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The clinical implication and molecular
mechanism of preferential IL-4 production
by modified glycolipid-stimulated NKT cells
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OCH, a sphingosine-truncated analog of a-galactosylceramide («GC), is a potential therapeutic reagent fora
variety of Thl-mediated autoimmune diseases through its selective induction of Th2 cytokines from natural
killer T (NKT) cells. We demonstrate here that the NKT cell production of IFN-v is more susceptible to the
sphingosine length of glycolipid ligand than that of IL-4 and that the length of the sphingosine chain deter-
mines the duration of NKT cell stimulation by CD1d-associated glycolipids. Furthermore, IFN-y production
by NKT cells requires longer T cell receptor stimulation than is required for IL-4 production by NKT cells
stimulated either with immobilized mAb to CD3 or with immobilized “c:GC-loaded” CD1d molecules. Inter-
estingly, transcription of IFN-y but not that of IL-4 was sensitive to cycloheximide treatment, indicating the
intrinsic involvement of de novo protein synthesis for IFN-y production by NKT cells. Finally, we determined
¢-Rel was preferentially transcribed in aGC-stimulated but not in OCH-stimulated NKT cells and was essen-
tial for IFN-y production by activated NKT cells. Given the dominant immune regulation by the remarkable
cytokine production of ligand-stimulated NKT cells in vivo, in comparison with that of (antigen-specific) T
cells or NK cells, the current study confirms OCH as a likely therapeutic reagent for use against Th1-mediated

autoimmune diseases and provides a novel clue for the design of drugs targeting NKT cells.

Introduction
Narural killer T (NKT) cells are a unique subser of T lymphocytes
that coexpress the a/f T cell recepror (TCR) along with mark-
ers of the NK lineage such as NK1.1, CD122, and various Ly49
molecules. Most NKT cells express an invariant TCRa chain
composed of Ver14-Ju281 segments in mice and Vu24-JaQ seg-
ments in humans associated with a restricted set of Vi genes (1, 2).
Unlike conventional T cells, which recognize peprides presented by
MHC molecules, NKT cells recognize glycolipid antigens such as
w-galactosylceramide (GC) in the conrext of a nonpolymorphic
MHC class [-like molecule, CD1d (3-5). After being stimulated by
aligand, NKT cells rapidly affect the funcrions of neighboring cell
populations such as T cells, NK cells, B cells, and dendritic cells
{6, 7). The various functions of NKT cells are mediated mainly by
a rapid release of large amounts of cytokines, including IL-4 and
IEN-y, Whereas IEN-v provides help for the Th1 responses required
for defending against various pathogens and rumeors, IL-4 controls
the initiation of Th2 responses and has been shown to inhibit
Th1-mediated auroimmune responses involved in experimental
auroiminune encephalomyelitis (EAE), collagen-induced arthritis
(CIA), and type 1 diabetes in NOD mice.

Given the exceptional ability of NKT cells to secrete regula-
tory cytokines in comparison with that of T cells or NK cells
after primary stimulation, we have explored the possibility thar
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ligand stimuiladon of NKT cells may lead to the suppression of
Thi-mediated auroimmune diseases, We have previously demon-
strated that OCH, a sphingosine-truncated analog of uGC, prefer-
entially induces Th2 cytokines from NKT cells and thar adminis-
trarion of OCH suppresses EAE and CIA by inducing a Th2 biasin
autoantgen-reactive T cells (8, 9). However, the molecular mecha-
nism accounting for the unique properry of OCH to selectively
induce IL-4 has nor been clarified yet.

In this study, we used various stimuli, including the prototypic
ligand «GC and its derivatives such as OCH, to investigate the
molecular basis of the differential production of TL-4 and IFN-y by
NKT cells. We found that OCH, due to its truncated lipid chain, was
less stable in binding the CD1d molecule than waseGC and exerted
short-lived stimulation on NKT cells. IFN-y production by NKT cells
required longer TCR stimulation than wasrequired for IL-4 produc-
tion and de novo protein synthesis. ¢-Rel was preferentially tran-
scribed in aGC-stimulated, but not in OCH-stimulated NKT cells
and was shown to regulate IEN-y producdion by NKT cells. Taken
together. these results indicate that sustained TCR stimulation and
concomitant ¢-Rel expression by G C leads to the production of
TFN-y, whereas short-term activaton and marginal ¢Rel rranscrip-
tion by OCH results in preferential production of IL-4 by NKT ¢ells.

Methods

Mice. CS7BL/6 (B6) mice were purchased from CLEA Laborarory
Animal Corp. (Tokyo, Japan). MHC class IT-deficient L-AM3-" mice
were purchased from Taconic (Germantown, New York, USA). All
animals were kepr under specific pathogen-free conditions and
were used ar 7-10 weeks of age. Animal care and use were in accor-
dance with institutional guidelines.

Cell lines, antibodies, plasmids, and veagenrs, The NKT cell hybridoma
{N38.2C12) (10) was a generous gift from K. Hayakawa (Fox Chase
Cancer Center, Philadelphia, Pennsylvania, USA) and NS0-derived
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plasmacyroma cell lines expressing the Kb tail mutant of CD1d {11)
were kindly provided by S. Joyce (Vanderbilt Universiry, Nashville,
Tennessee, USA). Cells were maintained in RPMI 1640 medium sup-
plenented with 10% FCS, 2 mM L-gluramine, 100 U/m! penicillin,/
streptomycin, 2 mM sodium pyruvate, and 50 uM fr-mercaptoetha-
nol (complete medium). Phycoerythrin (PE)-labeled mAb to NK1.1
(PK136), peridinine chlorophyll protein/cyanine 5.5 -labeled mAb
to CD3 (2C11), and recombinant soluble dimeric human CDl1dIg
fusion protein (DimerX I} were from BD PharMingen (San Diego,
California, USA). For some experiments mAb’s to NK1.1 {PK136)
and CD3 (2C11) were conjugated with FITC. Polyclonal antibody to
asialo GMM, was purchased from WAKO Chemicals (Osaka, Japan).
The pRe/CMV-c-Rel expression plasmid (12) was a generous gift
from Grundstréin (Umed University, Umed, Sweden). The open
reading frame of ¢-Rel cDNA was amplified by PCR and cloned into
the retroviral pMIG(W) vector. The forward primer containing the
Abel recognition site was 5'-GACTCTCGAGATGGCCTCGAGTG-
GATATAA-3' and the reverse primers used for wild-type c-Rel or the
dominant negative mucant ¢-RelATA containing EcoRI recognition
sites were 3-GACTGAATTCTTATATTTTAAAAAAACCATATGT-
GAAGG-3"and 5-GACTGAATTCITAACTCGAGATGGACCCG-
CATG-3', respectively. The retroviral vecror {(pMIG) and packaging
vector (pCL-Eco) were kindly provided by L. Van Parijs (Massachu-
seres Institute of Technology, Cambridge, Massachusetts. USA).
Cyclosporin A (CsA) and cycloheximide (CHX) were from Sigma-
Aldrich (St. Louis, Missouri, USA). All glycolipids were prepared
as described in the Supplemenrtal Methods (supplemental marte-
rial available at hrep:/fwavw jei.org/egi ‘content/full/113/11/1631;
DC1). The glycolipids were solubilized in DMSO (100 pg/ml) and
were stored at -20° C until use,

Kinetic analysis of ghycolipid stability on CD1d molecules. The kinetic
analysis of glycolipid stability on CD1d molecules was performed
as described previeusly with slight modificatons {13). In brief, the
NKT hybridona was preincubated with 4 uM Fura red and 2 (M
Fluo-4 (Molecular Probes, Eugene, Oregon, USA) at room temper-
ature for 45 minures, washed with RPMI 1640 medium containing
2% FCS (assay media), and resuspended in assay media. For derer-
minadon of the optimal time for glycolipid loading onto CD1d-
APCs, kinetic analysis was conducted using either «GC or OCH.
According ro the dara obrained in Figure 2C, CD1d*' APCs were
pulsed with glycolipids (100 ng/ml) for 30 minurtes. Then, cells
were washed and resuspended in assay media, Glyeolipid-pulsed
APCs were harvesred every 15 minutes after resuspension, mixed
with NKT cells, and subjected to centrifugation in a table-top cen-
trifuge (2,000 g) for 60 seconds. Cells were then resuspended brief-
ly and analyzed for calcium influx into NKT hybridoma cells by
flow cyrometry (EPICS XL; Beckinan Coulrer, Tokye, Japan). Acti-
vadon was expressed as the percentage of Fura-red- and Fluo-4-
stained cellsin a high-FL1, low-FL4 gate,

In viro givcolipid trearwient and microarray analvsis. Mice were
injected intraperitoneally with 0.2 ml PBS containing 0.1 mg
ant-asialo GM, Ab. Forty hours after injection, mice were injected
intraperitoneally with «GC, OCH (100 pg/ke), ot control vehicle
in 0.2 inl PBS. After the indicated time point, liver mononuclear
cells or spleen cells were harvested and NKT cells were purified
with the AUTOMACS cell purification system using FITC-conju-
gated mAD to NK1.1 (PK136) and anti-FITC microbeads (Miltenyi
Biotech GmbH, Bergisch Gladbach, Gennany). The purity of NKT
cells in the unrreated samples and in the samples treated for 1.5
hours was more than 90%. The puriry of the liver-derived samples
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and spleen-derived samples treated for 12 hours was more than §0%
and 74%, respectively. Total RNA isolation with the RNeasy Mini
Kir {Qiagen, Chatsworth, California, USA) and whole-microarray
procedures using U74Av2 arrays (GeneChip System; Affvmecrix,
Santa Clara, California, USA} were done according to the manufac-
turers’ instructions. From data image files, gene transcripe levels
were determined using algorithims in the Gene Chip Analysis Suit
software (Affymerrix). Each probe was assigned a “call” of present
{expressed) or absent (not expressed) using the Affymetrix deci-
sion matrix. Genes were considered to be differentially expressed
when (a) expression changed at leasr threefold in the case of liver
NKT-derived samples or twofold in the case of spleen NKT-derived
samples compared with the expression in the negative control and
(b}increased gene expression included at least one “present call,”

