In the JQRQL, nose and eye symptom scores were
separated from QOL scores, because QOL impair-
ment results from nose/eye symptoms but these
symptoms do not represent QOL itself.

In a pilot study of 100 patents with JCP at the
Japan Allergy and Asthma Clinic, the major nose/eye
symptoms were runny nose (95%), sneezing (80%),
stuffy nose (77%), itchy nose (28%), itchy eyes
(80%) and watery eyes (29%). In contrast to
Juniper’s questionnaire (2], postnasal drip (21%)
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and eye swelling (9%) were mentioned infrequently
and eye pain was not mentioned at all. There may
be differences in lifestyle, habits, behavior and
characteristics of pollinosis from country to country.
The eye pain item in the RQLQ]J may have been a
mistranslation into Japanese from the original
English version of the RQLQ. Thus, symptoms in
the JRQLQ consisted of runny nose, sneezing, stuffy
nose, itchy nose, itchy eyes and watery eyes. In the
RQLQ]J, postnasal drip, sore eyes and swollen eyes
were added to the nose and eye symptoms included
in the JRQLQ in accordance with Juniper’s original
questionnaire (Table II).

Conclusions

Both the JRQLQ and RQLQJ are useful instruments
for the assessment of QOL in rhinoconjunctivitis due
to JCP, and possibly in other forms of seasonal
rhinitis in Japan, on the basis of their similar
psychometric performance. The questionnaires dif-
fer from each other in terms of their linguistic
expression and response options for items and deal
differently with nasal-ocular symptom scores. This
may be due to differences in lifestyle, and the types
of allergens also differ between Japan and Western
countries. However, both questionnaires were
demonstrated to be comparable and equally useful
for the assessment of QOL in rhinoconjunctivitis.
When compared with each other, the JRQLQ
focuses on usual daily activities and is simpler and
faster to complete, whilst the RQLQJ concentrates
on pollinosis-related health problems, has more
overlap between domains and is more responsive.
Thus, after completion of linguistic and cultural
adaptation and validation, the JRQLQ may become
available in other countries in addition to the

RQLQJ.
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Human invariant Vo24* natural killer T (NKT) cells display
potent antltumm activity upon stimulation. Activation of endoge-
nous Va24™ NKT cells would be one strategy for the treatment of
cancer patients. For example, dendritic cells (DCs) loaded with a
glycolipid NKT cell ligand, o-galactosylceramide (anlCel,
KRN7000), are a possible tool for the activation and expansion of
functional Va24™ NKT cells in vivo. In this report, we demon-
strate that the levels of expansion and the ability to produce IFN-y
of Va24™ NKT cells induced by aGalCer-loaded whole PBMCs
cultured with IL-2 and GM-CSF (IL-2/GM-CSF-cultured
PBMCs) were supenm to those of cells induced by monocyte-
derived CD11c* DCs (moDCs) developed with IL-4 and GM-CSF.
Interestingly, CD11c? cells in the IL-2/GM-CSF-cultured PBMCs
showed a mature phenotype without fur ther stimulation and
exerted potent stimulatory activity on Va24™ NKT cells to enable
them to produce IFN-y preferentially at an extent equivalent to
mature moDCs induced by stimulation with LPS or a cytokine
cocktail. Cocultivation with CD11c™ cells in the IL-2/GM-CSF-
cultured PBMCs induced maturation of moDCs. In particular,
CD11¢"CD3™ T cells appeared to play important roles in DC
maturation. In addition, TNF-a was preferentially produced by
CD11c™CD3™ T cells in IL-2/GM-CSF-cultured PBMCs and was
involved in the maturation of moDCs. Thus, the maturation of
DCs induced by CD1lic™ T cells thmugh TNF-a production
appears to result in the efficient expansion and activation of
V24" NKT cells to produce IFN-y preferentiaily.

© 2005 Wiley-Liss, Inc.

Key words: natural killer T cell; a-galactosylceramide; granulocyte/
macrophage colony-stimulating factor; peripheral blood mononuclear
cell; immunotherapy

Murine Vol4 " NKT cells, characterized by expression of a sin-
gle invariant receplor encoded by the Val4 and Jo281 gene seg-
ments, have been identified as a novel lymphocyte lineage.'™
Upon stimulation with a glycolipid, aGalCer, Val4" NKT cells
assume various functions, including the ability to regulate cyto-
kine-mediated Th1/Th2 differentiation and perforin/granzyme
B-miediated antitumor activity.>*%’ In addition, a significant role
of Val4™ NKT cells in tumor surveillance has been suggested.
Human V24" NKT cells bearing the invariant receptors
Va24TaQ and VB11, the counterpart of murine Vo14" NKT cells,
also recognize aGalCer in a CD1d- depcndent fashion® and display
potent antitumor activity in vitro. 9713 A series of prommng results
in studies of the antitumor effects of activated Vorl4™ NKT cells
in murine tumor metastasis models'*"” dnd the 1ecog>muon of the

same ligand, aGalCer, by human Vo24" NKT celis®™? encour-

aged us to establish an effective new applodah to cancer immuno-
therapy using the oGalCer/CD1d-Va24™ NKT cell system as a
target.

For clinical trials aimed at Va24 " NKT cell activation in cancer
pmems a simple procedure would be to inject solub e oGalCer

1.v. into cancer patxents to activate endogenous Voa24™ NKT cells.
However, results in murine models 1ndlcated that aGalCer treat-
ment was no longer effective when aGalCer treatment started 3
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days after melanoma cell injection.l“‘17 Moreover, multiple injec-
tions of soluble aGalCer induced an anergy state in NKT cells in
murine tumor-bearing modelslg 19 or a shift from Thl-to Th2-type
cytokine production. D21 Indeed, a phase I clinical study involving
i.v. injection of aGalCer into advanced cancer patients resulted in
neither Vo24* NKT cell expansion nor clinical responses,
although feasibility was proved.™ Several investigators, including
us, have noted that DCs expressing CD1d present aGalCer effi-
ciently to murine Vo14 and human Vo24 NKT cells. We reported
that in a murine tumor-metastasis model, aGalCer-loaded DCs
showed potent antitumor acuwly that eradicated multiple small
metastatic nodules generated in the liver.'" It was shown that
injection of aGalCer- loaded DCs induced prolonged IFN-y pro-
duction in NKT cells.'® The results of a clinical study using
IL-4 and GM-CSF—cultured DCs loaded with oGalCer sug-
gested the feasibility of the procedure.” Thus inducing the
activation and expansion of endogenous Vo24* NKT cells by
aGalCer-loaded DCs would be a promising strategy for cancer
immunotherapy.

In tumor immunotherapy usimy DCs loaded with tumor pepti-
des, plastic-adherent or CD14" PBMCs were cultured w1th GM-
CSF and IL.-4 to cause them to differentiate mto DCs,?*® which
were recently refined for clinical apphcauon. Since the fre-
quency of Vo24 ™ NKT cells is very low (<0.3% of PBMCs), very
large numbers of CDld-expressing APCs would be required to
induce efficient activation and expansion of endogenous Vo24™
NKT cells. However, it is very difficult to obtain large numbers of
moDCs by standard procedures, making an alternative APC prepa-
ration method a necessity. In fact, CD1d expression is inducible
on human T cells upon activation, dllhough it has not been clari-
fied whether activated CDId cxpxessmg T cells present aGalCer to
human Vo24™ NKT cetls.”®

Abbreviations: APC, antigen-presenting cell, DC, dendritic cell;
oGalCer, o-galactosylceramide; GM-CSF, pranulocyte/macrophage col-
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The results shown here indicate that aGalCer-loaded, IL-2/GM-
CSF-cultured PBMCs induce very efficient expansion of autolo-
gous Va24* NKT cells, which maintain the ability to produce
IFN-y compared to moDCs. Interestingly, the maturation of DCs
induced by CD1lc™ T cells through TNF-a production appeared
to be critical for the efficient activation of Va24™ NKT cells.

Material and methods

Cell preparation and culture of APCs including
1L-2/IGM-CSF-cultured PBMCs and moDCs

Written informed consent was obtained from HV1 and HV2
before sampling PBMCs. PBMCs were separated by density gra-
dient centrifugation, washed once with PBS and twice with PBS
(or RPMI-1640) supplemented with 3% heat-inactivated FBS and
then used for experiments. The frequency of V24" NKT cells in
PBMCs was 0.18% in HV1 and 0.008%_in HV2. Vo24™ NKT
cells were defined as Va24 " VR117" cells.'*?!

For preparing 1L-2/GM-CSF-cultured PBMCs, whole PBMCs
were cultured for 7 days in the presence of rhIL-2 (100 JRU/ml;
Imunace, Shionogi, Japan) and rhGM-CSF (800 U/ml; NCPC Gene
Tech Biotechnology Development, Shi jiazhuang, People’s Repub-
lic of China) in RPMI-1640 supplemented with 10% FBS, 0.01 mM
2-ME and 50 U/ml penicillin-streptomycin. For the preparation of

" moDCs, whole PBMCs were allowed to adhere to culture flasks for
1.5-2 hr at 37°C, and then adherent cells were cultured for 5-7 days
in the presence of rhiL-4 (500 U/ml, R&D Systems, Minneapolis,
MN) and thGM-CSF (800 U/ml). CD11lc™ cells were purified by
using a MACS separation column (Miltenyi Biotech, Bergisch
Gladbach, Germany) according to the manufacturer’s protocol.
Briefly, moDCs or 1L.2/GM-CSF-cultured PBMCs were incubated
with PE-conjugated anti-CD11c MAb (Pharmingen, La Jolla, CA)
for 15 min, washed twice and then incubated with microbeads con-
jugated with anti-PE MAb (Miltenyi Biotech) for 30 min on ice in
PBS containing 3% FBS. Magnetically labeled cells were applied
to the auto-MACS apparatus, and trapped cells (the positive-
selected fraction) and untrapped cells (the negative-selected frac-
tion) were used as APCs. In the positive-selected fraction, >88% of
cells were CD11c*. CD11c™ cells were purified from the nonadher-
ent fraction of 1L-2/GM-CSF-cultured PBMCs by depleting macro-
phages and adherent CD1lc" cells using the MACS separation
column. CD11c¢" cells accounted for <5% of the cells in the nega-
tive-selected fraction. The CD11c™ cells contained marginal num-
bers (<1%) of macrophages (CD11b"CD11c /low cells), NKT
cells (Vo24"VB11™ cells), myelomonocytic cells (CD147CD37)
and B cells (CD19"CD3 ™ cells), as well as CD11¢™ DCs. Mature
CDllc™ moDCs were obtained by culturing immature CD11c*
moDCs with LPS (1,000 ng/ml), cytokine cocktail (IL-183, 10 ng/
ml; TNF-a, 10 ng/m}; and PGE;, 1 pg/mi), PGE, (5 ug/ml) plus
LPS (100 ng/ml) or OK432 (0.1 KE/m}) for 1-3 days.

