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Fig. 1. Effects of OCH on cytokine production in NOD mice in vitro and in vivo, (A) Spleen cells were stimulated with various concentrations of
glycolipid for 72 h. Incorperation of [*Hj-thymidine (1 pCijwell) for the final 16 h of the culture was examined (left top) and IFN-v (right top), IL-4
(left bottom) or IL-10 (right bottom) contents in the supernatants were measured by ELISA. (B) Serum levels of IL-4, IFN-v, IL-10 in NOD mice
after intraperitoneal injection of OCH or a-GC were measured by ELTSA. Data represent the individual mice and the peak level of each cytoking (2 h
for IL-4, 24 h for IFN-y and 6 h for IL-10) was displayed. Black bar: «-GC treated mice; white bar: OCH-treated mice.

16 weeks (Fig. 3). Massive infiltration of CD4 T cells,
CD8 T cells, B cells into islets was observed in vehicle-
treated NOD mice. Macrophages were also observed in
vehicle-treated NOD mice. In contrast, OCH treatment
inhibited infiltration of both T cells and B cells, and
macrophages were barely detectable in OCH-treated
mice. These results indicated that administration of
OCH inhibited the development of diabetes and insulitis
in NOD mice and the suppressive effect of insulitis is
stronger than «-GC,

3.3. Administration of OCH promotes a Thl
response against autoantigens

To evaluate effects on immune responses against
autoantigen, we measured GAD-specific I1gGl and
IgG2a, in the serum at the age of 24 weeks (Fig. 4, left
and middle panels). The level of IgG2a was reduced
both in OCH- and «-GC-treated mice compared to
vehicte-treated mice. IgG1/IgG2a ratio significantly
increases in OCH-treated mice. In a-GC-treated mice,

IgG1/IgG2a ratio also tended to increase, even though
the difference did not reach statistical significance. These
results suggest that anti-GAD response in OCH-treated
NOD mice shifted to Th2 response, and Th2 bias of
autoantigen was more evident in OCH-treated mice
compared to 2-GC-treated mice.

3.4. OCH wreatment increased IL-10 producing cells
among islet-infiltrated leukocytes in NOD mice

Since anti-GAD response shifted to Th2 in OCH-
treated mice, we next examined the numbers of IL-4
or IL-10 producing cells among the infiltrating leuko-
cytes. IL-10 producing cells among CD45 positive
leukocytes were significantly increased in OCH-treated
mice compared to vehicle-treated NOD mice (Fig. 5).
IL-4 producing cells were not significantly increased in
OCH-treated mice, The frequency of either IL-4- or
IL-10-producing cells among leukocytes in a-GC-treated
mice were not significantly different from vehicle-
treated mice. These results suggest that OCH-mediated
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Fig. 2. Prevention of diabetes and insulitis in NOD mice by OCH treatment. (A) The ¢ffect of OCH on the incidence of diabetes. Female NOD mice
were injected with OCH, a-GC or vehicle twice per week starting at 5 weeks of age (7 = 20 per group). Diabetes was monitored by measurements of
bleod glucose levels. (B) Female NOD mice were treated with OCH, «-GC or vehicle twice per week starting at § weeks of age. Pancreata were
microscopically evaluated for the degree of insulitis at 16 weeks of age. Data shown represent the mean of six animals in each group and more than 20
slets per mice were scored for grading as described in Section 2. The mean scere of insulitis of vehicle-, «-GC-, or OCH-treated mice was 1.56, 1.24,
2.7 (p = 0.001; vehicle vs -GC, p < 0.001; vehicle vs OCH, p < 0.0081; a-GC vs OQCH). (C) Representative histological appearance of hematoxylin
and eosin-stained islets from non-diabetic female NOD mice treated with vehicle, a-GC, or OCH used in the experiments shown in (B).

inhibition of insulitis is associated with increase of IL-10
producing cells,

4. Discussion

In this study, we found that QCH treatment
prevented spontaneous autoimmune diabetes in NOD
mice, ‘a model of human type I diabetes, by inducing
Th2 bias. OCH treatment strongly inhibited insulitis in
NOD mice. The proportion of IL-10 producing cells
among infiltrated leukocytes was increased in OCH-
treated mice. Although the correlation between a defect
in NKT cells and the susceptibility of diabetes in NOD
mice is still debated [13—15], the putative involvement of
NKT cells in the control of islet p-cell reactive T cells in
NOD mice, was suggested by the prevention of diabetes
following an infusion of NKT cell-enriched thymocytes
[16], and by the increase of NKT cells in Val4-Jo281
transgenic NOD mice [17]. In these mice, protection
from diabetes by NKT cells is associated with the

induction of a Th2 response to islet autoantigens.
Furthermore, a-GC treatment has been demonstrated
to delay the onset and reduce the incidence of diabetes in
NOD mice [18—21]. And the mechanism of protection
has been reported to be associated with Th2 shift of
autoantigen response, which is similar to that observed
by increasing the number of NKT cells in NOD mice.
The mechanism of OCH-mediated inhibition of insulitis
was also assoclated with Th2 polarization of the
autoantigen response and increase of IL-10 producing
cells, The stronger suppression of insulitis by OCH
treatment than «-GC treatment may not be surprising
because a-GC stimulates NKT cells to produce IFN-y
as well as Th2 cytokines. IFN-y enhances the expression
of major histocompatibility complex class I and II
molecules as well as several other proteins involved in
antigen processing and presentation, and supports the
homing of activated T cells into islets in NOD mice
[27-29].

Stimulation of NKT cells by injection of OCH
inhibited EAE and CIA [22,23]. On the other hand,
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Fig. 3. Immunohistochemical analysis of cell composition of infiltrated
cells into islets in NOD mice treated with OCH. Female NOD mice
were treated with OCH, o-GC or vehicle twice per week starting at §
weeks of age. At 16 weeks of age, pancreata were microscopically
evaluated for the degree of infiltrated cells positive for CD4, CDS,
B220 or F4/80 antigen as described in Section 2. Data shown represent
the mean of six animals in each group and more than 20 islets per
animal.

«-GC ameliorates or exacerbates EAE, depending on
the strain of mouse and stage of disease tested [30—32}
and to have only a margina! effect on CIA [23], probably
because a-GC induces both Thl and Th2 cytokines
whereas OCH predominantly elicits a Th2 response. In
this situation, treatment with OCH might be preferable
to «-GC for Thl-mediated diseases. Although the
insulitis was severe in «~GC-treated mice compared to
OCH-treated mice, we confirmed that multiple injection
of «-GC inhibited diabetes in NOD mice as well as OCH
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Fig. 5. Immunochistochemical analysis of IL.-4 or IL-10 producing cells
infiltrated into islets in NOD mice treated with OCH. Female NOD
mice were injected with OCH, «-GC or vehicle twice per week starting
at § weeks of age. Immunohistochemical examination was performed
at 16 weeks of age. Data shown represent the mean of six animals in
gach group and more than 100 CD45™ leukocytes per mite were
evaluated. IL-4 positive or IL-10 positive cells were expressed as
percentage of CD45™ total leukocytes. *p = 0.017 vs control, by
Dunnett’s multiple comparison tests.

as previously reported [18—21]. There might be several
reasons to explain that the effect of OCH was not
different in the inhibition of overt diabetes. For
example, it has been documented that no modification
of the diabetes incidence occurs in both IFN-y knockout
and IFN-y receptor knockout mice, as compared with
littermate controls. Therefore ¢-GC induced IFN-y has
less effect to mask the protective effect of Th2 cytokines
in NOD mice, which is different to other models such as
EAE or CIA. The other possibility to explain that OCH
and o-GC showed similar effect on the development of
overt diabetes is that diabetes in NOD mice develops
spontaneously and multiple injection of «-GC or OCH
were continued for several months, which are different
from other inducible autoimmune models, The adjuvant
used for the induction of other models such as EAE and
CIA might have some effect on the cytokine production
by NKT cells. Considering that the bacterial infection
has been shown to induce predominantly Thl cytckines
from NKT cells [33], injection of -GC at the same time
the injection of CFA including mycobacterium extract
could enhance Thl cytokine production from NKT cells
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Fig. 4. GAD-specific antibody isotype levels in mice treated with OCH. Individual serum samples obtained from mice shown in Fig. 2 at 24 weeks
were analyzed as in Section 2. IgG1:IgG2a ratios in OCH-, «-GC-, vehicle-treated mice are shown. Values are the mean and SEM (n = 20).
*p = 0.0327, ***p = 0.0147, OCH vs control, **p = 0.0002, &-GC vs control by Mann—Whitney U test.
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enough for the mask of the inhibitory effect of Th2
cytokines. In contrast, in NOD mice which spontane-
ously develop diabetes, Thl cytokine production from
NKT cells for the initial treatment might not be so
harmful because NKT cells have been reported to have
the tendency to predominantly produce Th2 cytokines
after repeated injections [34] since the glycolipid
treatment was continued for several months.

It is still controversial whether the defects in NKT
cells are causal for autoimmune disease or occur as
a secondary consequence of the autoimmune process
[13=15]. However, given the efficacy of glycolipid
ligands such as OCH in the prevention of the de-
velopment of diabetes in NOD mice, in addition to the
suppression of EAE and CIA, stimulation of NKT cells
with glycolipid seemis to be an attractive strategy for the
treatment of autoimmune diseases such as type I
diabetes. The evolutionary conservation and the homo-
geneous ligand specificity of NKT cells allow us to apply
a glycolipid ligand like QCH for the treatment of human
disease without considering species barrier or genetic
heterogeneity of humans.
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Stimulation of Host NKT Cells by Synthetic Glycolipid
Regulates Acute Graft-versus-Host Disease by Inducing Th2
Polarization of Donor T Cells!