In pitro stimulation. Liver mononuclear cells were isolated from B6
mice by Percell density gradient centrifugarion and were stained
with PE-NK1.1 and FITC-CD3 mAb’s. The CD3°NK1.1" cells and
CD3'NEL1" cells were sorred with an EPICS ALTRA Cell Sorting
Systemn {Beckman Coulrer). The purity of the sorred cells was more
than 95%. Sorted cells were suspended in RPMT 1640 medium sup-
plemented wirh 50 1M 2-mercaptoethanol. 2 mM L-glutanine, 100
U/ml penicillin and strepromycin, and 10% FCS and were stimular-
ed with immobilized mAb 1o CD3. Incorporation of [*H]thymidine
{1 uCi/well) for the final 16 hours of the culture was analyzed with
a [+-1205 counter (Pharmacia, Uppsala, Sweden). We measured the
content of cytokines in the culture supernatants by ELISA. For
quantitative PCR analysis, we harvested the cells after stimulacion
with glycolipid to prepare total RNA. Glycelipid stimularion of
spleen cells in vitro was done similarly excepr that 1% syngeneic
mouse serum was used insread of FCS. In some experiments, plates
were coated with DimerX (1 pgin 50 pl PBS per well) for 16 hours.
After plates were washed extensively with PBS, glycolipids (100-200
ng in 50 pl PBS per well) were added, followed by incubarion for
another 24 hours. Then, NKT cells were added and cyrokine pro-
duction was analyzed after 72 hours of incubation.

Real-time PCR to monitor gene expression. Real-ime PCR was con-
ducted using a Light Cycler-FastStart DNA Master SYBR Green
I kir (Roche Diagnostics GmbH, Mannheim, Germany} accord-
ing to the manufacturer’s specifications using 4 mM MgCl, and
1 pM primers. Values for each gene were normalized to those of a
housekeeping gene (GAPDH) before the “fold change” was calcu-
lated (using crossing point values) ro adjust for variations between
different samples. Primiers used for the analysis of gene expression
are described in Supplemental Methods.

ELISA. For evaluation of cytokine production by NKT cells, sort-
ed liver CD3'NK1.1* NKT cells were stimulated with immebilized
mAb to CD3 in complete medium. The level of cytokine production
in cell culrure supernatants or in serum was determined by stan-
dard sandwich ELISA using purified and biotinylated mAb sets and
standards from BD PharMingen. After the addition of a substrate,
the reaction was evaluated using a Microplate reader (BioRad).

Retroviral infection of NKT cells. The 293T cells were maintained
in DMEM supplemented with 10% FCS, 2 mM L-glutamine, 100
U/ml penicillin/streptomycin, 2 mM sodium pyruvate, and 50 uM
frmercaproethanol. Liver mononuclear cells were purified and cul-
tured in complete medium supplemented with IL-2 (200 U/ml)
for 24-48 hours. Cells were infected with retrovirus prepared by
cotransfection of pMIG retroviral vector and pCL-Eco packaging
vector into 293T cells. Cells were culrured in complete medium
containing IL-2 and IL-15 (50 ng/ml} continuously for 3 days, and
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Flgure 1

Transcriptional upregulation of cytokine genes by NKT cells stimulated
with glycolipids in vivo. BE mice were injected intraperitoneally with cGC
or OCH (100 ng/kg), and fiver NKT cells were isolated at the indicated
time point. Total RNA was extracted and analyzed for cytokine mRNA by
quantitative RT-PCR as described in Methods. Data are presented as
“fold induction” of cytckine mRNA after glycolipid treatment. The amount
of mRNA in NKT cells derived from untreated animals was definedas 1.

GFP-positive NKT cells were sorted and stimulated with immobi-
lized mAb to CD3 for 48 hours. Culture supernatants were sub-
jected to evaluation of ¢cytokine production by ELISA.

Results

Preferential 114 production by OCH-stimulated NKT cells. The suppres-
sion of EAE by OCH was found to be associated with a Th2 bias of
auroimmune T cells mediated by IL-4 produced by NKT cells (9). To
confirm the primary involvement of NKT cells in the Th2 bias seen
in the OCH treatment, we purified CD3'NK1.1" NKT cells from B6
mice treated in vivo with ¢ GC or OCH and measured the transcrip-
tion of cytokine genes by quandtative RT-PCR. As shown in Fig-
ure 1, treatment with «GC gready increased the expression of both
IFN-y and IL-4 at 1.5 hours after injection, whereas OCH induced a
sclective increase in IL-4 expression. When the IL-4/TFN-y ratio was
used for evaluating the Th1;/Th2 balance, the NKT cells, isolated at
1.5 hours after injection of OCH were distinctly biased toward Th2
(Table 1). These resules indicare that OCH is a selective inducer of
rapid IL-4 production by NKT cells when administered in vivo.

Lipid chain length and cyzokine production, Comparison of the structur-
al difference between OCH and «eGC (Figure 2A) raised the possibility
thac thelipid chain length of the glveelipid ligand may influence the
cyrokine profile of glycolipid-treared NKT cells. We compared aGC
and OCH as well as newly synthesized analogs F-2/5-3 and F-2/5-7,
which bear lipids of intermediate length (Figure 24), for their ability
to induce cytokine production by splenocytes. There was good corre-
lation berween the lipid tail lengrh of each glycolipid and irs ability to
induce TFN-y from the splenocyres, and a larger amount of [FN-ywas
released into the supernatants after stinulation wich the glycolipids
with the longer sphingosine chain (Figure 2B, right). Regarding the
ability to stimulare TL-4 production, the differences among OCH,
F-2/5-3 and F-2/5-7 were less clear, as shown by [FN-yinductdon. Sin-
ilar results were obtained with liver mononuclear cells as responder
cells (see Supplemental Figure 1). These results indicare that cytokine
production by NKT cells, in particular IFN-y producrion, is greatly
influenced bylipid chain truncation of the glycolipid.

Differential balflife of NKT cell stimulation by CD Ld-associated glycolipids.
It is believed that the nwo lipid rails of the glycolipids (sphingosine
base and facry acyl chain) would be accommodated by the highly
bydrophobic binding grooves of CD1d. To verify the hypothesis
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that the functional properties of each glycolipid may be determined
by the stability of its binding to CD1d molecules, we evaluated
the half-life of these glycolipids on CD1d molecules by estimating
calcium influx into NKT hybridoma cells as described previously
{13). To exclude the possible involvemenr of endosomal/lysosomal
sorting in this assay, we used APCs expressing a CD 1d murant (Kb
taily that lacks the endosomal lysesomal targeting signal (11). The
cells express both [i;m and sCD1d1 fused to the rransmembrane
and cytosolic tail sequence of H-2K® at the carboxyl terminus and
could bind to glycolipids such as «GC or OCH withour cheir inter-
nalizarion and following endosomal/Tysosomal sorting. Based on
the kinetic analysis dara for glycolipid loading efficiency shown in
Figure 2C, we pulsed CD1d™ APCs with gholipids for 30 minures.

Figure 2D shows that OCH was rapidly released from the CD1d
molecule. A 30% reduction in calcium influx was observed after
15 minutes of incubation and only 25% of the initial amounr of
glycolipid remained after 60 minurtes of incubarion. In contrast,
aGCwas not released from CD1d molecule in the tirst 15 minures
and more than 50% of the initial amount of glycolipid remained
after 60 minures of incubation. £-2/5-3 and F-2/5-7 showed inrer-
mediate levels of release from CD1d molecule. These results sup-
port the idea that a glycolipid with a shorter sphingosine chain has
a shorter half-life for NKT cell stimulation because of less-stable
association with the CD1d molecule.

Kinetic analysis of cvtokine production by activated NKT cells. Previous in
vivo studies demonstrated that injection of ««GC into B6 mice can
induce a rapid and transient elevation of the serum IL-4 level and a
delayed and persistent rise in IFN-y (9, 14), suggesting that there is an
intrinsic difference in kinetics for the production of [L-4 and IFN-y
by NKT cells. To address this issue further, we sorted CD3'NK1.1°
NKT cells, and conventional CD3'NK1.1 T cells as a control, from
liver lymphocytes and stimulated the sorced cells wich immobilized
mAb to CD3 for various periods of time, The cells were then incu-
bated at rest wichour further stimulation and culture supernacants
were harvested ar 72 hiours after initaton of the TCR stimulation.
We found that TCR stimulation of NKT cells for as little as 2 hours
could induce detectable IL-4 in the supernatant (Figure 3A, center).
The amount of IL-4 in the supernatant rapidly increased in pro-
portion ro the duration of TCR stimulation (Figure 3A, center). In
contrast, praduction of IEN-y by NKT cells required ar least 3 hours
of TCR stimulation and gradually increased corresponding to the
duration of TCR stmulation {Figure 3A, right). Convenrional T
cells required longer TCR stimulation for efficient cytokine produc-
tion. We repeatedly confirmed that IFN-y production by NKT cells
required initial stimulacion that was 1-2 hours longer and showed a
slower accumulation than that of IL-4 production in this experimen-

Table 1
Transcriptionat upregulation of cytokine genes by NKT cells
stimulated with glycolipids in vivo