Expansion and detection of Va24™" NKT cells

aGalCer (KRN7000) was provided by Kirin Brewery (Gunma,
Japan) and prepared as described previously.'® To detect Vo24™
NKT cell expansion, APCs were loaded with aGalCer (100 ng/ml)
or vehicle for 12-18 hr at 37°C in a 5% CO, incubator. Autolo-
gous PBMCs (0.2 to 1 X 10°) prepared from the same volunteer
were cultured for 6 days in the presence of various types of APC.
Flow cytometry to detect Va24”VB11" cells was performed on
an EPICS-XL flow cytometer (Beckman Coulter, Fullerton, CA),
and the results were analﬂyzed by Flow JO software (Tree Star,
Inc., Ashland, OR). Va24™ NKT cell expansion was quantified by
the following formula: NKT fold expansion = (whole live cell
count after culture X % of NKT cells after culture)/(whole live
cell count before culture X % of NKT cells before culture). For
the NKT cell proliferation assay using [°H]-thymidine, in vitro
activated Va24™ NKT cells, prepared by 2 cycles of cultivation
with IL-2 and aGalCer for 7 days, were stimulated with irradiated
APCs for 72 hr at 37°C, with 0.5 pCi/well of [*H]-thymidine

ISHIKAWA ET AL.

added to the stimulation culture for the final 16 hr. Incorporated
radioactivity was measured by a B-plate scintillation counter.

Flow-cytometric analysis

In general, 0.2 to 1 X 10°% cells were stained with antibodies
according to the standard method described previously.®!? The anti-
bodies used were as follows: anti-Va24-FITC (Cl15) and
anti-VB311-PE (C21) (Coulter-Immunotech, Miami, FL) and anti-
HLA-DR-FITC, anti-CD4-FITC, anti-CD56-FITC, anti-CD83-
FITC, anti-CD11c-PE, anti-CD80-PE, anti-CD8-PE, anti-CD16-PE,
anti-CD1d-PE, anti-CD86-Cy and anti-CD3-Cy (Pharmingen). For
intracellular staining, anti-Ve24-biotin (C15, Coulter-Immunotech),
anti-streptavidin-Cy-Chrome, an FITC-conjugated anti-IFN-y anti-
body and a PE-conjugated anti-IL-4 antibody (Pharmingen) were
used. For neutralization, anti-TNF-a (MABTNF-AS5), anti-IFN-y
(NIB42), anti-IL-4 (MP4-25D2), anti-IL-12 (C8.6), anti-CD1d
(CD1d42) or anti-MHC-I (G46-2.6) antibodies were purchased
(Pharmingen). Different lymphoc?'te subsets were defined as fol-
lows: CDI1c* DCs, SS"FS"'CD11c" cells; CD4™ T cells,
SSYFS'YCD4"CD8 " CD3" cells; CD8" T cells, SS'VES'™¥-
CD4~CD8*CD3* cells; NK cells, SS¥FS°¥CD356*CD16+CD3™
cells; and NKT cells, SS°VFS§**Va24 " VA117CD3™ cells.

ELISAs for detecting cytokines in culture supernatants
and ELISpot assays for detecting IFN-y-producing
Va24* NKT cells

Concentrations (pg/ml) of IL-4 and IFN-v in the culture super-
natants derived from 2 X 10° cell cultures were determined by
ELISA (OPT-EIA Set, Pharmingen). Mean concentrations of cyto-
kines in 3 wells are shown. For ELISpot assays, fresh whole
PBMOCs (adherent cell-depleted) were incubated with various APC
preparations for 14-18 hr in 96-well plates. Cultured cells were
washed and transferred into an ELISpot assay kit (Pharmingen)
with 96-well filtration plates coated with antihuman IFN-y capture
antibody for 3 hr. After wells were washed extensively with PBS,
biotinylated antihuman IFN-y antibody was added. Two hours
later, spots were detected by avidin-biotin-peroxidase complex
and aminoethyl carbazole solution. Mean values of the spots in
3 wells are shown.

Cr-release assay

The Cr-release assay was performed as described.” NKT-sensi-
tive U937 lymphoma target cells were labeled with 100 pCi
sodium chromate (Amersham, Little Chalfont, UK) for 1 hr.
Cultured cells containing effector cytotoxic cells were seeded into
96-well round-bottomed plates at the indicated E: T ratios on the
31Cr-labeled target cells (1 X 10%). Percent specific °!Cr release
was calculated by the following formula: %specific lysis = (sam-
ple cpm — spontaneous cpm) X 100/(maximum cpm — spontane-
ous cpm). Spontaneous cpm was calculated from the supernatant
of target cells alone, and maximum release was obtained by add-
ing IN HCI to target cell suspension. Data are expressed as mean
values of triplicate cultures with SD.

Results

Expansion of Va24* NKT cells by aGalCer-loaded
IL-2/GM-CSF-cultured PBMCs

Whole PBMCs from HVI or HV2 were cultured for 7 days in the
presence of rhil-2 (0—100 JRU/ml) and/or rhIL-4 (0—500 U/ml)
with thGM-CSF (800 U/ml), loaded with aGalCer (100ng/ml) or
vehicle for the last 18 hr, irradiated and then used as stimulators.
Freshly prepared autologous PBMCs (2 X 10°, adherent cell-
depleted) from the same volunteers were cocultured for 6 days in
the presence of stimulator cells (1 X 10° or 4 X 10%). Flow-cyto-
metric analysis was performed to detect Vo4 VRI1T cells.
Va24™ NKT cell expansions of more than 20-fold (in HV1) and
50-fold (in HV2) were detected when aGalCer-loaded PBMCs
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Fiure I — V24" NKT cell expansion and IFN-v production from
«GalCer-loaded 1L-2/GM-CSF-cultured PBMCs. (@) Whole PBMCs
from HV1 or HV?2 were cultured for 7 days in the presence of rhIL-2
(0-100 JRU/ml) andfor rhIL-4 (0-500 U/ml) with rhGM-CSF
(800 U/ml), loaded with aGalCer (100 ng/ml) or vehicle for the last
18 hr, irradiated and then used as stimulators. Freshly prepared autolo-
gous PBMCs (2 X 10°, adherent cell-depleted) from the same volun-
teers were cocultured for 6 days in the presence of stimulator cells
(1 X 10° or 4 X 10% and 25 JRU/m! of IL-2. Flow-cytometric analy-
sis was performed to detect Vo24"VB11" cells. Three independent
experiments were performed with similar results. (b) The efficiency of
aGalCer-loaded 1L-2/GM-CSF-cultured PBMCs (cultured in the pres-
ence of 100 JRU/mI of IL-2 and 800 U/ml of GM-CSF) at inducing
Vo24™ NKT cell expansion was compared to that of CD1 1c™ moDCs.
Freshly prepared autologous PBMCs (2 X 10°, adherent cell-depleted)
were cocultured for 6 days with stimulator cells (4 X 10%) in the pres-
ence of 100 U/ml of IL-2. (¢) The numbers of IFN-y-producing cells
upon  stimulation with oGalCer-loaded IL-2/GM-CSF-cultured
PBMCs were determined. Freshly prepared PBMCs (1 X 10%) after
depletion of adherent cells, CD8" cells and CD56% cells were cocul-
tured for 15 hr with aGalCer-loaded 1L-2/GM-CSF-cultured PBMCs
2 X 104), purified CD1 1ct moDCs (2 X 104) or fresh adherent cells
(2 % 10%). ELISpot assays were performed to detect IFN-y-producing
cells in cultures. Mean values with SDs are shown.

cultured with IL-2 (100 JRU/ml) and GM-CSF (800 U/ml) were
used as stimulators (Fig. 1a). The magnitude of the expansion was
decreased when PBMCs were cuitured in the presence of IL-4
(125 U/ml and 500 U/ml for HV1, 500 U/ml for HV2). Next, the
ability of oGalCer-loaded IL-2/GM-CSF-cultured PBMCs
(PBMCs cultured in the presence of 100 JRU/ml of IL-2 and
800 U/ml of GM-CSF) to induce Vo24" NKT cell expansion was
compared to that of CDIilec’ moDCs, prepared by cultivating
adherent PBMC cells with IL-4 (500 U/ml) and GM-CSF
(800 U/ml) for 7 days (Fig. 1b). For both HV1 and HVZ, the
expansion of Vo24™ NKT cells induced by IL-2/GM-CSF-cul-
tured PBMCs was comparable to that induced by purified CD1 ict
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Figure 2 — HLA-DR/CD1 Ic profiles and CD1d expression on sev-
eral fractions of IL-2/GM-CSFE-cultured PBMCs. (a) IL-2/GM-CSF-
cultured PBMCs and moDCs prepared as described in the legend to
Figure 1b were subjected to flow-cytometric analysis. SSC/FSC pro-
files of PBMCs before culture (Pre-culture) and after culture with
IL-2 and GM-CSF (Post-culture) and with moDCs are shown in
upper panels. Numbers represent the percent of cells present in each
gate (a—f). Representative HLD-DR/CD1 ic profiles of cells of both
small (SSC°YFSC'®¥) and large (SSCMiEhESCMEN) sizes (gates a and
d), of cells of small size containing mostly lymphocytes (gates b and
e) and of cells of large size containing mostly CD11c cells (gates ¢
and f) are shown. Arrows in {a,b) indicate substantial numbers of
CD1le™ cells expressing low levels of HLA-DR. The percentages of
cells in each quadrant are also shown. (b) Representative CD1d pro-
files of the cells in each gate are shown with background staining
with isotype-matched MAb (hatched areas).

moDCs. Concurrently, we assessed the number of IFN-y-producing
cells following stimulation with IL-2/GM-CSF-cultured PBMCs
(Fig. 1c). Freshly prepared PBMCs (1 X 10%) depleted of cDR*
cells, CD56% cells and adherent cells were cocultured for 15 hr
with aGalCer-loaded, 1L-2/GM-CSF-cultured PBMCs or purified
CD1lc™ moDCs. ELISpot assays were performed to detect IFN-y-
producing cells in the cultures. As shown in Figure lc, the number
of IFN-y-producing cells in the culture with [L-2/GM-CSF-cultured
PBMCs was significantly higher than that in the culture with
CD1lc" moDCs.