Daigo Hashimoto,* Shoji Asakura,* Sachiko Miyake,” Takashi Yamamura," Luc Van Kaer,?
Chen Liu,* Mitsune Tanimoto,* and Takanori Teshima?*1

NKT cells are a unique immunoregulatory T cell population that produces large amounts of cytokines. We have investigated
whether stimulation of host NKT cells could modulate acute graft-vs-host disease (GVHD} in mice. Injection of the synthetic NKT
cell ligand a-galactosylceramide (a-GalCer) to recipient mice on day 0 following allogeneic bone marrow transplantation pro-
moted Th2 polarizatien of donor T cells and a dramatic reduction of serum TNF-a, a critical mediator of GVHD. A single injection
of a-GalCer to recipient mice significantly reduced morbidity and mortality of GVHD. However, the same treatment was unable
to confer protection against GVHD in NKT cell-deficient CD1d knockout (CDId ™"~ or IL-4~/~ recipient mice or when STAT6™/~
mice were used as donors, indicating the critical role of host NKT cells, host production of IL~4, and Th2 cytokine responses
mediated by donor T cells on the protective effects of a-GalCer against GVHD. Thas, stimulation of host NKT cells through
administration of NKT ligand can regulate acute GVHD by inducing Th2 polarization of donor T cells via STAT6-dependent
mechanisms and might represent a novel strategy for prevention of acute GVHD. The Journal of Immunelegy, 2005, 174;

551-556.

llogeneic  hemopoictic  stem  cell  transplantation
(TISCT)™ cures various hematologic malignant umors.
bone marrow (BM) failures. and congenital metabolic
disorders. Emerging evidence sugpests that allogeneic HSCT is
also useful for treatment of other diseases. ineluding solid twnors
and autoimune diseases (1. 2). However, grafi-vs-host discase
(GVHDY) is a major obstacle that precludes wider application of
allogeneic HSCT. The pathophysiology of acute GV is com-
plex. involving 1) donor T cell responses to the host alloantigens
expressed by host APCs activated by conditioning regimens (i.e..
irradiation and/or chemotherapy). and 2) dysregulation of inflam-
matory eytokine cascades, leading o further T cell expansion and
induction of cytotoxic T cell responses (3).
C1347 helper T cells can be divided into two distinet subpopu-
lations: Thl and Th2 cells t4). Thl cells produce IFN-v and 1L-2.
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whereas Th? cells produce IL-4. IL-5, and 11.-13. Although the
role of Thl and Th2? cytokines in the pathophysiclogy of acute
GVHD is complex and controversial (5-8), Th! polarization of
donor T cells predominantly plays a role in inducing the “eytokine
storm” that is seen in several models of acute GVIHD (3. 9).
whereas Th2 pelarization mostly suppresses inflammatory cas-
cades and reduces acute GVHD (10-12). Many properties of den-
dritic cells (DCs). including the type of signal, the duration of
activation. the ratio of DCs to T cells. and the DC subset that
presents the Ag. influence the differentiation of naive CD4™ T cells
into Th1 or Th2 cells t13). The cytokines that are present during
the initiation of the iinmune responses at the time when the TCR
engages with MHC/peptide Ags are critically important for Th cell
differentiation (14).

NKT cells are a distinct subset of lymphocytes characterized by
expression of surface markers of NK cells together with a TCR.
Although the NKT cell population exhibits considerable heteroge-
neity with regard to phenotypic characteristics and functions (15).
the major subset of murine NKT cells expresses a setni-invariant
TCR. Val4-Jal§, in combination with a highly skewed set of
Vs, mainly VB8 (16). NKT cells can be activated via their TCR
by glycolipid Ags presented by the nonpolymorphic MHC class
[-like molecule CD1d expressed by APCs (17). Stimulation of
NKT cells rapidly induces seeretion of large amounts of IFN-y and
[1.-4, thereby influencing the ThI/Th2 balance of conventional
CD4™ T cell responses (18). In particular, NXT cells are consid-
ered an important early source of IL-4 for the initiation of Th2
responses (19, 20). although these cells are not absolutely required
for the induction of Th2 responses (21-23), NKT cells are absent
in CD1d knockout (CD1d™ ") mice because of defects in their
thymic positive selection, which requires CD1d expression on he-
mopoietic cells. probably double-positive thymoeytes (24, 25).

Considering the critical role of ¢ytokines in the development of
acute GVHD. we investigated the role of hest NKT cells in an
expenmental model of GVIID, using synthetic NKT cell ligands.

0022-1767/05/402.00
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a-galactosylceramide (a-GalCer) (26). a glycolipid originally pu-
rified from a marine sponge. and its analog. OCH ¢27). Our find-
ings indicate that stimulation of host NKT cells with NKT Lgands
can modulate acute GVHD.

Materials and Metheds
Mice

Female C57BL/G (B6. 11-2%) and BALB/c (H-2") mice were purchased
from Charles River Japan, 1L-4"/" B6 and STAT6™ ' BALRB/c mice were
purchased from The Jackson Laboratory. CD1d™'" B6 mice were estab-
lished by specific deletion of the CD1d1 gene segment (22). Mice, between
8 and 16 wk of age, were maintained in a specific pathogen-free environ-
ment and received normal chow and hyperchlorinated drnking water for
the first 3 wk post-bone marrow transplantation (BMT. All experiments
involving animals were performed under the auspices of the Instiational
Animal Care and Research Advisory Committce at the Department of An-
imnal Resources, Okayama University Advanced Science Research Center.

Bone marrow transplantation

Mice were transplanted according to a standard protocol described previ-
ously (23). Briefly. B6 mice received lethal woal body iradiation (TBL
x-ray), split into two doses separated by 6.5 h to minimize gastrointestinal
toxicity. Recipient mice were injected with § X 10% BM cells plus § X 10¢
spleen cells from either syngencic (B6) or allogeneic (BALB/c) donors. T
cell depletion (TCDY of donor BM cells was petforned using anti-CD90
MicroBeads and the AutoMACS system (Miltenyi Bivtee) according (o the
manufacturer’s instructions. Donor cells were resuspended in 0.25 ml of
HBSS (Invirogen Life Technologies) and injected iv. inlo recipients on
day 0. Survival was monitored daily. The degree of systemic acute GVHD
was assessed weekly by a scoring system incorporating five clinical pa-
rameters: weight loss, posture (hunching). activity, fur texture. and skin
integrity, as described (29)

Glveolipids

a-GalCer, (28,35 4R 1-0O-(r-p-galaclopyranosy] - 2 N-hexacosanoylamino)-
13 4-octadecanetriol (KRN7000), was synthesized and provided by Kirin
Brewery Company (301. A homologue of o-GalCer, OCH. was selected from
a panel of synthesized o-GalCer analogues by neplacing the sugar meiety
and/or truncating the aliphatic chains, because of its ability to stimulate en-
hanced T4 and reduced IPN-y production by NKT cells, as previously de-
seribed (27, 311 BMT wecipient mice were injected i.p. with w-GalCer or OCH
(100 ppkg) immediately after BMT on day 0. Mice from the control groups
received the diluent ondy.

Flow cvrometric analvsis

mAbs used were FITC- or PE-conjupated anti-mouse CD4. H-2K*, and
H-2K? (BD Pharmingen). Cells were preincubated with 2.4G2 mAb (rat
anti-mouse FesR) for 10 min at 4°C to block nonspecific hinding of labeled
Abs. and then were incubated with the relevant mAbs for 15 min on ice.
Finally. cells were washed twice with 0.2% BSA in PBS and fixed. After
Jysis of RBCs with FACS lysing solution (BD Pharmingen), cells were
analyzed using a FACSCalibur flow cytometer {BD Bivsciences). 7-Ami-
no-actinomycin [} (BD Pharmingen)-positive cells tie.. dead cells) were
excluded from the analvsis. Fluorochrome-conjugated irrelevant [pG were
used as nepative controls, At least 5000 live events were acquired for
analysis. :

Cell cultures

Mesenteric Ivmph nodes (LNs) and spleens were removed from animals 6
days after BMT and four to six mesenteric ENs or spleens from each
experimental group were combined. Numbers of cells were normalized for
T cells and were cultured in complete DMEM (Invitrogen Life Technol-
ogies) supplemented with 10% FCS, 50 U/m! penicillin. 50 gg/ml strep-
tomyein. 2 mM L-glotamine, 1 mM sodium pyruvate. 0.1 mM nonessential
amino acids. 0,02 mM 2-ML, and 10 mM HEPES in wells of a 96-well
flat-bottom plate. al a concentration of § X 10° T cells/well with 1 X 10
irradiated (20 Gy peritoneal cells harvested from naive B6 (allogeneic)
animals, or with § pg/ml plate-bound anti-CD3e mAbs (BD Pharmingen)
and 2 pg/ml ant-CD28 mAbs (BD Pharmingen). Forty-eight hours after
the initiation of cultune. supematants were callected for the measurement of
cviokine levels.

HOST NKT CELLS REGULATE ACUTE GVHD

ELISA

ELISA was performed according to the manufacturer’s protocols (R&D
Systerms) for measurement of IFN-y, IL-4. and TNF-« levels, as described
previously (32). Samples were obtained from culture supematant and blood
from retro-orbital plexus, diluted appropriately, and run in duplicate. Plates
were read at 450 nim using a microplate reader {Bio-Rad). The sensitivity
of the assays was 31.25 pg/ml for IFN-y, 7.6 pg/ml for L4, and 234
pe/md for TNF-wx.

Histology

Formalin-preserved livers and small and large bowels were embedded in
paraffin, cut into 5-pm-thick sections. and stained with H&E for histolog-
ical examination, $lides were coded without reference to prior treatment
and examined in a blinded fashion by a pathologist (C. Lin). A semiguan-
titative scoring system was used 1o assess the following abnormalities
known 1o be associated with GVHD. as previously described (331 0, nor-
mal; 0.5, focal and rare; 1.0, focal and milds 2.0, diffuse and mild: 3.0
diffuse and moderate; and 4.0, diffuse and severe. Scores were added to
provide a total score for each specimen. Afier scoring, the codes were
broken and data were compiled. Pathological GVHD scores of intestine are
the sum of scores for smafl bowel and colon.