Stimulus Time IFN-: -4 Ratio (/L-4/IFN-;)
alGC 15h 350 38.3 1.09

6h 50 46 0.92
OCH 15h 18 10.3 5.58

6h 15 1.1 0.72

The relative amounts of transcripts of /FN-y and /L-4 obtained from the
experiment shown in Figure 1 are presented as fold induction” relative
to that of NKT cell-derived samples from untreated animals.
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Differential properties of structurally distinct giycolipid derivatives. (A) Structures of «GG, OCH, and two other glycolipid ligands for NKT cells,
F-2/5-3 has a tfruncation of two hydrocarbons in the fatty acyl chain (F) and of three hydracarbons in the sphingesine chain (S) in comparison
with «GC. OCH can be called F-2/5-9 accordingly. The numbers of truncated hydrocarbons in either lipid ¢hain are shown along the left margin
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stimulated with various concentrations (conc.) of «GC (filled circles), OCH (open circles), F-2/5-3 (flled triangles), or F-2/S-7 {open triangles) for
72 hours. Incorporation of [*Hjthymidine (1 uCi/well) during the final 16 hours of the culture was assessed {left), and IL-4 {center) or IFN- (right)
in the supernatants was measured by ELISA, (C) Kinetic analysis of the loading of uGC (filed circles} or OCH {open circles) onto CD1d* APCs.
See Methods for details. One experiment representative of two independent experiments with similar results is shown. (D} Calcium influx into
NKT hybridoma cells after coculture with CD1d* APCs pulsed with «GC, OCH, F-2/8-3, or F-2/5-7, Data are presented as the activity remaining
when the respective activity of glycolipid-loaded APCs for activation of the NKT cell hybridema at time O was defined as 100%. Data are repre-
sentative of three experiments with similar results.
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eal serting. A similar kinetic difference was also observed when we
used spleen-derived NKT cells (data not shown). These results indi-
cate that NKT cells could produce IL-4 after a shorter period of TCR
stimularion than is required for IFN-y production.

To exclude the possibility that a qualicatively different CD1d
complex with either «GC or OCH may bind with altered affiniry
ro the TCR, we sdmulated NKT cells with plare-bound «GC-CD1d
complexes instead of mAb to CD3 for the perieds of rime indi-
cated in Figure 3B. Consistent wirth the previous results obtained
with anri-CD3 stimulation, the level of IL-4 in the culrure superna-
tant was increased after shorter periods of incubation. In contrast,
IFN-y was efficiently produced after longer incubarion, showing
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thar the short pulse of NKT cells with plare-bound «GC-CD1d
complexes could recapirulate the OCH phenotype. These resules
demonstrate that the timing of the CD1d-lipid interaction rather
than the "shape” of the OCH-CI>1d complex s the decisive factor
in controlling polarization of cyrokine production by NKT cells.
Differential transcriptional properties of cytokine genes. To clarify the
molecular basis for differenr kinetics of cyrokine production by
activated NKT cells, we next examined the effects of CsA or CHX
ont the NKT cell responses. Without any inhibitors, IL-4 produc-
tion was more rapid and had a higher rate than IFN-y production
(Figure 3C), confirming the kinetic difference required for indue-
tion of each cytokine shown in Figure 3A. Production of both IL-4
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Flgure 3

Kinetic anatysis of NKT cell activation and cytokine preduction after glycolipid stimulation. (A) Differential
production of IFN-y and IL-4 by activated NKT cells, CD3+*NK1.1+ NKT cells and conventional CD3*NK1.1~
T cells were purified from liver mononuclear cells by cell sorting. The sorted cells were stimutated with
immobilized mAb ta CD3 for the time indicated on the x axis and were then removed and recultured on a
fresh culture plate without anti-CD3 stimulation far up to 72 hours from the start of the anti-CD3 stimula-
tion. Incorperation of [*H]thymidine (1 uCiiwell) during the final 16 hours of the culture was assessed
{left), and culture supernatants were analyzed for the production of IL-4 (center) and IFN-y (right} by
ELISA. Cne experiment representative of three independent experiments with simitar results is shown.
{(B) NKT cells purified from liver mononuclear celis were stimulated with plates coated with DimerX |
loaded with «GC and were analyzed as shown in A. {C) NKT cells purified from liver mononuclear cells
were stimulated as shown in A in the presence [CsA(+)] or absence [CsA(~)] of CsA (1 pg/ml). Culture
supernatants were analyzed for the production of IL-4 and IFN-y by ELISA,

and IFN-y after TCR srimuladon, however, was alinost completely
inhibired by pretrearment of NKT cells with CsA.

Similarly, CsA abolished the transcriptional activation of IL-4 and
IFN=y genes in activated NKT cells (Figure 4A), indicaring that TCR
signal-induced activation of nuclear factor of activated T cell (NF-AT)
is indispensable for the production of both cyrokines by NKT cells.
Meanwhile, transcription of these cytokine genes showed different
sensiriviries to CHX treatment (Figure 4A). Although wranscriptional
activation of IL4 was barely affected by CHX treatment, transcrip-
tion of IEN-¥ gene was almost completely blocked after treannent
with CHX. These results indicate that rranscriptional activation of
IFN-y, but not that of IL-4, requires de novo protein synthesis.

Next, we analyzed the sensitivities of other cytokine genes to CsA
and CHY treatment {15-17). As shown in Figure 4B, transcription-
al activation of all cytokine genes tested was complerely blocked by
pretreatment of NKT cells wich CsA. Interestingly, transcription of
the IL-2 gene and GM-CSF gene were blocked by CHX treatment. In
contrast, transcriptional activation of TNF-x was resistant to CHX
treatment. These resules indicare that cytokines produced by NKT
cells could be divided into two groups based on their dependence
on de novo protein synthesis.

Selective c-Rel induction after stimulation with aGC. Although NKT cells
secrete a large number of cyrokines upon stimulation, the regula-
tory mechanisms for the expression of each cytokine are still poorly
understood. The susceptibility of IFN-v production to CHX indicares
that some newly synthesized protein(s) swould promote specific tran-
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aGC-treated samples, notin OCH-
treated samnples. Overall, the dara
obrtained correlared well with pre-
vious results showing thar OCH is
a selective inducer of TL-4 preduc-
tion from NKT cells (9). There was
no rranscriprional upreguladon
of cytokines genes such as the
IFN-r and 114 genes 12 hours after
treaument with either glycolipid,
indicating that NKT cells have
undergone quiescence at this time
point in the contexr of transcrip-
tional upregulation of cytokine
genes, although some genes are stll
upregulared.

Through analyzing the microarray data, we identified the pro-
tooncogene o-Ref, a member of the NF-«B family of rranscription
factors, as a candidate molecule thar may play a role in the JFN=y
transcription. As shown in Figure $A, e-Rel was inducibly expressed
in NKT cells 1.5 hours after stimulation with «GC. I contrast,
OCH treacment did nor induce ¢-Rel transcription (Figure 5A).
The transcription of other NF-xB family genes such as p65/RelA
ang RelB was not upregulated after treatment with «GC or OCH.
Real-time PCR analysis also confirmed the selective induction of
¢Rel after «GC stimulation {Figure 5B). CsA treatment inhibited
&Rel rranscription, but CHX did not (Figure 5C), indicaring that
the inducible transcription of ¢-Rel is directly controlled by TCR
signal-mediared activation of the NF-AT (19).

Itis already known thar ¢-Rel serves as a pivotal rranscription factor
for the Th1 response that would direcdly induce IFN-y production in
conventional T cells (20). However, very litde is known about the func-
tdon of this proteoncogene in NKT cells during TCR-mediated activa-
tion. We therefore conducted tine course analysis for transcriptional
actvation of ¢-Rel in parallel with IL-4 and IFN=y, We stimulated NKT
cells with immobilized mAb ro CD3 for 30-100 minutes and then
cultured chem without further stinulation for a rotal of 120 minutes.
As shown in Figure 5D, IFN-y expression was slightly downregulated
in the first 90 minutes of TCR stimulation and was significantly
upregulated when the cells were stimulated for 100 minutes. Interest-
ingly, we found thar che kinetics of ¢-Ref transcription were similar to
those of IFN-y transcription (Figure 5D, right). In contrast, transcrip-
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tional activation of /L4 became evident 30 minutes after TCR stimu-
lation and the transcripr accumulated gradually in proportion to the
duration of TCR stimulation. This result further confirmed that NKT
cells require alonger TCR stimulus for IEN-y expression.

Transcription of IFN=y genes depends on ¢-Rel expression in NKT cells,
To further investigate the functional involvement of ¢-Rel in the
transcription of [EN=y gene in NKT cells, we next examined wheth-
er forced expression of wild-type c-Rel or of irs loss-of-function
mutant could affece IFN-y production by NKT cells. For this, we
used bicistronic retroviral vectors expressing c-Rel along with GEP
(pMIG,c-Rel} or a c-Rel dominant negative murant thar lacks the
C-termminal transactivation domain bur retains an intact Rel homol-
oy domain of ¢-Rel protein (pMIG/¢c-RelATA) (21) (Figure 6A). We
infected liver-derived mononuclear cells with either retrovirus and
stimulared sorted GFP-positive NKT cells with inmobilized mAbro
CD3 roanalyze cytekine production. Retroviral eransduction led ro
expression of GFP in approximately 10% of NKT cells (Figure 6B).
Upon stintulatien with mAb ro CD3, GFP-positive cells from phMIG/
c-Rel-infected cultures showed slightly augmented IFN-7 produc-
tion compared with that of control pMIG-infected cells (Figure 6C).
Inn contrase, GFP-posirive cells from pMIG/e-RelATA-infected cul-
tures secreted almost no IFN-y after TCR stimulaton (Figure 6C).
These results demonstrate that inhibition of ¢-Rel function, via the
introduction of a mutant form of ¢-Rel, abolishes IFN-y production
and thar functional ¢-Rel is important for effective production of
TEN-v in activated NKT cells.

