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FIGURE 4. Effects of ghrelin treatment on the induction of encephali-
togenic T cells. MOG;;_ss-sensitized lymphoid cells were derived from
MOG;4_ss-immunized and (A) saline- or (B) ghrelin-treated mice (n =
15/group). The cells were stimulated with MOG;5_ss and CD4* T cells
were separated 3 days later for passive transfer of EAE into naive mice
(n = Slgroup). Data represent individual EAE score for each mouse.

inhibit induction of MOG,;_ss-reactive T cells, but would prohibit
the ability to cause EAE in vivo. In postulating that this could
happen, CD4" T cells from ghrelin-treated donors should be less
encephalitogenic than those from saline-treated mice. The results
showed that transfer of activated CD4™ T cells either derived from
saline- or ghrelin-treated donors induced passive EAE in the re-
cipients, showing approximately the same clinical course and se-
verity (Fig. 4). Thus, it can be concluded that ghrelin treatment
does not affect the induction of encephalitogenic MOG,_ss-reac-
tive CD4™" T cells.

Ghrelin decreases mRNA levels of proinflammatory cytokines in
the CNS

After demonstrating that ghrelin does not suppress the infiltration
of inflammatory cells in the spinal cord, we wondered whether the
cytokine milieu in the ghrelin-treated mice could be significantly
altered. To answer the question, we analyzed the mRNA levels of
pro- and antiinflammatory cytokines (IFN-y, TNF-q, IL-18, IL-6,
IL-4, IL.-10, and TGF-) in the spinal cord, spleen, LN, and thy-
mus of ghrelin- and saline-treated mice at the peak of disease (day
17) by using quantitative PCR. Although ghrelin treatment had no
effect on the mRNA levels of IL-4, IL-10, and IFN-vy in the spinal
cord, spleen, LN, and thymus (data not shown), we found signif-
icantly reduced levels of TNF-a (p < 0.0015), IL-18 (p < 0.025),
and IL-6 (p < 0.025) in the spinal cord of ghrelin-treated mice,
compared with saline-treated ones (Fig. 5A). In contrast, the level
of TGF-f showed a trend for slight elevation in the spinal cord.
We also found a diminished level of TNF-ae mRNA (p < 0.0001)
in the spleen of ghrelin-treated mice (Fig. 5B), whereas we saw no
significant change in any of the cytokines that we measured in LN
or thymus of ghrelin-treated mice (Fig. 5, C and D). Because
TNF-a, IL-1f, and IL-6 mRNAs were selectively down-regulated
in the spinal cord, we suspected that monocytes could be potential
target cells in the ghrelin-mediated EAE suppression. This idea
was consistent with the fact that ghrelin treatment did not inhibit
the induction of MOG,s_ss-reactive T cells.

Ghrelin suppresses the proinflammatory cytokine production of
LPS-stimulated monocytes

To verify the postulate that in vivo treatment with ghrelin may
ameliorate EAE by targeting monocytes, we examined in vitro
effects of ghrelin on the monocytic cell line RAW 264.7 that ro-
bustly produce proinflammatory cytokines when stimulated with
LPS. The RAW 264.7 line cells were first exposed to various doses
of ghrelin for 1 h and then stimulated with LPS. We harvested the
supernatant 2 h later and measured the levels of TNF-« and IL-6
by ELISA. The results revealed that prior exposure to ghrelin
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FIGURE 5. Proinflammatory cytokine mRNA expression during
EAE in ghrelin-treated mice. Quantitative mRNA expression of proin-
flammatory cytokines in the spinal cord of MOG 5_ss-immunized mice
subjected to ghrelin or saline treatment on day 17 postimmunization
(n = S/group). Total mRNA was extracted from (A) spinal cord, (B)
spleen, (C) LN, and (D) thymus. The TNF-q, IL-13, IL-6, and TGF-8
mRNA expression was measured by real-time PCR. Data are presented
as relative amount of transcript normalized to HPRT. Data represent
mean * SEM. *, Significant differences between the groups (p < 0.025;
two-way ANOVA).