Statistical analvsis

Mann-Whitney U test was applied for the analysis of cytokine data and
clinical scores. We used the Kaplan-Meier product limit method to obtain
survival probability. and the log-rank test was applied for comparing sur-
vival curves. Differences in pathological scores between the a-GalCer-
treated group and the diluent-treated group were examined by two-way
ANOVA, We defined p < 0.05 as statistically significant.

Results

Administration of a-GalCer stimulates lethally irvadiated mice
to produce IFN-y and IL-4

We tirst determined whether adimnistration of synthetic NKT li-
gands such as e-GalCer and OCH can stimulate heavily irradiated
mice 10 produce cytokines, B6 mice were given 13 Gy TBI and
were injected i.p. with a-GalCer. OCIL or diluent 2 h after TBL.
S$ix hours lawr, blood samples were obtained, and serum samples
were prepared for measurement of IFN-y and IL-4. TBI alone or
BMT iselfl did not stimulate diluent-treated mice to produce IFN-y
or IL-4 (Fig. 1). Administration of a-CialCer increased serum lev-
els of IFN-y and IL-4, even in mice receiving TBI. However.
serum levels of 1°N-y were much less in imadiated mice than in
unirradiated mice. By contrast. the ability of irradiated mice o
produce 1L-4 10 a-GalCer was maimained for 48 h after irradia-
tion, Serum levels of IFN-vy and IL.-4 in response to a-CGalCer were
not altered when irradiated wild-type {WT) mice were injected
with § X 10* BM cells and 5 X 10° spleen cells isolated from
allogeneic (BALB/c) donors. Furthermore, these cylokine re-
sponses were not observed when a-GalCer was injected into irra-
diated NKT cell-deficient CD1d™"" mice with or without BMT.
These results suggest that host NKT cells that survive for at least
48 h afier bradiation, rather than from infused donor cells, are
critically involved in the production of these eytokines in response
to glycolipids. Irradiation appears to impair the ability of mice to
produce IFN-y while preserving IL-4 production in response 1o
«-GalCer. Similar cytokine profiles were observed when OCTH was
administered {data not shown).

Administration of a-GalCer to recipients polarizes dontor T cells
toward Th2 eviokine production after allogeneic BMT

Induction of GVHD fundamentally depends upen donor T cell
responses 10 host alloantigens. We next evaluated the effect of
plycolipid administration on donor T cell responses after alloge-
neic BMT in a well-characterized murine model of acute GVHD
(BALB/c— B6) directed against both MHC and multiple miner
histocompatibility Ags. Lethally irradiated BG mice were trans-
planted with 5 X [0° BM cells and 5 X 10° spleen cells from
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FIGURE 1. Cytokine responses to o-GalCer in lethally irradiated mice
with or without BMT. WT and (11d™*~ B6 mice received 13 Gy TBL
Two, 24, or 43 h later. mice were injected i.p. with a-GalCer (100 ppfkg)
or diluent. A cohort of animals were transplanted with allogeneic BM cells
(5 % 10" and spleen cells (5 X 10 from WT BALB/c donors immedi-
ately after TBI followed by injection of «-GalCer 2 h afier TBIL. Six hours
after the administration of «-GalCer, serum sanples were collected. and
kevels of IFN-+ (A and [L-d (B) wene neasured. a-GalCer-treated control
mice without TBI (O, recipients of TBI plus o-GaiCer (0. and recipients
of TBIL allogeneic BMT, and «-GalCer (M) are shown (n = 3 per group).
Results represent one of three similar experinments and are shown as
mean = SD. =, p < 0.05 vs nonirradiated controls. ND. Not detected.

cither syngeneic {B6) or allogeneic (BALB/c) donors. Immediately
after BMT. B6 recipients were injected i.p. with either a-GalCer or
diluent. Six dayx after BMT., T cells isolated from mesenteric LN
of recipient mice were cultured with irradiated B6 peritoneal cells
or with anti-CD3e mAbs and anti-CD28 mAbs for 48 h. and cy-
tokine levels in the supernatant were detenmined. Flow cylometric
analysis showed that >97% of LN T cells from both control re-
cipients and a-GalCer-treated recipients were donor derived. as
assessed by =29 vs H-2" expression. T cells from a-GalCer-
treated mice secreted significantly less JFN-vy, but more [L-4. in
response 10 host alloantigens (Fig. 2. 4 and B} or to CD3 stimu-
lation (Fig. 2. € and D) compared with those from controls. Sim-
ilar results were obtained when T cells isolated from splecns were
stimulated by anti-CD3e and anti-CD28 mAbs. T cells from
a-GalCer-treated mice scereted significantly less IFN-y (18 £ 2 vy
164 = 6 ng/ml). but more IL-4 (1022 = 114 vs 356 = 243 pg/ml).
compared with controls. These results demonstrate that a single
injection of «-GalCer to BMT recipients polarizes donor T cells
toward Th2 responses after allogeneic BMT.

In er-GalCer-treated mice. serum levels of IFN-y were dramat-
ically reduced on day 6 compared with controls (Fig. 343 and
11.-4. which is usually hardly detectable in serum in this model,
fmled to be detected in the serum of mice of either group (data not
shown). This impaired Thl response of donor T cells was associ-
ated with a marked reduction of TNI-ar levels in a-GalCer-treated
mice (Fig. 38).
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FIGURE 2. Administration of «-GalCer (o recipients of allogeneic
BMT polarizes donor T cells toward Th2 cyvtokine secretion. Lethally ir-
radiated {13 Gy) B6 mice were transplanted with BM cells (5 X 10%) and
spleen cells {5 X 10%) isolated from BALB/c mice, followed by injection
of either «-GalCer or control diluent. Mesenteric LN cells obtained from
diluent-treated recipients (b and a-GalCer-treated recipients (M) 6 days
after BMT were standardized for numbers of CD4* T cells as § X 10%/well
and were stimulated with 1 X 10%well of allogeneic or syngeneic perito-
neal cells (A and B) or with CD3(C and Dh. After 48 h, cytokine levels in
the supematant were measured by ELISA. Results shown are mean = SD.
#. p < 0.05 vs diluent-treated group. ND. Not detected: Syn. syngeneic:
Allo, allogeneic,

Administration of «-GalCer or OCH 10 BMT recipients
modulates acute GVHD

We next examined whether immune deviation mediated by admin-
istration of glycolipids can modulate acute GVHD. BMT was per-
formed as above and a-GalCer was injected inunediately after
BMT on day 0. GVHD was severe in allogencic controls. with
27% survival at day 50. A single injection of e-GalCer signifi-
cantly improved survival 1o 86% (p < 0.05) (Fig. 44). Allogencic
control mice developed significantly more severe clinical GVHD
compared with syngeneic controls. as assessed by clinical GVHD
scores (Fig. 4B). Clinical GVHD scores were significantly reduced
in a-GalCer-treated recipients compared with allogencic controls.
but were greater than in syngeneic controls. Histological analysis
showed that admintsiration of «-GalCer significantly suppressed
GVHD pathological scores in the intestine (p < 0.05). Analysis of
donor cell engrafiment at day 60 after BMT in spleens showed
complete  donor engrafiment in  a-GalCer-treated  recipients
(>>99% H-2K**#1i-2K®" donor chimerism). ruling out rejection or
mixed chimerism as a potential cause of GVHD suppression.

Similar protective effects against GVHD were observed in mice
treated with OCH, further confirming the protective effects of NKT
lipands (Fig. 4C). We performed BMT from B6 donors 10 BALB/c
recipients to rule out strain artifacts. Again. a single injection of
a-GalCer to BALB/c recipients reduced GVHD and significantly
improved survival of animals (Fig. 40D).

Host NKT cells and host production of IL-4 are required for
suppression of GVHD by «-GalCer

We examined the requirement of host NKT cells in this protective
etfect of a-GalCer, using NKT cell-deficient CD1d ™~ 1mice as
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FIGURE 3. A single injection of a-GalCer to recipients of allogeneic

BMT markedly reduces serum levels of JFN-y and TNF-«v. WT B6 mice
were transplanted as in Fig. 2. Sera (7 = 3--10/groupt were obtained from
diluent-treated (T and w-GalCer-treated (B recipients on day 6 afler
- BMT, ard serum levels of IFN-y (A) and TNF-a (H) were determined.
Results from three similar experiments are combined and shown as
mean = 8D. », p < 0.05 vs allogeneic. diluent-treated group. ND, Not
detected: Syn. syngeneic: Allo, allogeneic.