Discusslon

In this study, we investigated the molecular mechanism for differen-
tial production of IFN-y and IL-4 by activated NKT cells through a
comparative analysis using the prototypic NKT cell ligands «GC and
OCH. Treatment with aGC induced expression of both IFN-y and
IL-4 simultaneously, but OCH induced selective expression of IL-4 by
NKT cells. Furthernore, we demonstrared that the CD1d-associated
glycolipids with various lipid chain lengrhs showed different half-lives
for NKT cell stimulation when applied in an endosome, Tysosome-
independent manner and induced the differential cyrokine produc-
tion by NKT cells in a lipid lengrh-dependent manner. Accordingty,
we demnonstrated thae IEN-y production by NKT cells required lon-
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Flgure 4
Differential sensitivity to CsA and CHX for tran-
scriptional upregulation of IFN-y, /-4, and other
cytokines. (A) Sorted NKT cells were pretreated
with CsA (1 pg/ml) or with CHX (10 pg/ml) or with-
out either reagent for 10 minutes and were then
stimulated with immobilized mAb to CD3 for the
indicated periods of time. Total RNA was extracted
from each sample and analyzed for the relative
amount of transcript of IFN-v or iL-4. Data are pre-
sented as the amount of transcript in each sample
relative to GAPDH. (B) Sorted NKT cells were pre-
treated with CsA (1 ng/ml) or with CHX (10 ugymi)
or without either reagent as shown in A. Total RNA
- was extracted from each sample and was analyzed
: for the relative amount of transcripts of f£-2, GM-
CSF, or TNF-«x. Data are presented as the relative
amount of transcript in each sample.

4 6

Stimulation time (h)

ger TCR stimulation than did IL-4 production and depended on de
novo protein synthesis. An NE-xB family transcription factor gene,
the ¢-Rel gene, was inducibly rranscribed in aGC-stimulated bur net
in OCH-stimulated NKT cells. Rerroviral transduction of a loss-of-
function mutane of ¢-Rel revealed the funcrional involvement of
c-Rel inn IFN-y production by ligand-activated NKT cells. These
resules have provided a new interpreration of NKT cell activacion
— thar the duration of TCR stimulation is critically influenced by the
stabiliry of cach glycolipid ligand on CD1d molecules, which leads ro
the differendal cyrokine production by NKT cells,

We have previously demenstrated that administrarion of QCH
consistently suppresses the development of EAE by inducing a Th2
bias in auteimmune T cells and thae this Th2 shift is probably medi-
ated by selecrive IL-4 production by NKT cells in vivo {9). Here we
directly evaluated the cytekine profile of OCH-stimulated NKT
cells using quanricative PCR analysis. Consistent with the previous
assumprtion, NKT cells stimulated with OCH induced rapid produc-
tion of TL-4 but led to only marginal induction of IFN-y, confinming
the presumed mechanism for the effect of OCH on EAE and CIA. As
the “fold induction” of IFN-y transcripr after 1.5 hours of stimulagon
with «GC in microarray analysis was relatively low (fivefold for liver
NKT cells and fourfold for spleen NKT cells) compared with the i
vivo dara, there are several possibilities to explain these resulrs. First,
quiescent transcripts of JFN-y pre-existing in resting Vel -invariant
NKT cells {22} may raise the baseline of signal intensity in samples
from untreated animals, resulting in a relarive decrease in “fold
induction” after glycolipid treatment. Second, detection of JFN-v
rranscription in aGC-stimulated NKT cells might not be optimal,
as injection of «GC induced a rapid elevation in IL-4 wirh the peak
valueat 2 hours and a delayed and prolonged elevation in IFN-vin B6
mice (9). Third, «GC trearment significantly induces transeription
of CD154(18.0-fold for «GC vs. 5.4-fold for OCH; data not shown),
whose promoter has a functional NE-AT binding site and CD28
responsive element (CD2SRE) (23, 24). Thus, augmented CD40;/
CD154 interaction may induce IL-12 expression by APCs, resulring
in addirional IFN-y¥ production (25). Finally, NKT cells are not neces-
sarily the only source of IFN-y after in vivo stimulation with aGC.
The “serial” production of IFN-y by NKT cells and NK cells has been
demeonstrated (6, 26). In particular, a C-glycoside analog of ¢GC has
Voluaw 112
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Table 2

Diffrential gene expression patterns in GC-treated and OCHtreated murine NKT cells
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Liver CD3NK1.1* Spleen CD3+*NK1.1°
Untreated oGC OCH Untreated uGC OCH

Common GenBank 1.5h 12h 1.5h 12h 1.5h 12h 15k 12k
name

IFN- K00083 1.0 P 50 P 03 P 12 P 01 P 10 P 40 P 23 P 07 P 10 P
-2 mi16762 1.0 A 3914 P 12 A 123 P 13 A 10A 234 P 02 A 10 A 03 A
-2 k02292 1.0 A 1206 P 06 A 328 A 11 A 10A 181 A 07 A 107 A 15 A
GM-CSF X03020 10 P 380 P 04 A 41 P 01 A 1.0 A 157 P 14 A 27 A 21 A
i1 X03532 10 P 2768 P 25 P 473 P 02 A 10 A 3649 P 351 P B8P 47 P
-t M25892 1.0 P 82 P 02°F 77 P 01 A 10 P 896 P 76 P 91 P 11 P
it~4 X03532 1.0 A 348 P 39 A 94 A 19 A 1.0 A 22 A 42 A 11 A 07 A
it-13 M23504 10 A 8930 P 14 A 561 P 18 A 1.0 A 1407 P 123 A 191 A 23 A
TNFt 084196 10 P 38 P 21 P 17 P 12 P 10 P 165 P 25 P 18P 28°P
Lymphofoxin A M16819 1.0 P 69 P 02 A 14 P 01 A 10 P 25 P 17 P 12 P 09 P
iL-Ta M14633 10 P 251 P 58 P 31 P 44 P 1.0 P 67 P 58 P 11 P 27 P
-1 M15131 1.0 P 80 P 98 P 13 P 79 P 1.0 P 33 0P 22 P 06 P 15FP
IL-1RA 132838 10 P 108 P 152 P 11 A M3 P 10 P 53 P 280 P 09 P 234°P
iL-3 KO1668 1.0 A 332 P 26 A 47 A 12 A 1.0 A 40 A 11 A 14 A 17 A
iL-6 X54542 1.0 A 348 P 165 P 88 P 107 P 1.0 A 191 P 178 P 18 A 122 A

Real-time PCR analyses were conducted for JFN-; and IL-4 as well as for other selected cytokine genes listed in Figure 4 (data not shown) to confirm the
correlation with those obtained from microarray analysis. Each probe was assigned a “call” of present {P; expressed) or “absent” (A: not expressed) using
the Aftymetrix decision matrix. GenBank, GenBank accession number; /L-7RA, /L- T receptor antagonisl.

recentdly been shown to induce Thl-type activiry superior to that
induced by «GC, and [L-12 is indispensable for the Thl-skewing
effect of the analog (27}, indicaring the imporeance of IL-12 in aug-
mendng IFN-y production in vivo (14, 28). Interestingly, the C-gly-
coside analog induces production of IFN-y and IL-4 by NKT cells
less strongly than does aGC at 2 hours after in vivo administration.
Givens that «GC and C-glycoside analog have the same structure for
their lipid tails, they might be expected to have comparable affinity
for CD1d melecules, and the slightly “owirled” «-anomeric galac-
tose nroiety between C-glycoside and O-glycoside may modulare the
agonistic effect of these glycolipids. Furtherimore, the C-glwcoside is
more resistant 1o hydrolysis in vivo and may have an advantage for
effective production of IL-12 by APCs. In fact, OCH induces margin-
al IL-12 production after in vivo administraton {data not shown),
which makes it unable to induce TEN-y production by various cells.
Therefore, the beneficial feature of OCH as an immunomeodulator
is that ir does not trigger production of IFN-y in vive,

As described previously, NKT cells recognize glycolipid antigens
in the contexr of the nonpolymorphic MHC class I-like molecule
CD1d (4). Crystal structure analysis revealed that the mouse CD1d
molecule has a narrow and deep binding groove with extremely
hydrephobic pockets, A’ and F' (29). Thus the two aliphatic hydre-
carbon chains would be caprured by this binding groove of CD1d
and the more hydrophilic galactose moiety of wGC or OCH would
be presented to TCR on NKT cells. As OCH is an analog of «GC
with a truncared sphingosine chain, it could be predicred that trun-
cation of the hydrocarbon chain would make it more unstable on
CD1d, which mighr then affect the duration of TCR stimulation
on NKT cells. We demnonstrated in this study that OCH detached
from the CD1d molecule more rapidly than did aGC after a short-
term pulse in which che glycolipids were segregared from the endo-
somal/lysosomal pathway. Accordingly, we showed that the iniria-
tion of IFN-y production by NKT cells required more prolonged
TCR stimuladon than was required for IL-4 production, Methods
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such as surtace plasmon resonance were not appropriare for direct
assessment of the interaction berween glycolipids and CD1d, pos-
sibly because of unpredictable micelle formatien and the poor solu-
bility of glycolipids in aqueous selvents (30). The half-life of the
interacrion of glycolipids and €D1d was reported o be less than 1
minute by surface plasmon FeSONANCe (31), contradicting funcron-
al assays suggestng 2 much longer half-life. Therefore, we applied
a biclogical assay to evaluare the stability of these glvcolipids on
CD1d molecules, as described previously (13).