would significantly suppress the production of TNF-a (p < 0.02)
and IL-6 (p < 0.05) by LPS-stimulated RAW 264.7 cells in a
dose-dependent manner (Fig. 6). The inhibitory effect of ghrelin
was very potent, as in addition to the effects on LPS-stimulated
monocytes, even the basal production of TNF-« (p < 0.008) and
IL-6 (p < 0.03) was significantly reduced by in vitro ghrelin treat-
ment. Given that in vivo treatment with ghrelin could suppress the
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FIGURE 6. Effect of ghrelin on the proinflammatory cytokine produc-
tion of LPS-stimulated monocytes. The monocytes were treated with var-
jous concentrations of ghrelin (107 M, 107® M, 107!° M) [ h before
stimulation with 0.1, 1.0, and 10 pg/ml LPS. The (4) TNF-« and (B) 1L.-6
production was measured 2 h after LPS stimulation by sandwich ELISA.
Data represent mean = SEM of duplicate samples from one out of three
independent experiments. Significant differences at 107°, 107%, and 107"°
M (p < 0.0S; two-way ANOVA) are depicted as *, *x, and *wx,
respectively.

development of EAE without altering histological EAE or T cell-
derived cytokine balance, the ghrelin-mediated suppression of
monocyte-produced TNF-& and IL-6 would strongly support the
postulate that monocytes are the main target cells in ghrelin-me-
diated suppression of EAE,

Ghrelin inhibits the expression of proinflammatory cytokines in
microglia

The proinflammatory cytokines are known to be produced not only
by CNS-infiltrating macrophages but also by T cells and microglia
in the course of EAE. To investigate which cells are important in
the ghrelin-mediated suppression of EAE, we first examined the
expression of proinflammatory cytokines in macrophages. Unex-
pectedly, the mRNA of IL-18, IL-6, and TNF-« did not alter in
CNS-infiltrating macrophages of ghrelin-treated mice compared
with the control mice (Fig. 7A). We next examined the expression
of these cytokines in other cell types also known as a source of
inflammatory cytokines and found reduced expression of these cy-
tokines in microglia (Fig. 7B). Additionally, the expression of in-
flammatory cytokines was decreased in CNS-infiltrating T cells
(Fig. 7C). Hence, these results suggest that microglia might play a
crucial role in ghrelin-mediated inhibition of EAE.

Ghrelin inhibits the proinflammatory cytokine production of
LPS-stimulated microglia

We next examined the effect of ghrelin on microglia. To test
whether ghrelin directly affects microglia, we isolated mononu-
clear cells from the brains of untreated mice. In untreated non-EAE

FIGURE 7. Effect of ghrelin on
proinflammatory cytokine mRNA ex-
pression in infiltrating cells and micro-
glia Total mRNA was extracted from
(A) macrophages, (B) microglia, and
(O) T cells obtained on day 20 postim-
munization from the spinal cords of
MOG;;_ss-imimunized mice treated
with ghrelin or saline. The IL-18, IL-6,
and TNF-o mRNA expression levels 0.0 ;
were measured by real-time PCR. Data & fo Qvo"
are presented as relative amount of &
transcript normalized to the housekeep- <&
ing gene GAPDH.
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FIGURE 8. Effect of ghrelin on the proinflammatory cytokine produc-
tion of LPS-stimulated microglia. The microglia cells were treated with
ghrelin (10™% M) overnight and later stimulated with 0.01 and 0.1 ug/m}
LPS. Five hours after stimulation, the TNF-« production was measured
using ELISA. Data represent mean * SEM of duplicate samples from one
out of two independent experiments. *, Significant differences between the
groups (p < 0.05; two-way ANOVA).