BMT recipients. Lethally irradiated CD1d™ " mice were trans-
planted with BM cells and spleen cells from WT BALD/c donors.
followed by administration of a-GalCer immediately after BMT
on day 0. Protective eflects of a-GalCer adimimistration were not
observed when CIYd ™'~ B6 mice were used as recipients. con-
firming the requirement for host NKT cells (Iig. 54). We next
examined the requirement of 11.-4 production by host cells in this
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FIGURE 4. A single injection of NKT ligands to BMT recipients mod-
ulates acute GVHD. BMT was performed as in Fig. 2. A, Survival curves
of syngencic control group (2, solid line: » = 9% allogeneic. diluent-
treated recipients (4. dotted line; » = 151 and allogeneic. o-GalCer-
treated recipients { # . solid line: n = 14) are shown. Data from three
similar experiments were combined. B, Clinical scores of syngeneic control
group (2, solid linek: allogeneic, diluent-treated recipients (&, dotted line ).
and allogeneic. w-GalCer-treated recipients (4, solid line) are shown as
the mean = SE. C, Survival curves of syngencic control group (T, solid
line: st = 6); allogeneic. diluent-treated recipients (A, dotted line; 7 = 1012
and allogeneic. QCH-treated recipients { 4. solid line: 1 = 10) are shown.
Data from two similar experiments were combined. D, Lethally irradiated
(9 Gy) BALB/c mice were transplanted from B6 donors. Survival curves of
the syngeneic control group (Zy solid line: # = 61 allogeneic, dilvent-
treated recipients (A, dotted line; # = 10): and allogeneic. a-GalCer-
treated recipients (4, sokid line: n = 10y are shown. Data from two similar
experiments were combined. *, p < 0.05 vs diluent-treated group.
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FIGURE 5. Tost NKT cells and host IL-4 production are reyuired for
suppression of GVID by a-GalCer. A. Lethally irradiated CD1d™"" B6
mice were (ransplanted as in Fig. 2. Swrvival curves of syngeneic contrel
group {7 solid line: n = 6); allogeneic, diluent-treated recipients (A, dot-
ted line: 1 = 10k and allogeneic. «-GalCer-treated recipients ( 4, solid
line: = 103 are shown. Data from two similar experiments were com-
bincd. B, Lethally iradiated IL-4™*" BG mice were transplanted as in Fig.
2. Survival curves of syngenei¢ controb group (2 solid line: # = 11y
allogeneiv. diluent-treated recipients { A, dotted line: 2 = 141 and alloge-
neic. «-GalCer-treated recipients (¢ . solid line: n = [4) are shown. Data
from three similar experiments were combined.

protective effect. Lethally imadiated 11.-47" B6 mice were trans-
planted from WT BALB/c donars and administered a-GalCer as
above. a-GalCer did not confer protection against GVHD in [L-
4™"" recipients (Fig. 5B). Taken together. these results indicate
that protective effects of a-GalCer are dependent upon host NKT
cells and host production of 1L.-4.

STATS signaling in donor T cells is required for modulation of
GVHD by a-GulCer

To determine whether IL-4-induced signaling in donor T cells is
critical for the protective effect of glycolipids on GVHD. we used
donor spleen cells that lack STAT6 and have impaired [1-4 re-
sponses (34, 35). Spleen cells from STATG ™/~ BALB/c mice and
TCD BM cells from WT BALDB/c mice were transplanted after
lethal TBL followed by a single injection of «-GalCer. a-GalCer
treatment failed 1o reduce morbidity and mortality of acute GVIHD
when STAT6 ™'~ BALB/c donors were used (Fig. 6). demonstrat-
ing that STAT6 signaling in donor cells is critical for the protective
effect of a-GalCer against GVHD,
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FIGURE 6. The protective effects of «-GalCer against GVHID) are de-
pendent upon the STATG pathway of donor T cells. Lethally irradiated B6
mice were ransplanted with TCD-BM cells (4 % 10%) from WT BALB/
niice and spleen cells (5 X 10%) from STAT6 ' BALB/c mice. A. Sur-
vival curves of the syngeneic contral group (Zx solid line: # = 15% allo-
geneic, diluent-treated recipients (A, dotted line: n = 25); and allogeneic.
a-GalCer-treated recipients (4, solid lines n = 25) are shown. Data from
five similar experiments were combined. 8, Clinical GVID scores of syn-
geneic control group {2, solid liner: allogeneic, diluent-treated recipients
(A dotled line): and allogeneic, «-GalCer-treated recipients { # . solid line)
are shown as the mean & SE.
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Discussion ,

NKT cells are eritically involved in the development and suppres-
sion of various autoimmune diseases. In experimental models,
their regulatory mechanisms mostly depend on IL-4 production
and subsequent inhibition of Thl differentiation of amoreactive
CD4™ T cells £ 18). Previous studics have demonsirated that donor
NKT cells regulate acute GVID in an IL-4-dependent manner
when adiministered together with donor inoculum (36). Consider-
ing these immunomodulating functiens of NKT cells, we evaluated
whether stimulation of host NKT cells could modulate GVIHD in
a mouse model of this discase.

Administration of e-GalCer stimulates NKT cells to produce
both IFN-y and IL-4 in naive mice, which can promote Th1 and
Th2 inmunity, respectively (18). We first determined whether ad-
ministration of synthetic NKT ligands such as a-GalCer and OCH
can stimulate heavily irradiated mice to produce cytokines. Sur-
pnsingly, irradiation of mice dramatically reduced [FN-y produe-
tion in response to a-GalCer, while preserving IL-4 production,
This result may account for Th2. but not Th, polarization of donor
T cells by e-GalCer. even in conditions such as allogeneic BMT,
which preferentially promotes Thl polarization. Altheugh mech-
anisms of selective suppression of [FN-y production induced by
irradiation need 1o be elucidated. irradiation may modulate the
¢ytokine production profile of NKT cells or neighboring NK cells.
Although OCH stimulates NKT cells to predominantly produce
IL.-4 compared with a-GalCer. resulting in potent Th2 responses
(27, 31). both OCH and e-GalCer equally stimulate 1L-4 produc-
tion in irradiated mice and exert equivalent protection against
acute GVHD.

Stimulation of host NKT cells by injecting e-GalCer or OCII
polarized doner T cells toward Th2 cytokine secretion. resulting in
marked reduction of serum IFN-vy levels after BMT. Th2 cytokine
responses subsequently inhibited inflammatory cytokine cascades
and reduced morbidity and monality of acute GVHD. as previ-
ously descrnibed (10-12). Inflammatory cytokines have been
shown to be Important effector molecules of acute GVHD (37).
a-GalCer treaument failed to confer protection against acute
GVIID when STAT6™'™ BALB/c donors were used. demonstrat-
ing that Th2 pelarization via STAT6 signaling is critical for this
protective effect of «-GalCer. although STAT6-independent Th2
induction has been reported {38, 39).

«-GalCer did not confer protection against GVHD in CD1d ™~
or IL-47'7 recipients. Therefore, the protective effect of a-GalCer
against GVHD is dependent upon host NKT cells and host pro-
duction of [L-4. Sublethal total lymphoid irradiation enriches NKT
cells in host lymphoid tissues. and these NKT cells induce Th2
polarization of conventional T cells by I1.-4 production, resulting
in reduced GVHD (40-42). These findings are consistent with our
ohservation that IL-4 production is critical for the protective effects
of NKT cells against acute GVHD. It should be noted. however,
that systemic administration of 1L-4 is either ineffective or toxic
(6). Because the cytokine environment during the initial interaction
between naive T cells and APCs is critically important for induc-
tion of Thl or Th2 differemiation (14, local IL-4 production in the
secondary lymphoid organs where donor T cells encounter host
APCs might be necessary 1o cause eflective Th1—Th2 immune
deviation afler allogeneic T1SCT (43).

Current strategies for prophylaxis and treatmem of GVHD pri-
marily target depletion or suppression of donor T cells. These in-
terventions suppress donor T cell activation and are associaled
with increased risk of infection and relapses of malignant discases.
Th1—Th2 deviation of donor T cells represents a promising strat-
egy 10 reduce acute GVHD while preserving eytolytic cellular ef-
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fector functions against tumors and infectious agents (33, 44—47).
To achieve Thl—Th2 immune deviation of donor T cells, cyto-
kines have been admimstered to either donors or recipients in an-
imal models of GVHD. Donor treatment with cytokines such as
IL-18 and G-CSF. and recipient treatment with IL-11, induces Th2
polarization of donor T cells and reduces acute GVHD (33, 44,
48). The present study reveals an alternative stralegy to induce Th2
polanzation of donor T cells by injecting NKT ligands into recip-
ients to activate recipient NKT cells.

Prior studies (36, 40-42, 49) and the current study supgest that
both donor and host NKT cells can regulate acute GVHI through
their unique properties to secrete large amounts of cytokines and
subsequent modulation of adaptive immunity. These studies reveal
that there are several ways by which the NKT cell system can be
exploited to suppress GVIID. First, adininistration of donor NKT
cells expanded in vitro by repeated stimulation with glycolipid
{50) can suppress GVHD (36). Second. total lymphoid irradiation
enriches host NKT cells in lymphoid organs and thereby skews
donor T cells toward Th2 cytokine production (40-42). Third. as
shown here. administration of glycolipid to recipients stimulates
host NKT cells to suppress GVHD. A recent phase I trial for pa-
tients with various solid tutnors demonstrated that adininistration
of a-CialCer was well tolerated with ininimal side effects. which
included temporal fever, headache, vomiting, chills, and malaise
(51). Therefore, a-GalCer treatment may provide an effective and
relalively safe option for preventing GVHD.

Cells belonging to the innate arm of the immune system, such as
monocytes/macrophages. NKT cells, and NK cells. can produce
large amounts of cytokines quickly upon stimulation. Innate im-
munity can thereby augment donor T cell responses to alloantigens
in allogeneic HSCT (3). Qur findings reveal a novel role for host
NKT cells in regulating GVHD and indicate that stimulation of
hosl innate imununity may serve as an effective adjunct to clinical
regimens of GVHD prophylaxis.

Acknowledgments

We thank Kirin Brewery Company for providing synthetic er-GalCer and
Keitaro Matsuo for statistical analysis.

References
1. Childs. R.. A, Chemoff, N. Contentin, E. Bahceci, D. Schrump, $, Leitman,

E. L. Read, J. Tisdale, C. Dunbar, W, M. Linchan, N. S. Young, and A, I Barrett.

2000. Regression of metastatic renal-cell carcinemna after nonmyeloablative al-

logencic peripheral-blood stem-cell transplantation. N, Engl. J. Med 343:750.

Bun. R. K., A. E. Traynor. R. Craig. and A. M. Marmont. 2003. The promise of

hematopoictic ster cell ransplantation for autvimmune diseases. Bore Marrow

Transplunt. 3]:521.

Teshima. T., and J. L. Ferrara 2002, tnderstanding the alksresponse: new ap.

proaches to graft-versus-host disease prevention. Semin. Hematol, 39:15.