The characreristics of OCH are somewhat analogous to those
of an alrered peptide ligand (APL) that has been shown to induce
a subset of functional responses observed in intact pepride and,
in some cases, induce production of selected cytokines by T cells
(32-34). Thus, OCH and possibly other aGC derivatives could
be called “altercd glycolipid ligands” (AGLs). Although the bio-
logical effects of APLs and AGLs could mediare a series of similar
molecular events in target cells, it should be noted thar APLs and
AGLs differ in their “conceprual fearures.” Thar is, APLs are usu-
ally altered in their amino acid residues to modify their affinity for
TCRs, whereas AGLs have truncation of their hydrocarbon chain
responsible for CD1d anchoring. This paper has highlighted the
duration of NKT cell stimulation by CD1d-associated glycolipids
as being a critical facror for determining the narure of AGLs for
selective induction of cyrokine producrion by NKT cells.

Given that TL-4 secretion consistenty precedes IFN-y production
by NKT cells after TCR ligation, we speculated there were critcal
differences in the upstream transcriprional requirements for the
IFN=y and IL-4 genes in NKT cells. Tn support of this speculation.
CHX treatment specifically inhibived the cranscription of IFN= bur
not thar of JL-4. In contrast, transcription of both cytokines was
abolished by CsA treatment, indicating that TCR-mediated activa-
tion of NF-AT is essential for the production of both cytokines. TCR
signal-induced NF-AT activation occurs promprly corresponding to
calcium influx (35). Meanwhile, the protein expression of specific
Volune 113 1637
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Figure 5

Induction of NF-xB family members In activated
NKT cells. (A) Plotted values represent data
of Affymetrix microarray analysis for the indi-
caled genes.The aGC-stimulated (red lines)
or OCH-stimulated (green lines) cells as well
as unstimulated liver NKT cells were analyzed
at the same time points ard the data are pre-
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transcription facrors takes more time to accomplish. The require-
ment for prolonged TCR stimuladen for initiation of IFN-y tran-
scription may be due to its dependency on specific gene expression.

Recently, Matsuda er al. have shown using cytokine reporter
mice that Vald-invariant NKT cells express cytokine rranscripts
in the resting state, but express protein only after stimulation {22).
We obtained a similar result with our microarray analysis, in thar
many cytokine transcripts incloding IFN-y and [L-4 were detectable
in unstimulared NKT cells derived from liver or spleen, because
most of them were assigned a “call” of “present” by the Affymetrix
deciston matrix, which means they were significantly expressed.
The mechanism of rranslation of pre-existing cytokine transcripts
after acrivation of NKT cells remains ro be investigared.

Through microarray analysis and real-time PCR, we next identi-
fied a member of the NF-kB family of transcription factors, ¢-Rel,
as being a protein rapidly expressed after «GC treatment and pos-
sibly responsible for the transcription of [FN=. Treatment with
aGC selectively upregulared ¢-Rel transcription 1.5 hours after
stimulation of NKT cells in vivo. OCH treatmenr, however, showed
no induction of ¢-Ref transcription. Although e-Rel is transcrip-
tionally upregulated afrer TCR stimulaton of T cells (36), tran-
scription of other NF-xB family memnbers such as p65/RelA, RelB,
NFxB1,and NF.xkB2was unchanged (data not shown). CsA treanment
inhibited ¢-Rel transcription, but CHX did not, indicating thatinduc-
ible transeriprion of ¢-Rel was directly controfled by TCR signal-medi-
ated activation of NF-AT, which is consistent with a previous report
(19). Although the pre-existing NF-xB proteins in general providea
means of rapidly altering cellular responses by inducing the destruc-
tion of IkB in order to enable NF-kB to be free for nnuclear transloca-
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v for the indicated periods of time and then were
cultured without stimulation for up to a total of
120 minutes after the initial stimulation. Total
RNA was extracted from each sample and
analyzed for relative amounts of transcripts of
IFN=y or IL-4 (left), or ¢c-Ref (right). The ameount
of BNA derived from unstimulated NKT cells
was defined as 100%..

tion and DNA binding, most of the nuclear
c-Rel induced after T cell stimulation has
been shown to be derived from newly trans-
lated c-Rel proteins. In contrase, pre-existing
¢-Rel scarcely translocates to the nucleus at
all (36), indicating thar the nuclear induction of c-Rel in T lympho-
Cyte requires ongoing protein synthesis. The retrovirally transduced
loss-of-function mutant ¢-Rel {c-RelATA) significantly inhibited
transcription of IFN-y genes, indicating the crucial role of ¢-Rel in
their transcription after activation of NKT cells. Although itis possi-
ble that the Rel domain of the dominant iiegative murant may affect
anumber of NF-xB dimers, it is unlikely. because IFN-y production
by stimulated NKT cells were CHX sensitive and other NK-xB mem-
bers were notinduced after simulagion in the microarray analysis.
Remroviral transduction of wild-type ¢-Rel into NKT cells resulted
in slightly augmented expression of IFN-y after stinulation. Induc-
tion of endogenous ¢-Rel after in vitro simulation might reduce the
effect of rerrovirally introduced ¢-Rel protein.

Whereas c-Rel has been associared with the funcrions of various
cell types, its role in the immune system was first demonstrared in ivs
involvement in JL-2 ranscription (37), in which it possibly induced
chromatin remodeling of the promoter {38}. Recently, the promot-
ers for the genes encoding I1-3. IL-§, I1-6, TNF-«t, GM-CSF, and IFN-y
were shown to contain kB sites or the kB-related CD23RE. Gene
targeting of ¢-Ref in mice revealed that ¢-Rel-deficient T cells have
a defect int the production of IL-2, IL-3, [L-5, GM-CSF, TNF-t, and
TEN-v, although expression of some of the cytokines was rescued by
the addirion of exogenous IL-2 (39, 40). Regarding the involvement
of c-Rel in IFN-y producdon, the ¢-Rel inhibiror pentoxytylline (41)
selectively suppresses Th1 ¢ytokine production and EAE induction
(42), and rransgenic mice expressing the trans-dominane form of
IxBat have a defect in JEN-y production and the Thl response (43).
Recently, an elegant study using ¢-Ref-deficient mice revealed ¢-Rel
has crucial roles in IFN-v production by activated T cells and conse-
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quent Thl development by affecting the cellular functions of both T
cells and APCs (20).Thus, the critical involvement of ¢-Rel for IFN-
production in NKT cells is consistent with these findings.

Qur resules indicarte thar rapid calcium influx and subsequent
NE-AT activation isessential for IFN-v production by activated NKT

Sustained stimulation {(«GalCer)
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Figure 6

Cytokine production after retroviral transduction of c-Rel or c-RelaTA
into NKT cells, (A) DNA fragments encoding wild-type c-Rel or its
mutant were cloned into the pMIG(W) bicistronic retrovirus vector. The
mutant form of ¢-Rel (¢-RelaTA) lacks the transactivation domain of the
c-Rel protein. LTR, long terminal repeat; IRES, internal ribosome entry
site; eGFP, enhanced GFP. {B) Flow cylometric identification of cells
transfected with the viral vector, Among the NK1.1*CD3* liver NKT
cells Identified in the left panel, approximately 10% were GFP positive.
The GFP-positive NKT cells were sorted for further analysis. (C) IFN-y
production by NKT cells transfected with ¢-Rel or its dominant nega-
tive mutant. The CD3*NK 1.1+ NKT cells infected with the viruses were
isolated based on their expression of GFP and were stimulated with
immobilized mAb to CD3. For transduction of ¢-Rel or ¢-RelATA into
NKT cells, two independent clones of each retroviral vector were used.
The level of IFN-y in the supernatants was measured by ELISA.

cells and that ¢-Rel plays a crucial role in IFN-y production as well.
NF-AT shows quick and sensitive nucleocytoplasmic shuttling after
TCR activation (35). Feske et al. demonstrated that the partern of
cytokine production by T cells was determined by the duration of
nuclear residence of NF-AT (44} and that sustained NF-AT signaling
promoted IFN-y expression in CD4" T cells {435). Considering the
structural feature of «GC with lenger lipid chain, sustained stm-
ulation by «GC induces long-lasting calcium influx, resulring in
sustained nuclear residence of NF-AT, and ¢-Rel protein synthesis,
which enables NKT cells to produce IFN-v. In contrast, the rather
sporadic stimulacion by OCH induces short-lived nuclear residence
of NF-AT, followed by marginal c-Rel expression, which leaves NKT
cells unable to produce IFN-v {Figure 7). Thus, the kinetic and quan-
titative differences berween ««GCand OCH in the induction of tran-
scriprion factors, such as NF-AT and ¢-Rel, determine the pattern
of eytokine production by NKT cells. As CD1d molecules are non-
pelymorphic and are remarkably well conserved among the species,
the preferential induction of TL-4 production through NKT activa-

—
|

Sporadic stimulation (OCH)

1L-4

Flgure 7

'P'(-‘f

IL-4

A model for the differential expression of IFN-y and IL-4 after treatment of NKT cells with «GC or OCH. See text for details.
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tion and subsequent Th2 polarization suggest that OCH may be an
atrracuve therapeutic reagent to use for Thl-mediated autoimmune
diseases such as multple sclerosis and rheumaroid arthrits.
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The 14-3-3 Protein e Isoform Expressed in Reactive
Astrocytes in Demyelinating Lesions of Muitiple
Sclerosis Binds to Vimentin and Glial Fibrillary Acidic
Protein in Cultured Human Astrocytes