Characterization of IL-2IGM-CSF-cultured PBMCs

Next, IL-2/GM-CSF-cultured PBMCs and moDCs prepared as
in Figure 1b were subjected to flow-cytometric analysis. Figure 2a
shows SSC/ESC profiles of the cultured cells (upper) and repre-
sentative HLLD-DR/CD11c profiles of cells present in each gate
(a—f): cells of both small and large size (gates a and d), cells of
small size containing mostly lymphocytes (gates b and e) and cells
of large size containing mostly CD1 ¢ cells (gates ¢ and ). IL-2/
GM-CSF-cultured PBMCs included about 15% large and forward
scatter cells (gate ¢) and >23% (23.8%) phenotypically typical
DCs (HLA-DR+ and CDIlc?, see HLA-DR/CDllc profile of
gate a). Among moDCs, 76% were large and forward scatter cells
(gate ). The small cells (gate b) in the IL-2/GM-CSF-cultured
PBMCs included only a few (4.9%) HLA-DR™ and CD11c™ cells.
Substantial numbers of CDllc™ cells among IL-2/GM-CSF-cul-
tured PBMCs expressed low but significant levels of HLA-DR
(arrows in gates a and b); however, most large cells (gate ¢)in JL-
2/GM-CSF-cultured PBMCs (>90%) expressed high levels of
HLA-DR and CD11c. In contrast, almost 100% of the large cells
(gate ) in moDCs expressed high levels of CD1 lc, but expression
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FIGURE 3 — Cell surface expression of CD86, CD83 and CDS80
on a SSCMESCM™™ DC fraction of IL-2/GM-CSF-cultured
PBMCs. (a) Representative profiles of the expression of various
cell surface marker amj%}ens (HLA-DR, CDll1c¢, CD86, CD83 and
CD80) on SSCE"FSCE" cells in IL-2/GM-CSF cultured PBMCs or
moDCs from HV1 and HV2 are shown with background staining
(hatched areas). Numbers represent the percent of cells within the
indicated gate. (b) Whole PBMCs (left panels) or adherent cells (right
panels) were cultured for 7 days in the presence of IL-2 and GM-CSF
{upper panels) or 1L-4 and GM-CSF (lower panels). Maturation of
DCs was induced by stimulation with OK432 (0.1 KE/ml) for 24 hr.
Flowfcg/tome,tric analysis was performed to detect CD86 expression on
SSCMERESCME'CD1 ¢ cells in culture. CD86 profiles with (dashed
lines) or without (filled area) OK432 stimulation are shown, with back-
ground staining profiles (hatched areas).

of HLA-DR was more heterogenous, with only 36% of high HLA-
DR-expressing cells. Concurrently, we determined the expression
of CDId antigen-presenting molecules of aGalCer for Va24*
NKT cells. Representative CD1d profiles of the cells present in
each gate are shown in Figure 2b. In both IL-2/GM-CSF-cultured
PBMCs and moDCs, the majority of the cells, regardless of their
FSC or SSC, expressed similar levels of CD1d.

Cell surface expression of CD86, CD83 and CD80 on
IL-2IGM-CSF-cultured PBMCs

In addition, we assessed the expression of other cell surface
marker antigens (CD86, CD83 and CD80) on SSCME"FSCMEN cel)s
in IL-2/GM-CSF-cultured PBMCs and moDCs from HVI and
HV2. In both HV] and HV2, SSCME"ESC™ME" cells in IL-2/GM-
CSF-cultured PBMCs expressed substantial levels of CD86, CD83
and CD80 but those in moDCs expressed only CD86 and CD80
(Fig. 3a).

Next, whole PBMCs or adherent cells were cultured for 7 days
in the presence of IL-2 and GM-CSF or IL-4 and GM-CSF, and

PGE,) or PGE,/LPS for 2 days. After pulsing with aGalCer for 18 hr
and subsequent irradiation, stimulator cells were cocultured with
adherent cell-depleted fresh PBMCs. On day 6, low-cytometric analy-
sis was performed to detect Va24"VB117¥ cells. The percentages of
Vo247 VRI1™ cells among live cells are shown. (b) Cytoplasmic cyto-
kine staining with anti-IL-4 and anti-IFN-y in conjunction with cell
surface staining with anti-Va24 and anti-VB11 MAbs. The percen-
tages of IFN-y- or IL-4-producing cells among Va24"VB117 cells
are shown.

the maturation of DCs was induced by stimulation with QK432
for 24 hr. As shown in Figure 3b, expression levels of CD86 on
SSCME'FSCM¥"CD11c” cells in 1L-2/GM-CSF-cultured PBMCs
(upper left) were significantly higher than those in 1L-4/GM-CSF-
cultured PBMCs (lower left) or immature moDCs (lower right)
(compare filled areas in Fig. 35). Expression of CD86 was signifi-
cantly higher in whole PBMC cultures than in cultures of purified
adherent cells stimulated with IL-2 and GM-CSF (compare pro-
files upper left and right). In all 4 CD11c ™ cell preparations, levels
of CD86 were increased and were similar when the cells were
stimulated with OK432 (compare dashed lines in Fig. 35). These
results suggest that CD1lc™ cells in IL-2/GM-CSF-cultured
PBMCs express high levels of CD86 and are in a relatively more
mature state, while CD11c™ cells in moDCs need to be stimulated
to become mature.

IL-2/GM-CSF-cultured PBMCs induce efficient expansion of
V24 NKT cells that produce IFN-y preferentially

We then tested the ability of whole IL-2/GM-CSF-cultured
PBMCs to expand Ve24* NKT cells and examined their produc-
tion of cytokines (IL-4 and IFN-y) in the absence of IL-2 in
cultured medium compared to the CD1lc" fraction of 11.-2/GM-
CSF-cultured PBMCs and moDCs with or without further stimula-
tion by LPS (1,000 ng/ml) and a cytokine cocktail (IL—lg, 10 ng/ml;
TNF-o1, 10 ng/ml; and PGE,, 1 pg/ml) for 2 days® or PGE,
(5 pg/mb plus LPS (100 ng/ml). As shown in Figure 4a, the
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FIGURE 5 — CDI1c™ cells in IL-2/GM-CSF-cuitured PBMCs induce
expansion of Vo24 V1 1% NKT cells. () Whole IL-2/GM-CSF-cul-
tured PBMCs, the CD11ic™ and CDllc™ fractions of 1L-2/GM-CSF-
cultured PBMCs were prepared and their abilities to expand V24"
NKT cells were compared. As a positive control, mature moDCs
induced with a cytokine cocktail (IL-1p, TNFa and PGE,) were
included. The frequencies of Va24*VB117" cells are shown. (b) Fresh
PBMCs (2 X 10°, adherent cell-depleted) were cultured with IL-2 for
6 days in the presence or absence of irradiated aGalCer-loaded CD1 ict
cells 2 X 10" or titrated doses of CD11¢™ cells (shown in Exp. 1).
aGalCer-pulsed and nonpulsed cells were used in Exp. 2. (c) Levels of
CDIid expression on CcD4 CD3, CD8YCD3"' and CD3™ cells in
CD1lc™ lymphocyte fractions (SSC™ESC*¥CD11¢™) in IL-2/GM-
CSF-cultured PBMCs and CD11c™ cells in the SSCME"FSC™E" gate are
shown. MFI shown in each panel.

frequency of V24" VBI1Y Vo24 NKT cells was highest in cul-
tures with whole 1L-2/GM-CSF-cultured PBMCs. Slightly lower
but substantial levels (approx. 4%) of Va24NKT cells were induced
in the culture with CD11c¢* IL-2/GM-CSF-cultured PBMCs and
moDCs after 2-day stimulation with LPS (second and third groups
in Fig. 4a). Essentially no expansion was induced by nonstimulated
immature moDCs (bottomn group in Fig. 4a).

To assess the production of cytokines by expanded Vo24*
cells, we performed cytoplasmic cytokine staining with anti-1L-4
and anti-IFN-v in conjunction with cell surface staining with anti-
V24 (Fig. 4b). Most of the APCs prepared as indicated induced
subsiantial levels of JFN-y-producing V24" cells. Immature
moDCs (with medium) showed the lowest ability to induce IFN-y-
producing Vo24” cells. Interestingly, 11.-2/GM-CSF-cultured
PBMCs induced very low levels (<10%) of IL-4-producing
Vo4 cells in culture compared to the other preparations (Fig.
4p, top group). It is of interest that immature moDCs induced the
highest frequency of IL-4-producing Va24" cells (>30%). These
results suggest that 1L-2/GM-CSF-cultured PBMCs possess a
potent ability to expand Vo24™ cells that produce substantial lev-
els of IFN-y and small amounts of 1L-4.