4. Mosmann, T. R.. H. Cherwinski, M. W, Bomd. M. A. Giedlin, and R. L. Coffman.
1986. Two types of murine helper T cell clone. 1. Definition acconding fo profiles
of lymphokine activities and secreted proteins. J. Inumunol, 136:2348.

5. Blazar, B. R., . A Taylor, S, Smith. and [). A. Vallera, 1995, Interdeulin-10
administration decreases swivival in miurine recipienis of major histocompatibili ty
complex disparate donor bone marrow grafis. Slood §5:842.

6. Atkinson, K.. C. Matias. A. Guiffre, R. Seymour. M. Cooley. ). Biggs. V. Munro,
and §. Gillis. 1991, In vive administration of granulocyte colony-stimulating
factor (G-CSF). granulocyte-macrophage CSF. interdeukin-1 (IL-1). and 113,
afone and in combination, after allogeneic murine hematopoietic stem cell rans-
plantation. Blood 77:1376.

. Krenger, W., K. Snyder. S. Suiith. and ). L. Ferrara 19, Effects of exogenous
interleukin-10 in a murine model of graft-versus-host disease to minor histocom-
pabiliry antigens, Transplantation 58:125].

8. Nikolic. B., 8, Lee. R. T. Bronson, M. 1. Grushy, and M. Svkes. 2000, Thl and
Th2 mudiate acule graft-versus-hosr disease. each with distinet end-organ targets.
I Clin hvest, 105:1289.

. Hill. G, R.. and 1. L. Fermara. 2000. The primacy of the gastroiniestinal tract as
a targel organ of acule grafi-versus.host disease: rationale for the use of cylokine
shields in allogencic bone marrow transplantation. Blood 95:2754.

10. Krenger. W.. K. M. Snyder, 1. C. Byon. G. Falzarano, and ), L. Ferary, 1995,

Polarized type 2 alloreactive CD4” and CD%" donor T cells fail (o induce ex-
perimenial acuie grafi-versus-host disexse. J. hnuinel. 155:585,

11

w

~

-1

—105 —



556

1L

17.

18,

29,

30,

Krenger. W., K. R. Cooke, J. M. Craw ford. S. T. Sonis, R. Simmons, L. Pan.
). Delmonte, Jr.. M. Karandikar. and ). 1. Ferrara 1996, Transplantation of po-
farized type 2 donor T cells reduces mortality caused by experimental grafi-
versus-host disease. Transplanarion 62:1278.

Fowler. D, H.. K. Kurasawa, R. Smith, M. A. Eckhavs, and R. E. Gress. 1994,
Donor CD4-enriched cells of Th2 cytokine phenotype regulate graft-versus-host
discase withoul inipairing allogencic engraftment in sublethally irradiated mice.
Blood 84:3540.

. Reid, S. D.. G. Penna. and L. Adorini. 2000. The control of T cell responses by

dendritic cell subsets. Curr. Opin. fmoumol 12:114,

., O'Garra, A. 1998, Cytokines induce the development of functionally heleroge-

neous T hetper cell subsets. Irymmite 8:275.

. Kronenberg, M., and L. Gapin. 2002, The unconventional lifestyle of NKT cells.

Nat Rev. Impumel. 2:557.

. Godfrey, D. L, B. R. MacDonald, M. Kronenberg, M. J. Sioyth. and L. Van Kaer.

2004, NKT cells: what's in a name? Nai. Rev. Immunol, 4:231.

Benlagha, K.. A, Weiss. A. Beavis, L. Teyton, and A. Bendelac. 2000. In vivo
identification of glycolipid antigen-specific T cells using fluorescent CD1d tet-
ramers. J. Exp. Med 191:1895.

Taniguchi, M., M. Harda. S. Kojo, T. Nakayama, and H. Wakao, 2003 The
regulatory mle of Veld4 NKT cells in innate and acquired immune response.
Annie. Rev. bomunel. 21:483,

. Yoshimoto, T., A. Bendelae, C. Watson. J. Hu-Li, and W. E. Paul. 1995, Rale of

NKL1"* T cells in a TH2 response and in immunoglobulin E production. Svience
270:1845.

. Bendelac, A.. R. D. Hunziker, and O. Lantz. 1996, Increased interleukin 4 and

immunoglobulin E production in ransgenic mice overexpressing NK1 T cells.
J. Exp. Med. 184:1285.

. Smiley, 8. T.. M. H. Kaplan, aml M. ). Grushy. 197, Inmiunoglebulin E pro-

duction in the absence of interlenkin-4-secreting CD1-dependent cells. Science
275:977,

. Menditatta, §. K.. W. D. Martin, S. Hong. A. Boesteanu, 8. Jovee. and

L. Van Kaer. 1997. CDId1 mutant mice are deficient in nataral T cells thal
promplly produce 1L4. Imununity 6:469.

. Chen. Y. H.. N. M. Chiw. M. Mandal. N. Wang. and C. R. Wang. 1997, lmpaired

NK1* T cell developinent and early IL-$ production in CD1-deficient mice.
Immunity 6:459.

. Bendefac, A, 1995 Positive selection of mouse NK1* T cells by CD L-expressing

cortical thymweyies, L Exp. Med J82:2091.

. Coles. M. C.. and D. H. Raulet 2000, NKL.}” T cells in the Liver arise in the

thymus and are sclocted by interactions with class 1 molecules on I CD8™
cells. J Jmmunol. 163:2412.

. Kawano. T.. ), Cui, Y. Koczuka 1. Toura, Y, Kaneko. K. Motoki, H. Ueno.

R. Nakagana, H. Sato. E. Kondo, H. Koseki, and M. Taniguchi, 197, CDId-
restricted wxl TCR-mediated activation of va 14 NKT cells by glycosyleeram-
ides. Seience 278:1626.

. Miyamoto, K.. $. Miyake. and T. Yaniamura. 2001. A synthetic glycolipid pre-

venls antoimmune encephalomyelitis by inducing TH2 bias of natural killer T
cells. Nature 413:531.

. Wall, I, A., $. D. Hamberg. D. S, Reynolds, S. 1. Burakoff, A, K. Abhas. and

J. L. Ferara. 1988, Immunodeficiency  in grafi-versus-hosi  disease.
1. Mechanism of immune stuppression. J. Jemuinel, 140:.2970.

Cooke. K. R.. L. Kobzik, T. R, Matin, L Brewer. ). Delmonte, Jr.
1. M. Crawford, and ), L. Ferrwa 1996, An experimental model of idiopathic
preunionia syndrome afier bone marrow tansplantation. 1 The roles of minor H
antigens and endotosin, Blvod 88:3230.

Kobayashi, E., K. Motoki, T. Uchida, H. Fukushini. and Y. Koeruki 1995
KRN7000, a novel immunomadulater, and its antitumor activities. Oncel. Res.
7:529.

. Oki, §.. A. Chiba. T. Yamamura, and S. Miyake, 2004, The clinical implication

and melecular mechanism of preferenrial T4 production by modified glycolipid-
stimulated NKT cells, B Cline Irvest. 113:1631.

. Teshima. T.. N. Mach, G. R. Hill, L. Pan. S. Gillessen, G. Dranofl. and

). L. Femara 2061 Tumor cell vaccine elicits potent antitumot immunity after
allogeneic T-cell-deplered bone marrow transplantation. Cancer Res, 01162

— 106 —

33,

35

41.

43,

45,

44,

49,

s0.

s

HOST NKT CELLS REGULATE ACUTE GVHD

Hill, G. R.. K. R. Coocke, T. Teshima. 1. M. Crawford, ). C. Keith. Jr,
Y. S. Brinson, D. Bungard, and 1. L. Ferrara. 1998. Infedleukin-£1 promotes T
cell polarization and prevents acute grafl-versus-host disease afier allogencic
bone marrow transplantalion. J. Clin. fmvest. 102:115,

. Takeda, K.. T. Tanaka, W. Shi. M, Matsuwoto, M. Minami. 5. Kashiwamura,

K. Nakanishi. N. Yoshida, T. Kishimoto, and 8. Akira 1996, Essential role of
Sia16 in 1L-4 signalling. Nature 380:627.

Shimoda, K., . van Deursen. M. Y. Sangster, 5. R. Samwar. R. T. Carwon,
R. A. Tripp. C. Chu, F. W. Quelle. T. Nosaka, D. A. Vignali. et al. 1996, Lack
of IL-4-induced Th2 response and 1gE class switching in mice with disrupted
Staté gene. Narure 380:630,

Zeng. D., D, Lewis. 5. Dejbakhsh-Jones, F. Lan. M. Garcia-Ojeda. R. Sibley, and
S. Strober. 1999, Bone marrow NK1.17 and NK1.1* T cells reciprocally regulare
acule grafl versus host disease. . Exp. Med, 189:1073,

. Teshima. T.. R. Ordemann, P. Reddy. S. Gagin, C. Lin. K. R. Cooke, and

1. L. Ferrara 2002, Acute grafi-versus-host disease does not require alloantigen
expression oh host epitheliun. Nat. Med 8:575.

Reiner, 8. L. 2001, Helper T cell differentiation, inside and out. Carr. Opin.
Inununol 13:351,

. Farrar, I D.. H. Asnagli. and K. M. Murphy. 2002, T helper subset development:

rolus of instruction, sclection. and transcription. J. Clin. hrvest, 109:431.

. Lan. F.. D. Zeng. M. Higuchi. P, Huie, 1. P. Higgins. and §. Strober. 2001.

Predominance of NK1.1*TCRop™ or DX5*TCRaf3* T cells in mice condi-
lioned with fractionated lymphoid imadiation protects against grafi-versus-host
discase: “naqural suppressor” cells, J. brmanol, 1672087,

Righy. §. M.. T. Rouse. and E. H. Field, 2003. Total lynipheid imadiation non-
myeloablative precomditioning enriches for TE~+producing CD4”-TNK cells and
skews differentiation of immunocempetent donor CD4 ™ cells. Blood J01:2024.