Jun-ichi Satoh,” Takashi Yamamura,* and
Kunimasa Arima®

From the Deparient of hmrinologr® Nattonal istittile of
Nenrosctence, and the Departient of Netrapatbologyt National
Conter Haspital for Memtal. Nervons, and Mpscrdar Disorders,
Nattonal Cowter of Newnrology avd Psychiatey. Tokyo, Japen

The 14-3-3 protcin family consists of acidic 30-kd pro-
teins expressed at high levels in neurons of the cen-
tral nervous system. Seven isoforms form a dimeric
complex that acts as a molecular chaperone that in-
teracts with key signaling components. Recent studies
indicated that the 14-3-3 protein identified in the ce-
rchrospinal flwid of various ncurological diseases in-
cluding multiple sclerosis (MS) is 2 marker for exten-
sive brain destruction. However, it remains unknown
whether the 14-3-3 protein plays an active role in the
pathological process of MS. To investigate the differ-
catial expression of seven 14-3-3 isoforms in MS le-
sions, brain tissucs of four progressive cases were
immunolabeled with a pancl of isoform-specific anti-
bodies. Reactive astrocytes in chronic demyelinating
lesions intenscly expressed BB, €, £, n, and « iso-
forms, among which the € isolorm is a highly specific
marker for reactive astrocytes. Furthermore, protein
overlay, mass spectromelry, immunoprecipitation,
and double-immunolabeling analysis showed that the
14-3-3 protwein interacts with both vimentin and glial
fibrillary acidic protein in cultured hmnan astrocytes.
These results suggest that the 14-3-3 protein plays an
organizing role in the intermediate filament network
in reactive astrocytes at the site of demycelinating le-
sions in MS.  (Am J Patbol 2004, 165:577-592)

The 14-3-3 protein family consists of evolutionarily con-
served. acidic 30-kd proteins originally identified by two
dimensional analysis of brain protein extract.' 1 Seven
isoforms of the 14-3-3 protein named 8. v. €, {. 5. 8 (also
termed as 7). and « have been identified in eukaryotic
cells. Although the 14-3-3 protein is widely distributed in
neural and nonneural tissues, it is expressed most abun-
dantly in neurons in the central nervous gystern (CNS),
where it represents 1% of total cytosolic proteing.® 7 A

homodimeric or heterodimeric ¢complex, which is com-
posed of the same or distinct isoforms of the 14-3-3
protein, constitutes a large cup-like structure with lwo
ligand-hinding sites in its groove. The dimeri¢ complex
acts as a novel molecular chaperone that interacts with
key molecules involved in cell differentiation. prolifera-
tion, transformation. and apoptosis.’ * It regulates the
function of target proteins by restricting their subcellular
location, bridging them io modulate catalytic activity.
and protecting them from dephosphorylation or proteol-
ysis.'=#71° |n general. the 14-3-3 protein binds to phos-
phoserine-containing motifs of the ligands such as
RSXpSXP and RXY/FXpSXP in a sequence-specific man-
ner.' #'9 More than 100 proteins have been identified as
being 14-3-3 binding partners, including a range of intra-
cellular signating regulators such as Raf, BAD. protein
kinase C (PKC}. phophatidylinositol 3-kinase {Pt3K}. and
cdc25 phosphatase.! ** '° Binding of the 14-3-3 protein
to Raf is indispensable for Raf kinase activity in the Ras/
MAPK signaling pathway, whereas 14-3-3 binding to the
mitochondrial Bel-2 family member BAD, when phos-
phorylated by a serinefthreonine kinase Akt inhibils ap-
optosis.' 1 in addition to the phosphorylation-dependent
interaction, the 14-3-3 pretein can interact with a set of

_ target proteins in a phosphorylation-independent man-

ner.'® ¥ The e isoform binds to p120RhoGEF via a
phosphoserine-independent interaction. "’

Previous studies indicated that the 14-3-3 protein has
isoform-specific and nonredundant functions.! ? Synap-
tic transmission and associalive learning are impaired in
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Drosophila mutants lacking the ¢ protein.'™ The 14-3-3
1soforms have distinct affinities for their target proteins. A
preferential interaction is observed between PKCH and
the human 14-3-3¢ isoform in T cells,” IGF1-receptor,
IRS1. and « isoform.* the apoptosis-inhibitor A20 and the
human g and » isoforms.'* and glucocorticoid receptor
and the human v isoform."” The human 8 and ¢ isoforms
and not y or e isoforms interact with phosphorylated
tau." Furthermore, different isoforms show distinct pat-
temns of spatial. temporal, and subcellular distribution.
The human ¢ and o icoforms are predominantly ex-
pressed in T cells and epithelial cells, respectively 1119
The rat e and yisoforms are enriched in the synaptosomal
membranes.”™ and the vy isofarm is the main 14-3-3 pro-
tein located in the Golgi apparatus in mammalian cells.®
In the developing rat brain, defined populations of neu-
rons express B, y. {. and ttisoforms at specific stages of
development.®’ In the adult mouse brain. B. y. ». and ¢
isoforms are widely distributed with the localization pri-
marily in neurons. although some glial cells express €. 0.
and ¢ isoforms ™!

Recently, several lines of evidence have indicated that
the 14-3-3 protein is involved in neurodegenerative pro-
cesses. The 14-3-3 protein detected in the cerebrospinal
fluid of Creutzfeldt-Jacob disease has been used as a
biochemical marker for the premortem diagnosis of
Creutzfeldt-Jacob disease in the context of differential
diagnosis of progressive dementia.™ ?* In addition, in-
tense immunoreactivity against the ¢ isoform was identi-
fied in amyloid plagues in the Creutzfeldt-Jacob disease
brain™ However, several studies including our own
showed that the 14-3-3 protein is occasionally detectable
in the cerebrospinal fluid of infectious meningoencepha-
litis. metabolic encephalopathy, cerebrovascular dis-
eases. and mulliple sclercsis (MS) presenting with severe
myelitis. suggesting that it is not a marker specific for
pricn diseases but for extensive destructicn of brain tis-
sues causing the leakage of 14-3-3 protein into the cere-
brospinal fluid. """ |n the Alzheimer's disease brain,
neurofibrillary tangles express immunoreactivity against

the 14-3-3 protein.™ The 14-3-3; homodimer interacts
with tau and glycogen synthase kinase-33 (GSK38). and
stimulates GSK3p-mediated tau phosphorylation.” In the
Parkinson's disease brain. Lewy bodies possess v. €. {.
and ¢isoforms that interact with a-synuclein. ™' Dopam-
ing-dependent neurctoxicity is mediated by a soluble
complex composed of the 14-3-3 protein  and
a-gynuclein. whose levels are markedly elevated in the
substantia nigra of the Parkinson's disease brain.®’ The
neurotoxicity of ataxin-1, the causative protein of spino-
cerebellar ataxia type 1. is enhanced by ¢ and ¢ iscforms
that bind to and stabilize ataxin-1 phosphaorylated by Akt,
thereby slowing its degradation.™ Finally. expression of
the # isoform is enhanced in the spinal cord of amyotro-
phic tateral sclerosis ** However. it remains unknown
whether the 14-3-3 protein plays an active role in the
pathological process of MS.

in the present study. we investigated the differential
expression of seven 14-3-3 isoforms in chronic active
demyelinating lesions of MS. We found that reactive as-
trocytes inlensely express £, € { 7. and « isoforms,
among which the e isoform provides a specific marker to
identify reactive astrocytes in the MS brain. Furthermore,
the 14-3-3 protein interacts with vimentin and glial fibril-
lary acidic protein (GFAP) in cultured human astrocytes.
These observations suggest that the 14-3-3 protein plays
an organizing role in the intermediate fitament (IF) net-
work in reactive astrocytes at the site of demyelinating
lesions in MS.

Materials and Methods

MS and Non-MS Brain Tissues

Ten-p-thick tissue seclions were prepared from the brain,
spinal cord. and optic nerve derived from four autopsy
cases of MS numbered 7981, 744 809, and 544. The
clinical and neuroradiological profiles of these patients
are shown in a supplementary table on The American

Table 1. Theli=3-3 soform-Specific or Broadly Reaetivee Antibodies Ubilized for mnmochemistry and Western Blot Analysis
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Journal of Pathology website (http./Avww.amjpathol.org).
The tissues were fixed with 4% paraformaldehyde (PFA)
or 10% neutral formalin and embedded in paraffin. For
the controls, tissue sections were prepared from the au-
topsied brains of six non-MS neurological and psychiatric
disease cases that include a 47-year-old man with acute
cerebral infarction who died of sepsis (no. 718). an 84-
year-old man wilh acute cerebral infarction who died of
disseminated intravascular coagulation (no. 786). a 62-
year-old man with old cerebral infarction who died of
pancreatic cancer (no. 789), a 56-year-old man with old
cerebral infarction who died of myocardial infarction (no.
807). a 36-year-old woman with schizophrenia who died
of lung tuberculosis {no. 523), and a 61-year-old man with
schizophrenia who died of agphyxia (no. 826). In addi-
tion. they were prepared from the autopsied brains of six
neurclogically normal patients that include a 79-year-old
woman who died of hepatic cancer (no. GB), a 75-year-
old woman who died of breast cancer (nc. G7), a €0-
year-old woman who died of external auditory canal can-
cer (no. G8), a 74-year-cld woman who died of gastric
and hepatic cancers {no. G9). an 83-year-old woman
who died of gastric cancer and myocardial infarction (no.
A2623), and a 65-year-old man who died of liver cirrhosis
and brenchopneurmnonia (no. A2647). Autopsies on alt patients
were performed at the National Center Hospital for Mental.
Nervous, and Muscular Disorders. NCNP. Tokyo, Japan. Writ-
fen informed consent was obtained in all cases.