CDlic™ cells in IL-2/GM-CSF-cultured PBMCs induce
expansion of Va24 VBI11" NKT cells

In addition to DCs and macrophages, human activated T cells
express CDId molecules.?®° Therefore, we studied whether
CDIlc™ cells themselves induced aGalCer-dependent expansion
of Vo24" NKT cells. We prepared CD1lc” and CD11lc™ popula-
tions from whole IL-2/GM-CSF-cultured PBMCs and compared
their abilities to expand Va24™ NKT cells (Fig. 5a). Whole IL-2/
GM-CSF-cultured PBMCs, the CD11lc™ and CD11c™ fractions of
whole 1L-2/GM-CSF-cultured PBMCs and mature CD] 1c”
moDCs stimulated with a cytokine cocktail were pulsed with
aGalCer and used as stimulators. Nonadherent fresh PBMCs (2 X
103, adherent cell-depleted) were cultured with stimulators for
6 days in the presence of IL-2. Although levels of Va4 NKT
cell expansion by CD11c™ populations (approx. 2%) were slightly
less than those of whole (approx. 3%) or the CD1lc" fraction
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(approx. 4%) of IL-2/GM-CSF-cultured PBMCs, certain levels of
expansion were consistently observed. Next, adherent cell-
depleted PBMC responders were cocultured with titrated doses of
CD11c” cell stimulator cells. As shown in Figure 5b, experiment
1 (Exp. 1), levels of Va24" NKT cell expansion produced by
20 X 10° CD11c™ cells were slightly lower than those produced
by 20 X 10> CD11c™ cells, while levels became higher when
50 X 10%, 100 X 10% and 200 X 10° CD11c™ cells were used. We
included oGalCer-nonpulsed cells in Exp. 2 to demonstrate
aGalCer dependence in the expansion of Va24" NKT cells. Next,
levels of CD1d expression on CD4"CD3", CD8*CD3" and
CD3~ cells in the CDIllc™ lymphocyte fraction (SSC“-
FSCCD11c¢™) of I1L-2/GM-CSF-cultured PBMCs were com-
pared to those on SSC"E"FSC""CD11c™ cells in HV1 and HV2
(Fig. 5c). Although the levels were slightly lower, CcD4vCD3",
CD8'CD3" and CD3™ lymphocytes expressed certain levels of
CD1d on their cell surface. These results suggest that CD1ic
cells in IL-2/GM-CSF-cultured PBMCs possess some level of
aGalCer antigen-presenting ability to expand Vo24™ NKT cells.

Ability to expand Va24 V11 * cells in moDCs is enhanced by
cocultivation with CD11c™ cells in whole IL-2/1GM-CSF -
cultured PBMCs

Since CD11c* cells in IL-2/GM-CSF-cultured PBMCs showed
potent activity in Va24 NKT cell expansion at levels comparable
to mature moDCs induced by LPS stimulation (Fig. 4a), we next
assessed whether CD11c¢™ cells in IL-2/GN-CSF-cultured PBMCs
induced maturation of DCs. CD11c* moDCs were stimulated with
LPS, cytokine cocktail (IL-13, TNF-o and PGE,) or irradiated
CDllc™ cells derived from IL-2/GM-CSF-cultured PBMCs for
1-3 days. Stimulated CD11c™ moDCs were irradiated and cocul-
tured with nonadherent fresh PBMCs (2 X 10°, adherent cell-
depleted) containing V24" NKT cells in the presence of IL-2 for
6 days. Numbers of Vo24*VBI1™ cells in the cultures were
assessed by flow cytometry. Data are shown as Vo24TVRI11Y fre-
quency and fold increase in Figure 6a and b, respectively. By
either indicator, when irradiated CD11c™ cells in IL-2/GM-CSF-
cultured PBMCs were used as stimulators for moDC maturation
for 3 days, levels of expansion of V24 VBT cells were equiv-
alent to those in LPS- or cytokine cocktail-stimulated moDCs.
One day was enough for LPS or the cytokine cocktail to induce
maturation of moDCs, but 3 days were needed for the CD1lic™
cells to give moDCs the ability to expand NKT cells.

To further examine whether CD11c™ cells induced maturation
of CDlIc" cells, CD1Ic* moDCs were stimulated with various
doses of irradiated CD11c™ cells derived from IL-2/GM-CSF-cul-
tured PBMCs for 3 days, and then expression of CD86 on CD1 1c*
cells was assessed. Figure 6¢ shows a representative result of MFI
of CD86 staining on moDCs. As expected, a CDllc  cell dosage-
dependent increase in the MFI of CD86 staining on moDCs was
detected. Moreover, to identify functional effector molecules that
are produced by CD11c™ cells and induce DC maturation, various
MADbs (5 pg/ml) were added to the culture with CD1 1c¢™ moDCs
and irradiated CD11ic™, and then the cell surface expression of
CD86 on CD1lc’ moDCs was assessed (Fig. 6d). Among MAbs
tested, anti-TNF-oo MAb substantially inhibited the induction of
CD86 on moDCs. No apparent effects were seen in the groups
with MADb specific for other cytokines, including INF-y, IL-4 and
IL.-12. These results suggest that CD11c™ cells in IL-2/GM-CSF-
cultured PBMCs are able to support the maturation of CDIlc”
moDCs to induce the expansion of Vo24* NKT cells and that
TNF-u plays imEortant roles in the CD11c¢™ cell-mediated matu-
ration of CD11c™ moDCs.

CDI11lc™ CD3"' T cells produce substantial amounts of
TNF-a and are involved in the maturation of DCs

To investigate further which subpopulations of CDIlc™ cells in
1L-2/GM-CSF-cultured PBMCs are involved in moDC matura-
tion, we depleted the PBMC cultures of CDI lc"CDS6" cells,
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CD1lc CD3" cells or both CD1lc CD56" and CD1lc”CD3*
cells prior to IL-2/GM-CSF cultivation and tested the ability of
the cultures to induce CD86 molecules on moDCs. As shown in
Figure 7a, upregulation of CD86 was not affected by the depletion
of CD567 cells but was substantially inhibited by the depletion of
CD3" cells. The depletion of both CD56" cells and CD3™ cells
resulted in almost no induction of CD86 on moDCs. These results
suggest that CD3™ T cells in PBMCs are important for the matura-
tion of moDCs and that CD56" NK cells may play some role in
the maturation process. Next, we isolated CD11c™CD3% cells,
CD11c”"CD37CD56™ cells and CD37CD56~ cells from IL-2/
GM-CSF-cultured PBMCs and assessed their production of TNF-
o. A substantial amount of TNF-o was secreted from CD3 " cells.
Levels of TNF-o were approximately 1/5 and 1/3 in the
CD3 CD56% and CD3 CD56” cell cultures, respectively
(Fig. 7b). These results suggest that CD3" T cells in IL-2/GM-
CSF-cultured PBMCs are the major producer of TNF-a. Next, to
examine the requirement for IL-2 in PBMC culture for the induc-
tion of CD86 on DCs, PBMCs were cultured with GM-CSF alone,
IL-2 alone or IL-2 and GM-CSF and CD86 expression on SSC™&"-
FSCME" cells (DC) and CD69 expression on CD3™ cells (T cells)
assessed (Fig. 7¢). Cultivation with GM-CSF alone generated
56.4% of CD1lc™ cells, but CD86 molecules were not induced
significantly on DCs (MFI = 16). Cultivation with IL-2 alone
induced CD86 molecules on DCs (MFI = 58) but generated only
5.0% of CD11c™ cells. Cultivation with both IL-2 and GM-CSF
generated 15.3% of CD11c™ cells with sufficient CD86 induction
(MFI = 61). More than 30% of T cells were activated to express
CD69 in cultures containing IL-2. These results indicate that IL-2

is required for the maturation of DCs and that GM-CSF is impor-
tant for the generation of CD11c™ cells. Thus, it is most likely that
TNF-o is produced by CD11c™ T cells upon activation with IL-2
and then TNF-a induces the maturation of DCs generated by GM-
CSF in PBMC culture.

Cytotoxic activity of Va24™ NKT cells stimulated with
aGalCer-loaded IL-2/GM-CSF-cultured PBMCs

We assessed whether Voa24™ NKT cells activated with
aGalCer-loaded IL-2/GM-CSF-cultured PBMCs show cytotoxic
activity against U937 cells (Fig. 8). Freshly prepared PBMCs from
HV1 were cultured with aGalCer-loaded IL-2/GM-CSF-cultured
PBMCs for 7 days, activated Va24" cells were purified with
MACS and their cytotoxic activity on U937 cells was examined
with a standard Cr-release assay. Significantly increased cytotoxic
activity against NKT cell-sensitive U937 target cells was induced
by Va24" NKT cells activated with aGalCer-loaded 1L-2/GM-
CSF-cultured PBMCs compared to those with aGalCer-unloaded
IL-2/GM-CSF-cultured PBMCs or Va24~ cells containing acti-
vated T cells.