. Lan, F., D. Zeng, M. Higuchi, J. P. Higgins. and S. Straber. 2003, Husl condi-

tioning with total Iymphoid irradiation and antithymouyte globulin prevents grafi-
versus-host disease: the role of CD L-reactive namral killer T cells. Biok Bioad
Marrow Transplani. 9:355,

Morita. Y., ). Yang, R. Gupta, K. Shimizu. E- A. Shelden, ). Endres, 1. ). Mule.
K. T. McDonagh. and D. A, Fox. 2001. Dendritic cells genetically engineered to
express IL-4 inhibit murine collagen-induced arthritis. L Clin. Tavest. 107:4275.

. Reddy, P.. T. Teshima, G, Hildebrande, D. L. Williams. C. Liu, K. R. Cooke, arxl

J. L. Ferara, 2003, Pretreatnent of donors with interleukin-18 attenuates acule
graft-versus-host discase via STATG and prescrves grafi-versus-leukemia effocts,
Bioad 101:2877.

Fowler, D. H., and R. E. Gress, 2000. Th? and Tc2 cells in the wegulation of
GVHD. GYL, and grafl rejection: consideranions for the allogeneic ransplanta-
ton therapy of leukemia and mphoma, Leak. Lymphoma 38:221.

Teshima, T.. G. R. Hill. L. Pan. Y. S, Brinson, M. K. van den Brink. K. R. Cooke,
and 1. L. Ferrara. 1999, 1111 separates grafi-versus-leukemia effects from grafl-
versus-host diseuse after bone marrow transplantation, J. Clin. Invest. 104:317.

, Fermando, G. J.. T. ). Stewant. R, W, Tindle, and L H. Frazer. 1998, Th2-type

CDd™ cells neither enhance not suppress anmmmor CTL activily in a mouse
rumor model. L ol 101:2421,

. Pan. L.. J. Delmonie, Jr., C. K. Jalonen, and ). L. Ferrara 1995, Prefreatment of

donor mice with granuiocyte colony-stimulating faclor polanizes donor T lym-
phocyles toward 1ype-2 cyrokine production and reduces severity of experimental
graft-versus-host disease. Blood 86:4422.

Morecki. §.. S, Panigrahi. G. Pizov, E. Yacovlev. Y. Gelfand, O, Eizik. and S.
Slavin, 2004. Etfect of KRNT000 on induced graft-versus-host disease Exp. He-
nutol, 32:630,

Rogers, P. R., A, Matswnoto, (. Naidenko, M. Kronenberg, T. Mikayama, and
4. Kato, 2004, Expansion of human Vu24" NKT eells by repeated stimulation
with KRN7000. J. Imununol. Methods 285:197.

Gisecone, G.. €. ) Punt. Y. Ando. R, Ruijrer, N. Nishi, M. Peters,
B. M. von Blomberg, R- ). Scheper. H, 1. van der Vier, A. ). van den Ecrmwegh,
et al. 2002 A phase | shady of the natvral Killer T<ell ligand a-galactosylcer-
anide (KRN7000 in patients with solid tumors, Chin, Cancer Res. 8:3702,




Cellular and Molecular Newrobiology, Vol. 24, N6, December 2004 (<0 2004)

Gene Expression Profile Following Stable Expression
of the Cellular Prion Protein

Jun-ichi Satoh'? and Takashi Yamamura'

Received April 20, 2004: aeceptod July 29, 2004
SUMMARY
1. The ccllular prion protein (Pr*Cyis expressed widely in neural and nonncural tissues

at the highest level in beurons in the central nervous system (CNS).

2. Recent studies indicated that transgenic mice with the evtoplasmic accumulation of
PreC exhibited extensive neuradegeneration in the cerebellum. although the underlying
mechanism remains unknown. Toidentify the genes whose expression is controlled by over-
expression of Pri’Cin human cells. we have established a stable Pri’Ceexpressing K293
vellline designated P1 by the site-specific recombination technigue.

2 Microarray analysis identified 33 genes expressed differentially between Pl and
the parent PriC-non-expressing cell line among 12814 genes examined. They included
I8 genes involved in neuronal and glial functions. 5 related (o production of extracellular
matrix proteins, and 2 located in the complement caseade,

4. Northern Mot analysis verilied marked upregulation in 1’1 of the brain-specitic pro-
tein phosphabase 2A beta subunit (PPP2R2K). a causative pene of spinvccrebellar ataxia

2.and the eerebellar degeneration-related avtoantigen (CHR3) gene associated with de-
velopment of parancoplastic cerebellar degeneration.

8. These results indivite thal accumulation of P'rPC in the cell caused aberrant regu-
lation of a battery of the genes impostant for xpecilic neurenal function. This represents i
pussible mechanism anderlying, PrPC-mediated selective neuradegeneration,

KEY WORDS: DR collular prion protein: complement: exiracellular matrix:
micraarray: neurodegencration: PRP2R2E,

INTRODUCTION

Prion discases are a group of neurodegenerative disorders affecting both animals and
humans (Prusiner, TYY8). The great majority of prion diseases are transmissible and
characterized by intracerebral accumulation of an abnormal prion protein (PriPSe)
that ts identical in the amino acid sequence to the cellular isoform (PrPC) encoded
by the PRN I pene, However, PrPSc diflers biochemically Irom PrPPC by ils g-sheet-
enriched structure, detergent insolubility, limited proteolysis by proteinase K, and a
slower turnover rate (Prusiner, 1998). Previous studies suggest that the conversion
ol PrPCanto PrPSce is mediated by a homotypic interaction between endogenous
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PrPC and incoming or de novo-generated PrPSc via an undelined postiranslational
process (Prusiner, 1998). PrPC is postranscriptionally modified by the addition of
two Asn-linked oligosaccharides that modulate the affinity of PrPC lor a particular
conformer of PrPSe (DeArmond ef of., 1997). PrPC is attached on the cell surlace
via a glycosylphosphatidylinositol (G PE) anchor. 10 is expressed widely in neural and
nonneural tissues at the highest level in neyrons in the central nervous system (CNS)
(Bendheim et af., 1992). Although the precise biological function of PrPC remains
largely unknown, its location on the cell surface of neurons supgests a role of PrPC
in neuritogenesis (Graner ¢f of., 2000), neuronal cel! adhesion (Schmitt-Ulms ef o/,
2001), and a receptor Tor neurotrophic factors (Chiarini ef of., 2002). F'urthermore, an
octarepeat region of PrPC with a copper-binding capacity is involved in the copper
metabolism (Browner af., 1997). A previous study reported that a line ol transgenic
mice overexpressing, PrPC showed necrotizing myopathy, demyelinating polyncu-
ropathy, and focal vacuolation of the CNS (Westaway ef af., 1994). A more recent
study showed that mice overexpressing a cylosolic form of PrPC exhibited exten-
sive neurodegenceration in the cerehellum, although the mechanism underlying the
selective neuredegenceration remains unknown (Ma e al., 2002). These observations
suggest that PrPC, when expressed aberrantly in the cell, becomes pathogenic,

Previously, several groups have established lines ol PrPC-deficient (PrP /)
mice, designated Ziir-1, Zir-11, Npu, Ngsk, Rikn, and RemO by using different gene-
targeting strategies (Bicler er af., 1992; Kuwahara of af., 1999; Manson ¢f aof., 1994,
Maoore ef af-, 1999; Rossi e af., 2001; Sakaguchi er al., 1996). All of these mice exhib-
ited normal carly development and complete protection against scrapic infection,
‘These obscrvations indicate that PrPCis dispensable for embryonie development,
but is essential for inducing prion discases, Ziir-1 mice showed an impairment of
GABA receptor-mediated fastinhibition and long-term potentiation in hippocam-
pal CA1 pyramidal neurons, suggesting that PrPCis necessary for synaptic function
(Collinge er al.,1994). Both Ziir-1 and Npu mice showed an altered circadian activity
rhythm and sleep pattern (Tobler er of., 1996). Nesk, Rikn, Remil), and Ziir-[1 mice
exhibited proeressive cerebellar ataxia due (o an extensive loss of Purkinje cells in
the cerebellum, accompanicd by an cetopic expression of downstream prion-like
protein, Doppel (Dpl) (Moore ef af., 1999; Rossi ef of., 2001; Sakaguchi ¢t al,, 1996),
We previously showed that several genes located in the Ras and Rac signaling path-
way, important for cel) proliferation, differentiation, and survival, were aberrantly
regulated in cultured fibroblasts isolated from Nesk mice (Satoh er of., 2000). How-
ever, very little is known about the genes whose expression is controlled by Pri’(Cin
human cells. '

In the present study, we have established a stable human PriPC-expressing cell
line designated P1 by the site-specific recombination method. This technique allows
us Lo integrate the transgene into a single target site located in a transcriptionally
active locus of the genome. It minimizes the opportunity for random integration ot
the transgene in the genome that potentially causes aberrant gene regulation, and
excludes the detection of the genes regulated only transiently by the transfection pro-
cedure. To identily the genes whose expression is allected by accumulation of PePC,
the gene expression profile was compared on a 12,814 cDNA microarray between
P1 and the parent PrPC-non-expressing, cells.
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MATERIALS AND METHODS

‘stablishment of a Stable PrPC-Expressing Cell Line

‘The human embryonic kidney 111EK293 cells whose genome was modified for
the Ilp-In system were obtained from Invitrogen, Carisbad, CA. They were named as
I'Tcells in the present study. 1°1 contains a single Ilp recombination target (IFRY site
targeted for the site-specilic recombination, which is integrated in a tra nscriptionally
active locus of the genome, where it stably expresses the JacZ-Zeocin fusion gene
driven from the plRT/ acZ.co plasmid under the control of SV40 carly promoter.
Il cells were maintained in Dulbecco’s moditied Lagle's medium (DM1:M) supple-
mented with 10% fetal bovine serum (FBS), 100 U/ml. of penicillin, and 100 g o/ml. of
streptomycin (feeding medium) with inclusion of 100 y.g/ml. of Zeocin (Invitrogen).