Immunohistochemistry and
Immunocytochemistry

After deparaffination, the tissue sections were heated by
microwave at 95°C for 10 minutes in 10 mmoYL citrate
sodium buffer (pH 6.0). They were then treated at room
temperature for 15 minutes with 3% H.O,-containing
methanol. For vimentin immunolabeling. the tissue sec-
tions were pretreated with 0.125% trypsin solution
{Nichirei. Tokyo, Japan) at 37°C for 15 minutes. They
were then incubated with 10% normal goat serum con-
taining phosphate-buffered saline (PBS) at room temper-
ature for 15 minutes to block nonspecific staining. The
sections were incubated in a moist chamber at 4°C over-
night with a panel of 14-3-3 isoform-specific antibodies or
with antibodies broadly reactive against all isoforms
listed in Table 1. The antibodies were obtaired from
Immunobiological Laboratory (IBL). Gumma. Japan, and
Santa Cruz Biotechnology, Santa Cruz, CA. The specific-
ity of the antibodies from IBL is shown in Supplementary
Figure 1 on The American Journal of Pathology website,
and additional information on those of Santa Cruz Bic-
technology is available on the supplier's website (www.
scbt.com). After washing with PBS, the tissue seclions
were labeled at room temperature for 30 minutes with
peroxidase-conjugated secondary antibodies (Simple
Stain MAX-PO kit. Nichirei) followed by incubation with a
colerizing solution containing diaminobenzidine tetrahy-
drochloride and a counterstain with hematoxylin. To iden-
tify cell types expressing the 14-3-3 protein. adjacent
sections were stained with the following antibodies: rab-
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bit polyclonal antibody against GFAP (N1506: DAKO,
Carpinteria. CA). rabbit polyclonal antibody against vi-
mentin {H-84. Santa Cruz Biotechnology}. mouse mono-
clonal antibody against vimentin (V2; Santa Cruz Bictech-
naology). rabbit polyclonal antibody against myelin basic
protein {N1546. DAKQ). mouse monoclonal antibody
against CDE8 (N1577. DAKO), and mouse monoclonal
antibody against 70-kd and 200-kd neurofilament pro-
teins {2F11: Nichirei). For negative controls. sections
were incubated with a rabbit-negative control reagent
(DAKOQ) instead of primary antibodies. The optimum con-
cenirations of these antibodies and incubation periods
were determined according to the supplier's instruction.

For doub'e-labeling immunocylochemistry. cells on
cover glasses were fixed with 4% PFA in 0.1 mol/L phos-
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phate buffer (pH 7.4) at room temperature for 10 minutes,
followed by incubation with PBS containing 0.5% Triton
X-100 at room temperature for 20 minutes.”™ The cells
were then incubated at room temperature for 30 minutes
with a mixture of 14-3-3 isoform-specific antibody and rat
monoclonal anti-GFAP antibedy (2.2B10) or V2 antibody.
Next. they were incubated at room temperature for 30
minutes with a mixture of rhodamine-conjugated anti-
rabbit IgG and fluorescein isothiocyanate-conjugated an-
ti-rat or mouse 19G (ICN-Cappel, Aurora. OH). After sev-
eral washes, cover glasses were mounted on the slides
with glycerol-polyvinyl alcohol, and the slides were ex-
amined under a Nikon ECLIPSE E800 universal micro-
scope equipped with flucrescein and rhodamine optics.
Negative controls were processed following these steps
except for exposure to primary antibody.

Celt Culture

Two different sources of cultured human astrocytes were
used. One was fetal human astrocyles named AS1477.
provided by Drs K. Watabe and 8. U. Kim of the Univer-
sity of British Columbia, Vancouver, BC, Canada. They
were maintained in Dulbecco's modified Eagle's medium
(ODMEM) supplemented with 10% fetal bovine serum
(FBS). 100 U/ml penicillin, and 100 pg/ml streplomycin
(feeding medium) The other was astrocytes named AS-
BW. whose differentiation was induced from neuronal
progenitor (NP) cells. NP cells isolated from the brain of a
human fetus at 18.5 weeks of gestation were obtained
from BioWhittaker (Walkersville, MD). NP cells plated on a
polyethyleneimine-coated surface were incubated in
DMEM/F-12 medium containing an insulin-transferrin-se-
lenium supplement (Invitrogen, Carlsbad, CA), 20 ng/mi
recombinant human epidermal growih factor (Higeta. To-
kyo. Japan). 20 ng/ml recombinant human basic fibro-
blast growth factor (PeproTech EC. London, UK), and 10
ng/mt recombinant human leukemia inhibitory factor
{Chemicon, Temecula. CA) (NP medium).™ For the in-
duction of astrocyte ditferentiation, NP cells were incu-
bated for several weeks in feeding medium instead of NP
medium. This incubation induced vigorous proliferation and
differentiation of astrocytes accompanied by a rapid reduc-
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specilicantilkalios or with Qe antibodies broadly reaaive agrinst all isolorms
topr Afler siripping the antibodies, identical blols were selabeled with the
antibexly against HSPGG Tor the stadardization of expression kaels (bot-
tomy e lo g tlop b indicate the expression of Boa, vl etek g ley yol,
ansl gy in hnnam asirocytes CAS 17700« inhunis astroeyios LAS. W) (d s
aned fin mouse asiroeytes h Lanes 3 and 2 represent the cells cudivred
tnder the senm free growth arrested conclition tlane 11 or thee sennmn
conlaining growth promoling condizen Uane 20, Advlitivnal data are shownp
in supplementany Figuse 2 on the Anwerican Jourad of Pathology welsile,

tion in nonastroglial cell types. Newborn mouse astrocytes
were prepared as previously described.™ In some experi-
ments, cultured human and mouse astrocytes were plated
at subconfluent density and incubated for 7 days in serum-
free DMEM/F-12 medium supplemented with insulin-trans-
ferrin-selenium without inclusion of any other growth factors
or in 10% FBS-containing DMEM/F-12 medium supple-
mented with insulin-transferrin-selenium.

Human celf lines such as U-373MG astrocytoma.
NTera2 teratocarcinoma and Hela cervical carcinoma
were obtained from the RIKEN Cell Bank (Tsukuba, Ja-
pan) and the American Type Culture Collection (Rock-
ville, MD). For the induction of neurcnhal differentiation,
NTera2 ceflls mamntained in the undifferentiated state
(NTera2-U) were incubated for 4 weeks in feeding me-

Table 2. Dillerentinl Expression o Seven =43 Isolorms in Glial Cells aid Neurons in M2 and Conteol Brains
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Braty old cetetnal infan ton, 1307 old corchral mlacton, #5223 selizophics, and #3826 schizoptiena, and sic netrologically noreal casos {NNC)
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Figuee 8. The 143 3 ¢ isofonn is expressed in reaclive astrocyles in ehronie demvelinating Jesions of MS. MS brain lssoes avre preeessed for immmnohisico
chemical analysis using ¢ isolorm specific antilody or e antibody against GFAP o vimenting a 1o £ represent e following: a: o, 70 MS, chronie adtive

demyelinating lesions in (he subeonical white matler of the frontal kbe (TTET S b: Now T M3, the aren corresponding 1o a LGFAP L Many feactive astreyies ane
stained, € New, 7440 MS, Hhe e corresponding leate ). Many fesclive astrocvies are stained . de No. 70 M3, bighes magnilication view of ¢ Le 2, Reaelive astrocyies
are shained, ez Noo S0 Ms, ehironic inactive densvelinasing lesions in the oplie neave el Reaclive astroeyles annd e lenl seae e staied f N S0 M5, chroniv

active demvelinating Jesions in the subeortical white nuller of the Trontal kb tvimentin b, Reactive astrocvtes are stainsd.

dium containing 10 ' mol/L alf frans retinoic acid (Sigma,
St. Louis, MO). replated twice and then plated on a
surface coated with Matrigel Basement Membrane Matrix
(Becton Dickinson. Bedford, MA). They were incubated
for another 2 weeks in feeding medium containing a
cocktail of mitotic inhibitors, resulting in the enrichment of
differentiated neurons (NTera2-N).™*

Western Blot Analysis

To prepare total protein extract for Western blot analysis,
the cells and tissues were homogenized in RIPA lysis
buffer composed of 50 mmol/L. Tris-HCI {pH 7.5). 150
mmol/L NaCl. 1% Nonidset P-40. 0.5% sodium deoxy-
cholate. 0.1% sodium dodecyl sulfate (SDS). and a cock-
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Figure A4 Ex prossion of virions 1403 3 Boforms i seaclive astioeytes sond contieal nentons in MS braan. M5 brain tisstes were processed for immminobistochenic:l
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sl matter of the Trontal Fabwe G0 Reactive astroeyvies arc seitned, be Mo, a0 M3, chieenie adtive demyvelinsting kesions in the suleorti