Induction of cytokine production and proliferation of
in vitro activated Va24" NKT cells by CD11c" and
CDllc™ cells in IL-21IGM-CSF-cultured PBMCs

Finally, we examined whether CD11c¢™ and CD11c™ cells exert
significant activity to expand in vitro activated Va24™ NKT cells.
PBMCs from HV1 were cultured with IL-2 and aGalCer for
7 days, and the Vo24 positive cells were enriched using a MACS
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Ficure 8 — Cytotoxic activity of Vo24™ NKT cells stimulated with
aGalCer-loaded 1L-2/GM-CSF-cultured PBMCs. Irradiated aGalCer-
loaded (or unloaded) IL-2/GM-CSF-cultured PBMCs (1 X 1055) were
cocultured with adherent cell-depleted fresh PBMCs (2 X 10°) con-
taining Vo24™ NKT cells for 7 days in the presence of IL-2. Activated
Vo247 cells were separated from cultured cells by MACS sorting.
Va24~ cells were prepared by depletion of Vo24™ cells, CD16™ cells
zsipd CD56% cells. Va24™ cells and Va24~ cells were seeded with

Cr-labeled NKT cell-sensitive U937 target cells. Percent specific
31Cr release was calculated as described in Material and methods.

separation column. Enriched Va24* NKT cells were subjected to
another 7-day stimulation with IL-2 and oGalCer-loaded irradi-
ated fresh PBMCs from HV1. More than 96% of the cells were
Vo24TVB11Y cells (Fig. 9a). Activated V24" NKT cells were
cocultured with irradiated oGalCer-loaded immature moDCs,
CD11c™ cells or CD11c™ cells prepared from IL-2/GM-CSF-cul-
tured PBMCs. The proliferative responses (Fig. 96) and produc-
tion of IFN-y and IL-4 (Fig. 9¢) from in vitro activated Vo24*
NKT cells were examined. Proliferative responses of Va24™ NKT

cells were induced by immature moDCs, CDllc* cells and
CD11c™ cells in IL-2/GM-CSF-cultured PBMCs; and levels were
highest in immature moDCs. All these responses were signifi-
cantly inhibited by the presence of an anti-CD1d MAbD but not a
control anti-MHC class I MAb, suggesting that the proliferation is
dependent on CD1d. As can be seen in Figure 9¢, CDI lc* cells
induced substantial levels of both IFN-y and IL-4 production in
activated Vo24™ NKT cells. Although levels were low, CD11c™
cells also induced IFN-y and IL-4 production in a cell dose-
dependent manner. These results suggest that, although levels are
lower, both CD1 1c* and CD1lc™ cells in IL-2/GM-CSF-cultured
PBMCs are able to stimulate in vitro activated Va24 " NKT cells
in a CD1d-dependent manner.

Discussion

Here, we demonstrate that IL-2/GM-CSF-cultured PBMCs are
able to expand freshly prepared autologous Vo24™ NKT cells very
effectively and induce their ability to produce large amounts of
IFN-y and exert signiﬁcant cytotoxicity to tumor target cells.
Especially, CDIlc” cells in 1L-2/GM-CSF-cultured PBMCs
expressed high levels of CD86 (Fig. 3b), suggesting that these
cells were in a relatively more mature state and induced efficient
expansion of Vo24" NKT cells and preferential production of
IFN-v at levels equivalent to those of mature moDCs (Fig. 4a,b).
Maturation of CD1lc™ cells in IL-2/GM-CSF-cultured PBMCs
was induced by CD11c™ cells present in culture (Fig. 6a—c). TNF-
o appeared to play important roles in the maturation of CDI lIc*
cells. In addition, although levels were slightly lower, even
CD1lc™ cells expressed CD1d and showed substantial stimulatory
activity on freshly prepared Vo24 " NKT cells, resulting in expan-
sion and IFN-y production (Fig. 5). Thus, IL-2/GM-CSF-cultured
PBMCs can be used as potent APCs for «GalCer presentation to
naive Vo24™ NKT cells.

The maturation of CD11c” DCs is well established by cultiva-
tion of moDCs with TNF-o alone or a cytokine cocktail including
TNF-a, IL1B, PGE, with or without IL-6%? as well as other mate-
rial such as LPS and CD40-L.*” However, maturation also appears
to occur through cell-cell contact, such-as with lymphokine-acti-
vated lymphocytes or activated NK cells.*® In particular, it has
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FIGURE 9 — Inductlon of cytokine productlon and proliferation of in
vitro activated Va24* NKT cells by CDl Ic* and CD1lc™ cells in IL-
2/GM-CSF-cultured PBMCs. CD11c*™ and CDll¢™ fractions from
IL-2/GM-CSF-cultured PBMCs were prepared, and their ability to
induce cytokine productlon by Va24™ NKT cells was compared. (a)
Vo24/VB311 profiles of in vitro activated Va24™ NKT cells prepared
by 2 cycles of cultivation with IL-2 and aGalCer for 7 days. The per-
centages of cells present in each quadrant are also shown. (b) Mean

*H uptakes of activated Va24™ NKT cells in triplicate cultures are
shown with SDs. Anti-CD1d MAb (1d, 10 pg/ml), anti-MHC class 1
MAb (I, 10 pg/ml) and control isotype-matched antibody (C) were
added to the culture. *p < 0.05. (¢) In vitro activated Va24* NKT
cells were cocultured with irradiated aGalCer-loaded CD1lc™ or
CDllc™ cells for 2 days. Concentrations of IFN-y and IL-4 in the cul-
ture supernatant are shown.

been reported that NK cells can induce maturation of DCs via cell—
cell interactions of MHC and NK receptors as well as secreted
cytokines such as IFN-y and TNF-o. In our study, phenotypic
maturation of moDCs indeed occurred after cocultivation with
CDIlc™ cells in IL-2/GM-CSF-cultured PBMCs (Fig. 6¢). More-
over, we demonstrate that TNF-a is a critical cytokine for the matu-
ration of moDCs by CD1lc™ cells (Fig. 6d). In the CDlic™ frac-
tion of IL-2/GM-CSF-cultured PBMCs, CD1lc CD3" T cells
appeared to play important roles in DC maturation (Fig. 7a). In
addition, TNF-o was preferentially produced by CD11c™CD3"
T cells (Fig. 7b). Thus, the maturation of DCs induced by CD11c™
T cells through TNF-a production appears to be critical for the effi-
cient expansion and activation of V24" NKT cells to produce
IFN-v preferentially.

In DC therapy with HLA-ABC-restricted antigens, several pre-
clinical investigations and clinical trials using ex vivo generated
moDCs succeeded in producmSg tumor regression in patients with
limited malignant tumors. Mature DCs are much more
effective at acuvalm naive T cells and inducing antigen-specific
T-cell responses.”’® As for Vo24™ NKT cells, mature moDCs
pulsed with aGalCer appear to have a better ability to induce
Vo24™ NKT cell expansion than either immature moDCs or
monocytes.”? Here, we show that the expansxon of Va24" NKT
cells induced by naturally matured CD1lc* DCs in IL-2/GM-
CSF- cultuxed PBMCs was comparable to that induced by mature
CDllc™ moDCs stimulated additionally with LPS or cytokine
cocktail.

Another interesting observation is that CD1lc¢™ cells in 1L-2/
GM-CSF-cultured PBMCs imparted a certain stimulatory activity
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to Va24™ NKT cells. CD1lc™ cells were shown to express CD1d
(Fig. 2), and the majority (>75%) were T cells (data not shown).
CD1d expression has been reported to be inducible on human
T cells upon activation.”®>® However, it has not been clarified
whether activated CDId- expressm(J T cells can successfully
present ¢GalCer to human Va24” NKT cells. We characterized
CDIlc™ cells in IL-2/GM-CSF-cultured PBMCs very carefully to
determine their ability to present aGalCer to human Vo24* NKT
cells, causing them to proliferate and produce cytokines (Fig. 5),
and concluded that CD11c ™ cells induced activation and expan-
sion of Va24" NKT cells, particularly freshly prepared Vo24*
NKT cells.

There are many reports in the literature about the function of
DCs in the regulation of T cell-mediated immune responses. The
nature of the regulation has become more complicated due to the
discovery of activation status and _ontogenetically diverse sub-
types of DC in murine models,”’*’ as well as the results of in
vitro studies using human PBMCs. For instance, DCs cultured
under some conditions, including the presence of IL-10, TGF-8,
or steroids and at low DC/T cell ratios, induce naive CD4 T cells
to differentiate into Th2 cells.>*%° However, it is not known how
the balance of Th1/Th2 cytokine production in Va24™* NKT cells
is regulated by human oGalCer-loaded APCs. Here, we exam-
ined the Th1/Th2 cytokine profiles of Va24" NKT cells acti-
vated by various aGalCer-loaded APCs and found that whole IL-
2/GM-CSF-cultured PBMCs and CD11c¢™ cells in 1L-2/GM-CSE-
cultured PBMCs induced preferential IFN-y production in
V24" NKT cells. The preferential IFN-y production was supe-
rior or equal to that of mature moDCs. Moreover, the separation
process of nonadherent cells is not required for the preparation
of IL-2/GM-CSF-cultured PBMCs. In addition, there is no loss
in cell number during preparation. Thus, IL-2/GM-CSF-cultured
PBMCs represent an alternative potent material for tumor immu-
notherapy aimed at the in vivo activation and expansion of
Vo24™ NKT cells.

It has been reported that the number and/or function of Va24™
NKT cells in PBMCs from patients with malignant tumors is
decreased compared to PBMCs from healthy volunteers and the
amount of the dec1ease appears to be dependent on tumor type and
clinical stage.' * We reponed that the number of Vo24™ NKT
cells among PBMCs is reduced in pattents w1th lung cancer but
their ability to produce IFN-y remains intact.'? In patients with
advanced gastrointestinal cancers, the in vitro expansion of
Va24* NKT cells was 1mpaxred although it recovered partially
by coculture with G-CSF.** In patients with progressxve malignant
multiple myelomas, freshly prepared Vo24* NKT cells did not
produce IFN-y even after stimulation with «GalCer-loaded
moDCs, although the dystunctlon was considered to be reversible
because functlonal Va24® NKT cells could be expanded after
in vitro culture.*’ Thus, it is speculated that aGalCer-loaded APC
therapy will be useful for treating patients with early-stage malxg-
nancies who show no severe dysfunction of their Va24* NKT
cells; patients with advanced cancers may need to receive addi-
tional supportive therapy, such as adoptive administration of func-
tional Va24* NKT cells, prior to aGalCer-loaded APC therapy.