The entire open reading frame (ORI of the human PRNP pene (GenBank
aceession no. M13899) that encompasses both N-terminal and C-terminal signal se-
quences was amplificd by polymerase chain reaction (PCR) from ¢DNA isolated
from N'lera2-derived human neurons (Satoh and Kuroda, 2000), using the sensc
and antisense primers (5'caccatggegaacctigeelectggatd and §'teccactalcaggangal page
aad). Itwas then cloned in a mammalian expression vector named pLEFS/FRTIVSID-
TOPOwhich contatns a C-terminal V5 tag sequence for detection of the recombinant
protein (Invitrogen) (pEFS/FRT/PIPC-VS). The orientation and sequence of the
cloned gene were verified by direet sequencing analysis. The sequence was identical
to that of PrPC having tive octapeptide repeats, Met at codon 129 and Glu at codon
219. Either the PrPC expression vector or the veetor named plFSARITIVS/GW-
CAT which contains the chloramphenicol acetyliransferase (CAT) gene Tused with
a Coterminal V5 tag (Invitrogen) (pLEFS/FRTICAT-VS), together with the Ilp re-
combinase expression vector pOG44 (Invitrogen), was transfected in 11 cells by
Lipolectamine Plus reagent (Invitrogen). Stable cell lines were established after
incubating the transfected cells for longer than 2 months in the feeding medium
with inclusion of 100 yeg/ml. of Hygromycin B (Invitrogen) (the selection medium),
The stable PrPC-expressing or CAT-expressing cell line was designated P1 or Cl,
respectively.

Transient Expression of PrPPC in Human Nearonal Progenitor Cells in Culture
8

‘Toidentily the genes whose expression is controlled by transient overexpres-
sion of PrPC in human ncural cells, the vector pEESAPRT/PIPC-VS or pElS/ERTY
CAT-VS5 was translected by Lipofectamine 2000 reagent (Invitrogen) in human neu-
ronal progenitor (NP) cells isolated from the brain of a human felus at 18.5-week
gestation (BioWhittaker, Walkersville, MD). NP cells plated on a polyethylencimine-
coated surlace were incubated in DMEM/E-12 medium containing an insulin-transf
crrin=sclenium (FI'S) supplement (Invitrogen, Carlsbad, CA), 20 ng/ml. recombi-
nant human epidermal growth factor (Higeta, Tokyo, Japan), 20 ng/ml. recombi-
rant human basic fibroblast growth factor (Peprolech 1XC, London, UK), and 10
ng/ml. recombinant human Jeukemia inhibitory factor (Chemicon, Temecula, CA)
(NI medium).
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Microarray Analysis

P1, C1, and 11 cells were incubated for S days in the feeding medium withoult
the addition of either Zeocin or lygromycin B to exclude any potential effects of
these antibiotics on gene expression. Then, total RNA was isolated from the cells
by using TRIZOL rcagent (Invitrogen) and RNcasy Mini Kit (Qiagen, Valencia,
CA). Five micrograms of purificd RNA was in vitro amplified once and the antisense
RNA (¢RNA) was processed for microarray analysis as described previously (Koike
ef al., 2003). Two dilferent arrays stilized in the presentstudy include a 12,514 cDNA
microarray (Agilent ‘Technologies, Palo Alto, CA) and a 17,803 oligonucleotide mi-
croarray {(Agilent ‘Technologies). Both arrays contain the spots of sequence-known
genes of various functional classes, including oncogencs, transcription factors, Sig-
nal transducers, cell-cycle regulators, cytokines, growth factors and their receptors,
apoptosis regulators, and housckeeping genes. ‘The complete gene list is available
on the World Wide Web (www.chem.agilent.com). For ¢cDNA microarray analysis,
¢RNA isolated from P1 cells was labeled with a fluorescent dye CyS, while cRNA of
171 cells was labeled with Cy3 by the reverse transcriptase reaction. ‘The array was
hybridized at 65°C for 17 h in the hybridization bufler containing equal amounts
of Cy3- or Cy5-labeled ¢DNA. ‘They were then scanned by the Agilent scanner
{Agilent "Technologies) and analyzed by using the eature Lixtraction soltware
(Agilent Technotogies). The fluorescence intensitics (17T) of individual spots were
quantificd Tollowing global normalization between Cy3 and Cy5 signals. The amount
and guality of dye-labeled ¢DNA between two samples were verified by analyzing a
scatter plot. The ratio of I'l of Cy5 signal versus 1] of Cy3 signal exceeding 3.0 was
defined as significant upregulation, whereas the ratio smaller than 0.3 was considered
as substantial downregulation.

Northern Blot Analysis

‘Three micrograms of total RNA was separated on a 1.5% agarose-6% formalde-
hyde gel, transferred onto nylon membrancs, and immobilized by UV fixation. Afler
prehybridization, the membranes were hybridized at 53 Covernight in the hybridiza-
tion bufler containing a digoxigenin (DIG)-labeled DNA probe synthesized by PCR
DIG probe synthesis kit (Roche Diagnositics, Mannheim, Giermany) using the fol-
fowing sense and antisense primers: 5 catglecgetgatgacelga eeatd and Scatagaggean
acagetigetecd” (the product size is 437 bp) for the protein phosphatase 2A # subunil
(PPP2R213) gene (M64930), 5 ggaagacgtggaciigerggaagald and § caggtettecagtcaglen
elgle3’ (427 bp) for the cerebellar degeneration-related autoantigen (CH R34y gene
(M16Y965),5 lggeccgagatpctiaagiatpacd and S'celeageaaglaciggeteticacd’ (396 bp) for
the secreted frizzled-related protein 1(SFRPT) gene (ALOS6087), Salgaggaageacclg
agclpotopd’ and 5'gecceletecaaccanaactepcad’ (456 bp) for the Doppel (PRND) pene
(AI'T06918), and Sceatgticplcatggglplgaaccad’ and 5 pecaglagagecagepatpatgticd
(251bp) for the elyceraldehyde-3-phosphate dehydrogenase (GAPD) eene (104038,
Alter the probes were stripped by incubating the membranes in 0.1% SDS solution
boiled for 10 min, they were processed for rehybridization with the DIG-labeled
DNA probe specific for the GAPD gene lor standardization of the amounts of RNA.
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‘The specific reaction was visualized by exposing the membranes on Kodak X-OMAT
AR X-ray ilms using the DIG chemiluminescence detection kit (Roche Diagnositics)
as described previously (Satoh et al., 2000; Satoh and Kuroda, 2000).

Western Blot Analysis

Toprepare total protein extract, the cells were homogenized in RIPA lysis buller
composed of SUMM ‘Iris-HCI, pl 7.5, 150 mM NaCl, 1% Nonidet P40, 0.5% sodium
deoxycholate, 0.1% SDS and a cocktail of protease inhibitors (Roche Diagnositics),
followed by centrifugation at 15,000 rpm for 20 min at room temperature (RT). The
supcrnatant was collected for separation on a 12% SDS-PAGL: gel as described pre-
viously (Satoh ef al., 1998). ‘I identify the glycosylated PrPC isoforms, 40 e of
total celbular protein of P1 cells was deglycosylated by incubating the protein at 37 ¢
for 3 h with 5000 U peptide N-glycosidase 1° (PNGase I New England Biolabs
Beverly, MA) belore separation on the gel. 'To identify the GPl-anchored PrPCiso-
forms, P'1 cells were cultured overnight at 37-°Clin the serum-free DMEM, foliowed
by incubation at 37 C for 3 hin the serum-free DMEM supplemented with 5 U/ml,
phosphatidylinasitol-specific phospholipase C (PIPLC; Sigma, St. Louis, MO). Then,
the culture supernatant was harvested and coneentrated at an 1/30 volume by cen-
trifugation on a Centricon-10 filter (Millipore, Bedford, MA),

Alter gel electrophoresis, the protein was transferred onto nitrocellulose mems-
branes followed by immunolabeling at RT Tor 1 h with a mouse monoclonal anti-
body against V5 (1:10,000; Invitrogen). ‘The membranes were then incubated at RT
for 1 h with TIRP-conjugated anti-mouse 1€ (1:5,000; Santa Cruz Biotechnology,
Santa Cruz, CA). After the antibodies were stripped by incubating the membrancs
at 50°C for 30 min in the stripping bulfer composed of 62.5 mM 'Tris-HC), pll 6.7,
2% SDS and 100 mM 2-mercaptocthanol, they were processed for relabeling with a
mouse monaclonal antibody against human PrPC reacting with an epitope located in
the amino acid residues 95-110 (8GS, 1:500; Cayman Chemical, Ann Arbor, MI), a
goat polyclonal antibody against the peptide mapping near the C-terminus of human
PrPC (1:500; €-20, Santa Cruz Biotechnology), or with a goat polyclonal antibody
against human heat shock protein HSPOO, a housekeeping gene product (1:10,000;
N-20, Santa Cruz Biotechnology) for standardization of the amounts of protein. They
were [ullowed by incubation with HR P-conjugated anti-mouse or goat g€ (1:5,000,
Santa Cruz Biotechnology). The specific reaction was visualized by the Western blot
detection system using a chemiluminescent substrate (Pierce, Rockford, 11.).