Al white maner of the

Fromtal lobe (00 Reactive astroeytes are stined. €2 Now Tao M5, e cerebral comex of the frontad felwes ca), Cortieal etrons are stined. de No. T MS, e anea
corresponding o € Cy) Conmical errons are stined. €3 Noo S0 MS, the anen cormesponding e 40 Corlical pewsons are stved. B Ne, T MS, e aren

corresponding 10 ¢ o) Codical nenrons ane devoid of staining

tail of protease inhibitors (Roche Diagnositics. Mann-
heim. Germany). followed by centrifugation at 12,000 rpm
at room temperature for 20 minutes. The supernatant was
collecled for separation on a 12% SDS-polyacrylamide
gel electrophoresis {PAGE) gel and the protein concen-
tration was determined by a Bradford assay kit (Bio-Rad.
Hercules, CA) After gel electrophoresis. the protein was
fransferred onto nitrocellulogse membranes and immuno-

labeled at room temperaiure overnight with a panel of
anti- 14-3-3 protein antibodies listed in Table 1. Then. the
membranes were incubated at rocom temperature for 30
minutes with horseradish peroxidase-conjugated anti-
rabbit I9G or anti-mouse 1gG {Santa Cruz Biotechnology)
The specific reaction was visualized with a Western blot
detection system using a chemiluminescent substrate
{Pierce. Rockford. IL). After the antibodies were stripped
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Figure §. Exprossion of various 113 3 solonmm in feadive asnxytes, suviving Aligodendroeytes, and injured axons i cheonie demyelinating lesions of RS aeed
i inlreted Tesicns. The brains of M3 sd mon MS contro] cases were processed for imnnnohistochemical milysis using 2 Patlery of 1403 3 isolom specilic
antibodics. a o Fropresent thie Tollowing: ae no, G090 M3, chronie active demyelinating kesioms in the meslulbe oblongata v Dispupted axons e stained . bz No,
19 At cerebrd infagencn, infeted lesicns i the paricinl cerebed coneX e Remive dsliocyles ane stained. € Nev 701 MS ehironic inaetive lesivns in (he pons
Lor), Remtive astroeyies are stained. de Moo T19 acute corebml infrction, infarced lesions in tha parietal corebl corles Gk Readive asioeytes aee stained, e
Nev, (68 M3, chromie stctive demvelinaing lesions in the periventoeular wlile neier o the frontal [olwe UH), Strviving Oliges e roeyies ane skrems ) T2 No, 750 MS
clironic adive demvelinating kesions in he optic nerve 08 Surviving oligodendeoevtes are stained

by incubating the membranes at 50°C for 30 minutes in performed using NIH image version 1.61 software to quan-
stripping buffer composed of 62.5 mmol/L Tris-HCI (pH tify the intensity of the immunoreactive bands.™

6.7). 2% SDS, and 100 mmol/L 2-mercaploethanol. the

membranes were processed for relabeling with goat poly- Immunoprecipitation Experiments

clonal antibody against hurnan heat shock protein HSPEO

(N-20; Santa Cruz Biotechnology) followed by incubation To prepare total protein extract for immunoprecipitation
with horseradish peroxidase-conjugated anti-goat 1gG experiments, the cells were homogenized in M-PER lysis
(Santa Cruz Bistechnology). Densitometric analysis was buffer (Pierce) with a cocktail of protease inhibitors fol-
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Figure 6. Expression of vagios Bo 3 3 isolorms in neueons, astrooyies, ohgodendroeytes ond microedia o non M3 hrains. The Desins of non MS eontre] cases were
proscessed for inmnnohisiochemical analysis using a battery of $1 3 3 isofon specilic antibodices. g 1o T represent e following: a:no. GY nenrological v normal
stibject, the Trontal eetebaal cortex 1 y) Corlical neurons are staied. br New 824 sehizophrenia, Froial corebral cortex te b, Astroeyles afe stiimed, ¢z No. 826
schizophrenia, the frontal cerebrel cones Gy Microglin are stained. & Now 780 acule cerebrat infarction. the subeortioal while matler of the paricial kbse (40,
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lowed by centrifugation at 12,000 rpm at rcom tempera-
ture for 20 minutes. After preclearance, the supernatant
was incubated at 4°C for 1 hour with a pane! of anti-14-
3-3 protein anttbodies or the same amount of normal
rabbit IgG {Santa Cruz Biotechnolegy). It was then incu-
bated with Protein G Sepharose {(Amersham Bioscience.,
Piscataway, NJ) After several washes. the immunopre-
cipitates were processed for Western blot analysis using

V9 antibody or mouse monoclonal antibody against
GFAP {GAS5; Nichrei) .

Two-Dimensional Gel Electrophoresis and Mass
Spectrometry Analysis

To prepare total protein extract for two-dimensional gel
electrophoretic analysis. the cells were homogenized in
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Figure 7. Co exprossion of e 1 3 3 e isafaenn and GEAR in reactive astroeytes in chronic denwelinating Tesions ol M3l i enlied Tnsman astrocyles, Coliued
Tz astrocyvtes and M Drain tisstes woere processed for double immunclabebiug, with anti GEAP antibaody Al e solonn specilie antibody Tallowsd by fabeling
with Muoreseein sotlioevainate d danune conugied secondary anlilodies, a o frepresent po, "k chronic active deamvelinating fesions in the subwortical
white maner of tie Frontal lobe ta ¢ enftred hunan asirocytes (AS BW ) tdeD, GEAP G, d e thee and e overlay e, B

rehydration buffer compaosed of 8 moliL urea, 2% CHAPS,
0.5% carrier ampholytes (pH 4 to 6). 20 mmol/L dithio-
threitel, 0.002% bromophenol blue, and a cocktail of
protease inhibitors and phosphatase inhibitors {Sigma).
Urea-soluble protein was separated by isoelectric focus-
ing using the ZOOM IPGRunner system (Invitrogen)
loaded with an immobilized pH 4.5 to 5.5 gradient strip.
After the first dimension of isoelectric focusing. the pro-
tein was separated in the second dimension on a Nu-
PAGE 4 10 12% polyacrylamide gel (Invitrogen). The gel
was stained using Coomassie brilliant btue G-250 solu-
tion or the Sitverquest silver staining kit (Invitrogen}. It
was transferred onto a polyvinylidene difiuoride mem-
brane for protein overlay and Western blot analysis.
Spots of interest were excised from the gels. trypsinized.
and processed for mass spectrometry (nanoESI-MS/MS)
analysis followed by database searching using MASCOT
software {Invitrogen Proteome, Yokohama. Japan).

Protein Overlay Analysis

To prepare the 14-3-3 protein-specific probe for protein
overlay analysis, the open reading frame of the human
14-3-3¢ isoform gene {(YWHAE, GenBank accession No.
NM_006761) was amplified from the cDNA of NTeraz-N
cells by the polymerase chain reaction using sense and
anti-sense primers (5'atggatgatcgagaggatetgglgd’ and
5’tcactgattiicgtcticcacgted’). The polymerase chain re-
action product was cloned into a prokaryotic expression
vector pTreHis-TOPO (Invitragen). The expression of re-
combinant human 14-3-3¢ protein having an N-terminal
Xpress tag for detection {rh14-3-3¢) was induced in £sch-
erichia coli by exposure to isopropyl p-thiogalactoside.
The recombinant protein was further purified through a

HiTrap chelating HP column (Amersham Bioscience) and
by separation on a 12% SDS-PAGE gel. Recombinant
human interfercn-stimulated protein (SG15 fused to an
N-terminal Xpress tag (rhISG15). a vimentin-binding pro-
1ein in human cancer cells.” was prepared for the control
probe. The polyvinylidene difluoride membrane on which
the gel was blotted was incubated at room temperature
overnight with 1 pg/ml rh14-3-3e or rhISG15 probe, fol-
lowed by immunclabeling with mouge monoclonal anti-
Xpress antibedy (Invitrogen) and horseradish peroxi-
dase-conjugated anti-mouse IgG. After the probes and
antibodies were stripped by incubating the membrane at
50°C for 30 minutes in stripping buffer, it was repeatedly
relabeled with V9 antibody, GAS antibody, or rabbit poly-
clonal antibodies specific for phosphorylated Ser-39,
Ser-72. or Ser-83 epitopes of virmentin (Santa Cruz Bio-
technology). foltowed by incubation with horseradish per-
oxidase-conjugated anti-mouse or rabbit IgG.

Results

Growth-Dependent Expression of 14-3-3
Isoforms in Cultured Human Astrocytes

To investigate the expression pattern of seven 14-3-3
isoforms in human neural celis, cultured human astro-
cytes, NTera2-N neurons, and U-373MG astrocytoma
cells, all of which were incubated in 10% FBS-
containing culture medium, were processed for West-
ern blot analysis using a panel of isoform-specific an-
tibodies or the antibodies broadly reactive against all
of the isoforms listed in Table 1. Cultured human as-
trocytes. neurons. and astrocytoma cells, along with
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human brain homogenate. expressed substantial lev-
els of B. y. €. £ . and 1 isoforms {Figure 1. ato h: lanes
110 4). In contrast. the « isoform was undetectable in
human neural cells but was identified in Hela cells
(Figure 1i, lanes 1 to 5).

To study the effects of cullure conditions on 14-3-3
protein levels, human astrocytes were incubated for 7
days in 10% FBS-containing culture medium or in the
serum-free culture medium, which led to nearly com-
plete growth arrest. The expression levels of B. v. €. L,
1. and 0 isoforms were elevated in human astrocytes
incubated in the serum-centaining growth-promoting
condition. The expression was enhanced 3.3-, 1.6-,
2.2-.10.0-. 18.7-. or 4.6-fold, respectively. compared

with the levels under the serum-free growth-arrested
condition when standardized against the levels of
HSPE0. a housekeeping gene product on the identical
blots (Figure 2. a 10 c. e 1o g; top and botiom panels,
lanes 1 and 2} The serum-induced up-regulation of
14-3-3 isoforms was also observed in a different cul-
ture of human astrocytes (Figure 2d, top and bottom
panels. lanes 1 and 2} and mouse astrocytes in culture
(Figure 2h. top and bottom paneis. lanes 1 and 2; and
additional data shown in Supplementary Figure 2 on
The American Journal of Pathology website at hittp://
www.amjpathol.org). These results indicate tha! cul-
tured human astrocytes constitutively express all ise-