In summary, our results indicate that maturation of DCs induced
by CD11c™ T cells through TNF-a pr oductton appears to be crit-
ical for the efficient activation of Va24™ NKT cells by aGalCer to
produce IFN-y preferentially. In addition, activated Vo24" NKT
cells with IL-2/GM-CSF-cultured PBMCs showed significant
cytotoxic activity against tumor cells in vitro. Thus, use of IL-2/
GM-CSF-cultured PBMCS 1s appropriate for tumor immunother-
apy aimed at V24" NKT cell activation and expansion.
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Differentiation of naive CD4 T cells into Th2 cells re-
guires protein expression of GATA3. Interleukin-4 in-
duces STAT6 activation and subsequent GATA3 tran-
scription. Little is known, however, on how T eell
receptor-mediated signaling regulates GATA3 and Th2
cell differentiation. Here we demonstrated that T cell
receptor-mediated activation of the Ras-ERK MAPK cas-
cade stabilizes GATA3 protein in developing Th2 cells
through the inhibition of the ubiquitin-proteasome
pathway. Mdm2 was associated with GATA3 and in-
duced ubiquitination on GATAS, suggesting its role as a
ubiquitin-protein isopeptide ligase for GATA3 ubiquiti-
nation. Thus, the Ras-ERK MAPK cascade controls
GATAS protein stability by a post-transcriptional mech-
anism and facilitates GATA3-mediated chromatin re-
modeling at Th2 cytokine gene loci leading to successful
Th2 cell differentiation.

In peripheral lymphoid organs, naive CD4 T cells that have
recognized specific antigens differentiate into either one of two
distinct helper T cell subsets, Thi and Th2 cells (1). Upon
antigen restimulation, Thl cells produce large amounts of
IFNy! and direct cell-mediated immunity against intracellular
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pathogens. Th2 cells produce IL-4, IL-5, and IL-13 and are
involved in humoral immunity and allergic reactions. The di-
rection of Th cell differentiation depends on the types of cyto-
kine in the environmental milieu (2, 3). Naive CD4 T cells
stimulated with antigens in the presence of IL-12 differentiate
into Th1 cells, whereas the presence of IL-4 drives differentia-
tion into Th2 cells (4-6). IL-12-mediated activation of signal
transducer and activator of transcription (STAT) 4 is crucial for
Th1 cell differentiation, and IL-4-mediated STAT6 activation is
important for Th2 cell development (7-9).

In addition to the cytokines mentioned above, activation of
TCR-mediated signaling is also indispensable for both Th1 and
Th2 cell differentiation. We reported that Th2 cell differentia-
tion is highly dependent on the extent of TCR-mediated acti-
vation of the p56/*, calcineurin, and Ras-ERK MAPK signaling
cascade (10—12). In particular, inhibition of the activation of
the Ras-ERK MAPK cascade caused a shift from Th2 to Thl
cell differentiation, suggesting that the direction of Th1/Th2
cell differentiation could be controlled by TCR-mediated acti-
vation of the Ras-ERK MAPK cascade (11, 13). On the other
hand, Thl cell development appeared to be regulated by an-
other MAPK, c-Jun N-terminal kinase (14, 15).

Recently, several transcription factors that control Th1/Th2
cell differentiation were identified (8, 16). Among them, GATA3
appears to be a key factor for Th2 cell differentiation. GATAS is
selectively induced in developing Th2 cells after TCR stimula-
tion in the presence of IL-4, and ectopic expression of GATA3
resulted in the induction of Th2 cell differentiation in the
absence of STAT6 (17-20). GATA3 was found to be important
for the maintenance of the Th2 phenotype (21, 22).

Th2 cell differentiation is accompanied by chromatin remod-
eling of the Th2 cytokine (IL-4/IL-5/IL-13) gene loci, e.g. hyper-
acetylation of histones H3 and H4 (23-25). Hyperacetylation of
the IL-4 and IL-13 gene loci (23) and that of IL-5 gene locus (26)
are highly dependent on the expression of GATA3. We de-
scribed a precise map of the Th2-specific histone hyperacetyla-
tion within the Th2 cytokine gene loci, and we identified a
71-bp conserved GATA3-response element at 1.6 kbp upstream
of the 1L.-13 locus (23). The GATA3-response element appears
to play a crucial role for GATA3-mediated targeting and down-
stream spreading of core histone hyperacetylation within the
IL-13 and IL-4 gene loci in developing CD4* Th2 and CD8* T¢2
cells (23, 27).

One of the major pathways of degradation of short lived
regulatory proteins, including transcriptional factors, is
through ubiquitin-mediated targeting and protein destruction
in the 26 S proteasome. Protein ubiquitination is involved in a
wide range of cellular processes, including cell cycle progres-
sion, signal transduction, transcriptional regulation, DNA re-
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pair, antigen presentation, and apoptosis (28-31). Emerging
views suggest that various aspects of the immune system are
controlled by ubiquitination (32). A well known example of the
ubiquitin-dependent regulation in the immune system is the
proteasome-dependent processing of peptides in antigen-pre-
senting cells (33). It is also well known that lipopolysaccharide
or proinflammatory cytokines such as IL-1 can induce activa-
tion of NF-«B through ubiquitination and subsequent degrada-
tion of the inhibitor of xB (34). However, a role for the ubig-
uitin-mediated regulation of Th1/Th2 cell differentiation has
not been reported.

In the present study, we investigated the molecular targets
of the Ras-ERK MAPK cascade that control chromatin remod-
eling of the Th2 cytokine gene loci and subsequent Th2 cell
differentiation, and we found that the Ras-ERK MAPK cascade
controls the stability of the GATA3 protein through the ubig-
uitin-proteasome pathway. Moreover, we demonstrated that
the ubiquitination of GATA3 by Mdm2 is dependent on a ring
finger domain.

EXPERIMENTAL PROCEDURES

Mice—C57BL/6 mice were purchased from SLC (Shizucka, Japan).
STATS6-deficient (KO) mice were kindly provided by Shizuo Akira
(Osaka University, Osaka, Japan) (35). A T cell-specific H-ras domi-
nant-negative (dnRas) transgenic (Tg) mouse with the lck proximal
promoter was described elsewhere (11, 36). All mice used in this study
were maintained under specific pathogen-free conditions.

Reagents—PD98059 (Calbiochem), cycloheximide (Calbiochem),
MG132 (Sigma), and U0126 (Promega) were purchased.

Expression Plasmids and Transfection—Myc-tagged and FLAG-
tagged GATA3 mutants (pCMV Tag 3B-GATA3 WT, dCT, dCF, and
dZF), and GFP-fused GATA3 mutants (pEGFP-C1 GATA3 WT and
pEGFP-C1 GATAS3 dZF) were generated by PCR-based mutation. Myc-
tagged wild type Mdm2, RING finger-deleted Mdm2 (pCMV Tag-3B-
Mdm2 WT, dR), and p19°*F were generated in our laboratory. COS,
293T, and NIH3TS3 cells were transfected using FuGENE reagent (In-
vitrogen) according to the manufacturer’s protocol.

Cell Cultures and in Vitro T Cell Differentiation—CD4 T cells were
purified using magnetic beads and an auto-MACS® sorter (Miltenyi
Biotec), yielding a purity of >98%. The purified CD4 T cells (1.5 x 10%)
were stimulated for 2 days with immobilized anti-TCR mAb (H57-597,
3 ug/ml) in the presence of 1L-2 (25 units/ml), IL-12 (100 units/ml), and
anti-IL-4 mAb (11B11, 25% culture supernatant) for Thl-conditions or
in the presence of 1L-2 (25 units/ml), IL-4 (100 units/ml), and anti-IFNy
mAb (R4.6A2, 25% culture supernatant) for Th2— conditions. The cells
were cultured for another 3 days in the presence of only the cytokines
present in the initial culture. The numbers of Th1/Th2 cells were
determined by using intracellular staining with anti-IL-4 and anti-
IFNYy as described (10).

Retroviral Vectors and Infection—pMX-IRES-CAR (human cox-
sackie-adenovirus receptor) plasmid was generated from the pMX-
IRES-GFP plasmid by replacing the EGFP gene with the CAR gene.
The methods for the generation of virus supernatant and the infection
were described previously (37). Infected cells were subjected to intra-
cellular staining with anti-IL-4 and anti-IFNy mAb or to cell sorting.
To prepare large numbers of infected cells for immunoblotting, the
pMX-IRES-CAR or pMXs-IRES-hNGFR vector was used, and the in-
fected cells were enriched by auto-MACS® sorter with anti-CAR mAb
(38) or anti-human NGFR (C40-1457; Pharmingen). cDNA encoding
Erk2 sem was described previously (39). pMXs-Mdm2 dR-hNGFR was
constructed by inserting Mdm2-dR into a multicloning site of pMXs-
IRES-hNGFR. ¢DNA for human GATAS3 or an active form of human
Raf-1 (40) was inserted into a multicloning site of pMX-IRES-GFP.

Chromatin Immunoprecipitation (ChIP) Assay—ChIP was per-
formed using the histone H3 assay kit (catalog number 17-245; Upstate
Biotechnology, Inc.) as described previously (23). Semi-quantitative
PCR was performed with DNA samples from 3 or 1 X 10 cells at 28
cycles. PCR products were resolved in an agarose gel and visualized by
ethidium bromide. Images were recorded and quantified using ATTO
L & S analyzer (ATTO, Tokyo, Japan). The primers used were described
previously (23).