Immunocytochemistry

Double-labeling immunocytochemistry was performed according to the meth-
ods described previously (Satoh ef al., 1998). In bricf, the cells on cover plasses were
cither unfixed or fixed at 4 C {or 10 min in 4% paraformaldehyde (PIA) in 0.1 M
phosphate buffer, pll 7.4. The latter was followed by incubation at RT for 10 min
in phosphate-buffered saline (PBS) containing 0.5% “Triton X-100. They were then
incubated at RT for 15 min in PBS containing 10% goat scrum and 10% human
serum (o block nonspecilic binding of the antibodics. The cells were incubated at RT
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for 30 min with 8G8 antibody (1:200), followed by incubation at R for 30 min with
rhodamine-conjugated anti-mouse 12G (1:80; ICN-Cappel, Aurora, OH). They were
then incubated at R1 for S min with 4'.6'-diamidino-2-phenylindole (IDAPL) (1:30,000,
Molccular Probe, Lugene, O11). Alier several washes, cover glasses were mounted
on slides with glycerol-polyvinyl alcohol, and examined on a Nikon ECLIPSE E8(K)
universal microscope. Negative controls underwent all the steps except for exposure
(o the primary antibody.

RESULTS

Characterization of a Stable PeP’C-Expressing Cell Line Designated Pl

‘The human PrPC expression vector was transfected in I'1 cells which have a
defined VRT site in the genome for (he site-specific recombination. A stable PriPC-
expressing cell line was established by incubating the transfected cells in the selec-
tion medium for longer than 2 months and it was designated P1. For the control
ol transgene expression, another stable ccll line expressing CAT was established by
transfection of the CAY expression vector in 171 cells and it was designated C1. 11
expressed constitutively a weak 2.6-kb band of the ccllular PrP mRNA, whereas
P1 expressed an intense 1.2-kb transcript and several isoforms corresponding to the
Pri® transgene transcripts (Fig. 1(a), Janes 1,2). Both 11 and P1 did not express the
Doppel mRNA (Fig. 1(¢), lanes 1, 2). P1 expressed a single 36-kDa protein labeled
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Fig. 1. Establishment of a stable PrPC-expressing cell line designated PL A stable Prix -expressing cell
line designated 11 was established by transfection of the PrC expression veetor in HEK293 cells whose
genome was modificd for the Fp-In system (11 eells), Tor the control of the transgens cxpression, another
stable coll line expressing CAT was established and designated CL They were processed for Narthern
blot analysis {3 12 of RNA per Tane, panclsa d) and Western blot analvsis (20 pp of protein per lane,
panelse i) The lanes I 3represent (1 F1.(2) PLand (3)Cl cells The panelsa i indicate (a) PrI mRNA:
(b} alveeraldehyde-3-phosphate dehydrogenase (GAPDYmMRNA on the identical blot of (a): (¢) Doppel
(PRND) mRNA: () GAPD mRNA on the identical blot of (€3 (e} VS (0} PrPC(8GS) on the identical
Blot of (¢} {£) TISPO0 on the identical blot of {e}: (h} PrRC(C20): and (i) TISPAO on the identical blot of
(). The RNA size marker is shown on the left in panels a-d. The malecular weight marker is indicated
on the leftin pancls e i,
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with anti-V5 antibody and two dilferent anti-human PriC antibodies (8G8 and C20)
(Fig. 1{e),(f), and (h), lanc 2). Thus, this protcin represents the recombinant human
PrPCfuscd witha V5 taginits C-terminus. On the other hand, C1 expressed a 29-kDa
protein corresponding to the recombinant CAT-VS fusion protein (Lig. 1(e), lane 3).
‘The morphology and cell growth rate were not different among these cell lines

@ & | ©
36 - .

-
7. 3 -

(b}

60 -

Fig. 2. Identification of PePCin P1eells ‘To identify the glyeo-
sylated Pri’Cisoforms, 40 prg of total cellular protein of 1Pl was
deglycosylated by incubation with PNGase 1< at 37 C for 3 k. and
it was then progessed foe Western blot analysis (pancls a.b). The
lanes 1. 2 represent (1) untreated and (2) PNCiase F-treated pro-
tein e panelsa. bindicate () Pri*C (8GRY and (b) HSP6O on the
identical blot of (a). 'To identify the GPLanchored PrPC isoforms,
1 eclls were incubated at 37 Clor 3 hin the serum-free DMEM
supplemented with PIPTC. Twenty microliters of the concentrated
cufture =upernatant was provessed for Western blot analysis using
RGE (panel ¢). The lanes 1, 2 represent the culture supernaiant of
(1Yuntreated and (2) PIPLCtreated Pl cells. The molecular weight
marker is indicated on {he el in pancls a ¢, 'fo determine {he
subcellulan Tocation of PrPC, PLeells were processed for double-
tabeling immunocytochemistry. The panels d g represent unfixed
cells stained with (d) 8GS or () DAL and 3% PEA-fixed. 0.1%
Triton X- 100-permeabilized cells stained with (1) 8GS or (2) DAL
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To identify the glycosylated PrPCisolorms, tolal cellular protein of P1 was incu-
bated with PNGase E, and separated on the SDS-PAGE gel. After deglycosylation,
two distinct bands of 33-kDa and 27-kDa labeled with 8G8 were identified in P1
(Iig. 2(a), lane 2). "Ihis indicates that the recombinant PrPC expressed in P1 was
heavily glycosylated. o identify the GPl-anchored PrPC isoforms, the supernatant
was collected from the culture of 1 before and after treatment of the cells with
PIPLC. A broad 32- (o 40-kDa band labeled with 8G8 (Ig. 2(¢), lane 2) but not with
V5 (not shown) was identified only in the culture supernatant of P1 cells after treat-
meat with PIPLC. This suggests (hat a constderable amount of recombinant PrPC
was processed physiologically to a GPl-anchored protein attached on the cell surface
of P1 following the cleavage of the C-terminal VS tag. By immunaocytochemistry, Pl
cells expressed an intense 8G8 immunoreactivity detectable not only on the surlace
(1ig. 2(d)) but also in the cytoplasm (Fig. 2(1)), while negative control cells showed
no immunalabeling (not shown).

The Genes Differentially Expressed Between P1and FI

A scatter plot exhibiting the comparison between Cy5 and Cy3 signals showed
a well-confined lincar pattern, indicating that the amount and quality of dyc-Tabeled
¢DNA processed for hybridization in microarray analysis were quile similar between
Pt and 11 samples (Fig. 3(a)). Among 12,814 genes on a cDNA array, 33 genes were
found 10 be expressed dilferentially between P1and 11 (Table 1), Among them, 21
genes were upregulated, whereas 12 genes were downregulated in P1ecells (Tabie I).
Because this array contains a spot derived [rom the 3" non-coding sequence of the
PRNP gene, PrP was nol identified as one of upregulated genes in P1.

‘To verily the microarray data, three genes were selected for quantification by
Northern blot analysis. P1cells but neither 191 nor CIexpressed a 2.3-kb transcript
of the PPP2R2E genc (Fig. 3(D), lane 2). Again, only P1 cells expressed a 1.5-kb
transcript of the CPR34 pene (Fig. 3(d), lane 2). In contrast, both 11 and C1 cells
but not P1 expressed a 4.5-kb transcript of the SFRPI gene (Fig. 3(M), lanes 1.3).
These observations indicate that the diflerential expression of PPP2R2B, CDR34,
and SFRPI genes among these lines does not refleet an epiphenomenon due (o
overexpresston of the transgenes or VS tag, but represents PrPC o overexpression-
specilic aberrant gene regulation,

Upregulation of Interferon-Responsive Genes Following Transient Overexpression
"~ of Exogenous Genes in Haman Neuaronal Progenitor Cells in Culture

‘Toidentify the genes whose expression is controlled by transient overexpression
of PrPC in human ncural cells, the PrPC expression vector or the CAT expression
vector was translected in NP ¢ells by Lipofectamine 2000 reagent. Total cellular RNA
was isolated at 48 h after transfection and then processed for microarray analysis,
Upregulated expression of Pri’C or CAT in the transfected cells was verified by
Northern blot analysis and Western blot analysis (Supplementary Tigure on the
website). The gene expression profite was compared on a 17,803 oligonucleotide
microarray between NP cells exposed 1o Lipofectamine 2000 reagent alone and
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Fig. 3. Differentinl expression of PPP2R2B. CORI. and SFRIPYTmRNA between Pland IF1L The ¢ DNA
prepared from PLor Il cells labeled with CyS or Cy3, respectively. was processed for hybridization on a
12814 eDNA microarray. The figure (a) represents a seatter plot exhibiting the comparison between the
Muoreseence intensity (1) of CyS sipaals in the longitudinal axis and FL ol Cy3signals in the horizontal
axis To verify the microareay data. total eellular RNA of FLLPLand C) cells was processed for Northern
blot analysis {3 pg of RNA per lane, pancls b g). The tanes | 3 represent (1) 1L (2) PLLoand (3) €
cell The panels b g represent (b protein phosphatase 2A beta subunil (PPP2R21) mRNA: (¢) GAPD
mRNA on the identical Dlot of {b); (d) cercbellar degenceralion-related autoantigen (CHDR3A) mRNA:
(C}GAPDMRNA on eidentical blotof (d): (0 secreled frizzled-related protein | ($FRPHYmMRNA:and
(2) GAPD mRNA on the identical blot of (1} The RNA size marker is shown on the lefl in panclsb g

those transfected with the PrPC expression vector. One hundred genes were Tound
to be upregulated in the PrPC expression vector-transiected NP ¢ells. Surprisingly,
24 genes among them were categorized into known interferon (IFN)-responsive
genes (Supplementary Table on the website). Northern blot analysis verified remark-
able upregulation of IN-induced protein with tetratricopeptide repeats 1 (1rn
and [I'N-stimulated genc 15 (G712) in both PrPC expression vector-transfected and
CAT expression vector-transfected NP cells but not in NP cells expased 1o Lipolec-
tamine 2000 reagent alone (Supplementary Figure on the website). ‘These observa-
tions indicate that the global upregulation of 11'N-responsive genes was not caused
by treatment with the liposomal reagent, but induced by transicnt overexpression
of exogenous genes in NP cells, which robustly activated the interferon system.in
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