Immunoprecipitation and Immunoblotting—Purified CD4 T cells
were stimulated with immobilized anti-TCR mAb for 2 days as de-
scribed above, and nuclear extracts were prepared with an NE-PER™
nuclear and cytoplasmic extract reagent (catalog number 78833; Pierce)

Ubiquitin-dependent Degradation of GATA3

according to the manufacturer’s protocol. The amount of GATAS, ¢-Maf,
or a-tubulin was assessed by immunoblotting with anti-GATA3 mouse
mAb (HG3-31; Santa Cruz Biotechnology, Santa Cruz, CA), anti-c-Maf
rabbit antisera (M-153; Santa Cruz Biotechnology), or anti-a-tubulin
mAb (DM1A; Lab Vision Corp.) as described previously (37). Anti-
Mdm2 mAb (D-17; Santa Cruz Biotechnology), anti-E6-AP mAb (clone
20; BD Transduction Laboratories), anti-Itch mAb (clone 32; BD Trans-
duction Laboratories), and anti-Cbl-b mAb (G-1; Santa Cruz Biotech-
nology) were used for immunoblotting. For transfectants, anti-FLAG
mAb (M2; Sigma) and anti-Myc mAb (PL14;, MBL) were used
for immunoblotting.

For anti-ubiquitin blotting, COS cells were transfected with Myc-
tagged GATA3 vectors (pCMV Tag 3B). Two days later, cells were
treated with cycloheximide (100 um) and 10126 (20 uM) in the presence
or absence of the proteasome inhibitor MG132 (50 uM) for 2 h. The cells
were then pelleted, resuspended in RIPA buffer, and lysed on ice for 30
min. Insoluble material was removed by centrifugation. The lysates
were incubated with 5 pg of anti-Myc mAb (MBL, Japan) for 2 h at 4 °C.
50 ul of protein G-conjugated Sepharose (Amersham Biosciences) was
then added and incubated for an additional 1 h. After removal of the
supernatant, the beads were washed twice with RIPA buffer. The bound
protein was eluted by adding 25 pl of SDS sample buffer and was
subjected to immunoblot analysis using mAb specific for ubiquitin
(FK2; MBL, Tokyo, Japan).

Northern Blotting—Total RNA (20 ug) was isolated from cultured
cells using TRIzol reagent (Invitrogen), separated on a 1% formalde-
hyde gel, and transferred to a Nytran Plus membrane (Schleicher &
Schuell). Probes for GATA3 and B-actin were generated by PCR using
the primers described previously (37). The digoxigenin labeling and
detection system (Roche Diagnostics) was used for visualization.

Pulse-Chase Experiment—Splenic CD4 T cells were stimulated for 2
days under Th2— conditions. The cells were washed, preincubated for
30 min in methionine/cysteine-free medium, and pulsed for 30 min with
200 uCi/ml [**Slmethionine/cysteine (ICN). Then the cells were washed
twice with Dulbecco’s modified Eagle’s medium containing nonradioac-
tive 5 mM L-methionine, 3 mM L-cysteine, and 0.25% FCS, and chased in
the same medium in the presence of PMA (3 ng/ml) or PMA plus U0126
(20 um). UQ126 was used in the pulse-chase experiment because it is
known to inhibit preactivated MEK as well (41).

In Vitro Ubiquitination Assay—In vitro ubiquitination assay was
performed as described previously (42). In brief, 2937 cells were trans-
fected with FLAG-tagged GATAS3, and 3 days later the cells were
treated with MG132 for 2 h. Then the cells were lysed in RIPA buffer
(2.5 X 10° cells/ml), and the cell lysates (250 ul) were subjected to
immunoprecipitation with anti-FLAG or anti-GATA3 mAb. The immu-
noprecipitates were incubated for 2 h at 30 °C in 25 ul of reaction buffer
containing 50 muM Tris-HC1 (pH 8.0), 50 ng of recombinant mouse
ubiquitin-activating enzyme, 500 ng of ubigquitin carrier protein, 5 pg of
glutathione S-transferase-Ub, 1 mu dithiothreitol, 2 mm MgCl,, and 4
mM ATP. After terminating the reaction by the addition of 2X SDS
sample buffer, immunoblotting with anti-GATA3 or anti-FLAG mAb
was performed. Recombinant mouse ubiquitin-activating enzyme, ubiq-
uitin carrier protein, and glutathione S-transferase-Ub were kindly
provided by Dr. Keiji Tanaka (Tokyo Metropolitan Institute for Medical
Science, Tokyo, Japan).

stRNA—Introduction of siRNA into a T cell line TG40 was performed
as described (43). In brief, 2 ul of TransIT-TKO transfection reagent
(Mirus) was diluted in 50 ul of serum-free/antibiotic-free RPMI 1640
per well. Ten minutes later, 1 ul of 40 um siRNA was added to the
diluted transfection reagent and incubated for 30 min with gentle
agitation. Then the siRNA solution was added to TG40 cultures con-
taining 5 X 10° cells in 500 pl of medium per well in a 24-well plate.
Three days after transfection, ubiquitination of GATAS3 and the expres-
sion of Mdm2 protein were assessed by immunoblotting. Pre-designed
siRNA for Mdm2 was purchased from Ambion (16704), and control
siRNA was from Santa Cruz Biotechnology (sc-37007).

RESULTS

The Ras-ERK MAPK Cascade Controls Histone Hyperacety-
lation of the Th2— Cytokine Gene Loci—We reported that Th2
cell differentiation and certain Th2 responses are dependent on
the extent of activation of the Ras-ERK MAPK cascade (11, 13).
Hyperacetylation of the Th2 cytokine gene loci was highly
dependent on the expression of GATA3 (23, 26). We present
here further confirmation of the observations in chromatin
remodeling of the Th2 gene loci. The generation of IL-4-produc-
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Fic. 1. Activation of the ERK-MAPK cascade is required for GATA3-dependent histone H3 hyperacetylation of Th2 cytokine gene

loei. A, Th2 cell differentiation was inhibited by PD98059, a specific inhibitor of MEK. Freshly prepared splenic CD4 T cells were stimulated under
Th2- conditions in the presence of PD98059 (30 uM) for 2 days. The cells were cultured for an additional 3 days and then stimulated with
immobilized anti-TCR mAb. The numbers of Th1/Th2 cells were determined by intracellular staining with anti-IL-4 and anti-IFNy. The numbers
represent the percentages of cells in each quadrant. B, the effect of PD98059 on the histone H3 hyperacetylation. An aliquot of the cells cultured
as in A were harvested on day 3, and the acetylation status of histone H3 in nucleosomes associated with the indicated regions was assessed by
ChIP assay. An anti-acetylated histone H3 (K9, K14) antibody and specific primer pairs were used. Three independent experiments were
performed, and similar results were obtained. Relative band intensities normalized by input DNA bands measured by a densitometer are shown
in the right panel. C, expression of active Raf-induced IL-4 producing Th2 cells under Th1~ conditions. Freshly prepared splenic CD4 T cells were
stimulated under Th1- conditions and infected with retrovirus encoding active Raf or GATAS bicistronically with EGFP on day 2. Three days later,
the cells were stimulated with anti-TCR and were subjected to IL-4/IFNy staining. D, histone H3 hyperacetylation on Th2 cytokine gene loci was
induced by an active form of Raf-1 (Active-Raf) or ectopic expression of GATAS3 in developing Th1 cells. GFP-positive infected CD4 T cells were
enriched by cell sorting. Control represents mock vector virus infection. Acetylation status of histone H3 was determined by ChIP assay. Three
independent experiments were done with similar results. Relative band intensities normalized by input DNA bands are shown in the right panel.

ing cells was substantially inhibited in the presence of a spe-
cific inhibitor of MEK (an ERK MAPKK), PD98059 (Fig. 14).
Fig. 1B shows that the acetylation levels of histones associated
with the Th2 cytokine gene loci (IL-4 promoter, IL-13 promoter,
IL-5 promoter, GATA3-response element, CNS1, and IL-4 V,
enhancer) were significantly reduced in the presence of
PD98059. In the case of RAD50, there was no significant effect
with PD98059 treatment, and with the IFNy promoter (IFN+vp)
there was some enhancement in the acetylation. Under Thl
culture conditions, PD98059 exhibited no detectable inhibition
of acetylation at the IFNy promoter region (data not shown).
In addition, the effect of ectopic expression of an active form
of Raf-1 (active-Raf) on the generation of Th1/Th2 cells was
assessed. Significant numbers of IL-4-producing Th2 cells and
a suppression of the generation of IFNy-producing cells were
observed in active Raflinfected cells stimulated under Thl—
conditions (Fig. 1C). As a positive control, GATAS infection was
included, and in this case substantial levels of IL-4-producing
cells with decreased numbers of IFNy-producing cells were
detected. Assessment of the acetylation status of histones in
the active Raf-infected or GATA3-infected T cells defined by
GFP expression on day 2 revealed significant increases in
acetylation at the IL-4, IL-13, and IL-5 promoters and CNS1
and IL-4 V, enhancer regions; however, the effect on the
RADS50 promoter region was marginal (Fig. 1D). A significant
decrease in the acetylation of the IFNy promoter region was

observed in the presence of active Raf. The levels of acetylation
induced by active Raf infection were lower than those induced
by GATAS3. A possible explanation for this could be the limited
expression of GATA3 in T cells cultured under Thl— condi-
tions. Nevertheless, it is clear that the ERK-MAPK cascade
controls GATA3-dependent histone hyperacetylation of the Th2
cytokine gene loci in developing Th2 cells.

Activation of the Ras-ERK MAPK Cascade Is Required for
Stable Expression of GATA3 Protein in Developing Th2 Cells—
GATAS is a critical transcriptional factor for Th2 cell differen-
tiation (17-19), and its expression is induced selectively under
Th2— conditions. Here we demonstrate this in freshly prepared
splenic CD4 T cells stimulated under Th1 and Th2 conditions
(Fig. 2A, compare lanes I and 3 and lanes 2 and 4). Treatment
of Th2 condition cultures with PD98059 resulted in decreased
protein expression of GATAS (Fig. 24, lanes 5 and 6). Similarly,
the induction of GATA3 protein in dominant-negative Ras
(dnRas) Tg T cells was significantly lower than that seen in the
control, and this is consistent with the observation of impaired
Th2 cell differentiation in dnRas Tg mice (11). A specific inhib-
itor for the p38 MAPK cascade (SB203580) did not affect the
GATA3 expression in developing Th2 cells (data not shown).
The activation of STAT6 is known to be critical for GATA3
transcription, and as expected, STAT6-deficient (STAT6 KO)
CD4 T cells failed to induce GATAS protein.

Concurrently, the transcriptional levels of GATA3 in T cells
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Fic. 2. Activation of the ERK-MAPK cascade controls GATA3 protein expression without inhibiting transcription in developing
Th2 cells. A, ERK MAPK- and STAT6-dependent expression of GATA3 protein. Freshly prepared splenic CD4 T cells were stimulated under the
indicated conditions for 2 days, and the expression of GATAS protein in nuclei was assessed. CD4 T cells from T cell-specific dominant-negative
H-Ras (dnRas) Tg mice and STAT6-deficient (STAT6 KO) mice were also used. The expression of a-tubulin was assessed as a control. A
representative result from one of three independent experiments is shown. Arbitrary densitometric units normalized with a-tubulin bands are
shown below each band. B, no effect of inhibition of the ERK-MAPK cascade on the transcriptional up-regulation of GATA3. Splenic CD4 T cells
were stimulated under Th2— conditions for 12 and 24 h, and the expression levels of GATA3 mRNA were determined by Northern blot analysis.
To examine the role for ERK-MAPK cascade activation, PD98059 (30 uM) and the CD4 T cells from dnRas Tg mice were used. Three independent
experiments were performed with similar results. Arbitrary densitometric units are shown below each band.

cultured under Th2 conditions (12 and 24 h) as in Fig. 24 were
assessed (Fig. 2B). The inhibition of activation of the Ras-ERK
MAPK cascade by PD98059 or overexpression of dnRas trans-
gene in T cells had no blocking effect on GATA3 mRNA expres-
sion. Rather, significant enhancement of GATA3 levels was
detected at the 12-h time point. In contrast, GATA3 mRNA
was not induced to significant levels in STATG6-deficient
CD4 T cells, which is consistent with the lack of induced
GATAS protein.

Consequently, we sought to investigate further the conse-
quence of the inhibition of ERK MAPK activation on the deg-
radation of GATA3 protein. Splenic CD4 T cells were first
stimulated under Th2— conditions for 2 days prior to being
cultured without IL-4 or immobilized anti-TCR mAb for vari-
ous time periods (chase) in either the presence or absence of
another specific MEK inhibitor (U0126), which is also effective
on activated MEK (Fig. 3, A and B). Under normal culture
conditions with 10% FCS, the levels of GATA3 protein re-
mained elevated over 12 h but then they declined significantly
at 24 h. In the presence of U0126, significant reduction of
GATAS3 protein was observed at the 6- and 12-h time points,
and the protein was virtually undetectable after a 24-h chase
(Fig. 3A). U01126 treatment did not affect the level of another
Th2-specific transcription factor, c-Maf. Under culture condi-
tions with low levels of FCS (0.25%), where decreased levels of
background stimulation of the MAPK cascades were detected
(data not shown), a gradual decrease in GATA3 protein was
seen and a modest rescue by the presence of PMA was observed
(Fig. 3B). In the presence of U0126, the loss of GATAS protein
was dramatic, and GATA3 was barely detectable at the 12- and
24-h time points.

As an alternative means to assess the effect of ERK MAPK
on the stability of the GATA3 protein, we performed pulse-
chase experiments to follow the degradation of GATAS3, and we
found that the amount of 3*S-labeled nascent GATAS3 protein
was degraded very rapidly in the presence of U0126 (Fig. 3C).
These results clearly demonstrate that rapid degradation of
GATAS occurs when activation of ERK MAPK is inhibited.

As a more direct test of the requirement for the activation of
ERK MAPK to stabilize GATA3 in developing Th2 cells, we
introduced an active form of ERK2 (Erk2 sem) (39) or a domi-
nant-negative form of ERK2 (dnErk2) (44) into developing Th2
cells (Fig. 3D). As anticipated, GATA3 protein was significantly
retained in cells infected with ERK2 sem, whereas the expres-

sion of dnERK2 significantly enhanced its degradation. Thus,
the stability of GATAS protein in developing Th2 cells appears
to be highly dependent on the activation of the Ras-ERK
MAPK cascade.

GATA3 Is Rapidly Degraded through the 26 S Proteasome
Pathway—It would seem very likely that the proteasome path-
way would be involved. To determine whether the 26 S protea-
some is involved with the rapid degradation of the GATA3
protein, the effect of a proteasome inhibitor MG132 was exam-
ined. COS cells were transfected with Myc-tagged GATAS3 and
treated with cycloheximide (CHX) to inhibit protein synthesis
in the presence or absence of MG132 for 1 or 2 h. Myc-tagged
GATA3 was predominantly expressed in the nucleus, and after
CHX treatment it was degraded rapidly in the absence of
MG132 (Fig. 44, left panel). In contrast, in the presence of
MG132, there was a dramatic increase in the amount of Myec-
tagged GATAS3 protein in both nuclear and cytoplasmic frac-
tions (Fig. 4A, right panel). Moreover, in developing Th2 cells
GATA3 protein was degraded rapidly in the presence of CHX,
and the degradation was inhibited by MG132 (Fig. 4B). In
addition, another proteasome inhibitor lactacystin was tested
in primary T cells for its ability to affect the degradation of
GATAS3, and a significant blocking of the degradation of GATA3
was observed (Fig. 4C). Collectively, these results point to the
involvement of the 26 S proteasome pathway in the degrada-
tion of GATA3.

The C-terminal Region of GATAS3 Including the Zinc Finger
Domain Is Critical for Proteasome-dependent Degradation—In
an attempt to map the target region of GATA3 that is critical
for proteasome-dependent degradation, we prepared several
truncated GATA3 mutants of the N-terminal region, which
contains many lysine residues that can be ubiquitinated (Fig.
4D). Myc-tagged wild type (WT), dCT, dCF, and dZF constructs
were transfected into COS cells, and the expression levels of
GATAS3 were assessed after treatment with MG132 (Fig. 4E).
In comparison to wild type GATAS3, there was essentially no
difference in the pattern of disappearance of either the dCT or
dCF mutant forms from nuclear fractions following CHX treat-
ment, or in the retention of GATA3 protein by MG132 treat-
ment. In the cytosol fraction of transfectants without drug
treatment, slightly increased levels of protein were detected
with dCT and dCF mutants, but the levels after treatment with
MG 132 were indistinguishable (Fig. 4E, lower panels). In sharp
contrast, large amounts of dZF mutant protein were detected in
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Fic. 3. Regulation of the expression of GATAS protein in developing Th2 cells by the ERK-MAPK cascade. A, inhibition of ERK MAPK
activation induces GATA3 protein degradation. Splenic CD4 T cells were stimulated under Th2— conditions for 2 days. The cells were then cultured
for 6 and 12 h without cytokines in the presence or absence of MEK inhibitor U0126 (20 uM) with 10% FCS in the medium. The expression of
GATAS3 protein was assessed as in Fig. 24. The expression of c-Maf and a-tubulin protein was also determined as controls. Arbitrary densitometric
units are shown below each band, and the percentages of each point are shown in a graph. Three independent experiments with different time
courses were performed with similar results. B, GATA3 protein degradation in the presence of PMA and U0126. Splenic CD4 T cells were
stimulated for 2 days as described in 4. Then the cells were cultured in the presence of PMA (3 ng/ml) and U0126 (20 uM) with just 0.25% FCS
in the medium. The protein expression levels of GATAS, c-Maf, and a-tubulin protein were examined. Three independent experiments were
performed, and a representative result is shown. C, degradation of GATA3 determined by pulse-chase analysis. Splenic CD4 T cells were
stimulated as described in A. Then the cultured cells were labeled with [**S]methionine and [**S]cysteine and chased in a medium containing 0.25%
FCS, nonradioactive methionine and cysteine in the presence or absence PMA (3 ng/ml). The effect of U0126 was examined. *5S-Labeled GATA3
protein was visualized by autoradiography. Arbitrary densitometric units are shown below each band. Three independent experiments were
performed, and a representative result is shown. D, effect of an active form of ERK2 (Erk2 sem) and a dominant-negative form of ERK2 (dnErk2)
on the expression of GATA3. Splenic CD4 T cells were stimulated as described in A, and the cells were infected with retrovirus encoding ERK2
mutant bicistronically with human coxsackievirus and adenovirus receptor (CAR). Three days after infection, the coxsackievirus and adenovirus
receptor-positive population was enriched by MACS and cultured at 37 °C for 12 h without cytokines. Then the expression levels of GATA3 protein
were assessed. Arbitrary densitometric units are shown below each band. Four independent experiments were performed, and a representative
result is shown.

the cytosol, and treatment with either CHX or MG 132 did not
have a significant effect on the levels of the mutant protein.
Small amounts of dZF protein were detected in the nuclear
fraction, and a modest increase was detected in the presence of
MG132. Thus it would appear the C-terminal region of GATAS,
including the zinc finger region (residues 261-315), is critical
for proteasome-dependent degradation.

To visualize the dynamics of localization and accumulation,
green fluorescence protein (GFP)-fused wild type GATAS3 and
the dZF mutant were expressed in NIH3T3 cells. As expected,
wild type GATA3 showed decreased fluorescence following

CHX treatment, and the decrease in fluorescence was pre-
vented to some extent in the presence of MG132 (supplemental
Fig. 1). The dZF mutant was expressed in both nuclear and
cytosolic fractions, and the fluorescence intensity was not af-
fected by treatment with CHX or MG132. These results are
consistent with the results shown in Fig. 4C.

The ERK MAPK Cascade Regulates GATA3 Ubiquitina-
tion—In order to assess the involvement of multiubiquitination
(Ub) in GATAS degradation, FLAG-tagged wild type GATA3,
dCT, dCF, and dZF mutants were each transfected into 293T
cells, and transfectants were treated with MG132. Immuno-