mice, most (~77%) of the brain mononuclear cells were CD1 1b*
cells, and the majority of CD11b™ cells (~95%) were considered
as CD45°% microglia cells. Among these mononuclear cells,
CD19" B cells were <0.1% and CD3"CD45" T cells were
1-1.5%. We cultured the isolated mononuclear cells in the pres-
ence of ghrelin overnight and stimulated them with LPS in differ-
ent doses for 5 h. The TNF-« levels in the culture supernatant were
measured by using ELISA. In the presence of ghrelin, the TNF-a
levels were significantly reduced (Fig. 8). These results suggest
that ghrelin directly affects microglia by reducing the production of
inflammatory cytokines.

Discussion

Starvation is known to have immunosuppressive effects (24-26).
Although little was known about the mechanistic link between
starvation and immunity, recent studies have shed light on the
immunomodulatory potency of a range of feeding regulatory hor-
mones such as leptin and NPY. For example, serum leptin is de-
creased after acute starvation in parallel with immunosuppression
or Th2 bias, whereas exogenous leptin would correct the altered
Th1/Th2 balance toward Thl (27, 28). In contrast, NPY is in-
creased after starvation. Exogenous NPY would shift the Th1/Th2
balance toward Th2 and can ameliorate the severity of EAE (29).
Interestingly, both peptide hormones are linked to ghrelin in an
endocrine feedback system (30). Ghrelin itself is increased after
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starvation, and it can potently stimulate the release of NPY in the
CNS (12). Moreover, ghrelin shows antagonistic effects against
leptin (31). Although the available data on the action of ghrelin on
leptin or NPY may not be extrapolated to speculate about its role
in the immune system, we decided to explore whether ghrelin may
exhibit beneficial effects in the modulation of EAE. Furthermore,
ghrelin was reported to have protective effects on endotoxic shock
in rats (32). Additionally, the wide range of GHS-R expression
within the immune cells strongly suggested the immunomodula-
tory potential of ghrelin (6). Considering its endocrine interactions,
ghrelin becomes an interesting candidate for the in vivo modula-
tion of EAE.

To evaluate the effects of ghrelin on the immune system in vivo,
we used the representative EAE model induced with MOG;4 s in
B6 mice. Subcutaneous injections of ghrelin significantly sup-
pressed EAE severity, especially after the peak of disease, while
the EAE onset occurred almost similarly in both ghrelin- and
sham-treated mice. Priming phase treatment (days 1-10) as well as
effector phase treatment (days 11-20) also showed disease-sup-
pressing effects, suggesting a modulatory role of ghrelin during all
phases of disease. The unacylated ghrelin form, des-acyl ghrelin,
failed to suppress EAE, demonstrating that the disease suppression
was mediated by the GHS-R.

The histological findings at day 17 were similar in all animals
regardless of the applied treatment. The inflammatory cell infiltra-
tion and demyelination occurred in both groups, suggesting a gh-
relin effect independent of cell trafficking at the peak of disease.
Moreover, we found by FACS analysis that the number of mono-
nuclear cells isolated from the spinal cord and their composition
did not significantly alter among ghrelin- and sham-treated mice at
the same time point. Our data showed no statistically significant
changes in the examined cell subsets, which supported the histo-
logical findings of unaffected immune cell traffic to the CNS. This
discrepancy between analogous inflamimatory status in the spinal
cord on the one hand and less severe disease on the other hand in
ghrelin-treated mice was remarkable, suggesting cytokine regula-
tion as the possible mechanism of EAE suppression.

Leptin and NPY both influence the Th1/Th2 balance in oppos-
ing directions (27-29). Since ghrelin is the most potent NPY-re-
leasing hormone and NPY suppresses EAE by a Th2 bias (29), we
examined whether ghrelin affects the Th1/Th2 balance similar to
NPY and if its potential mechanism of EAE suppression is pri-
marily mediated on immune cells or secondarily through NPY re-
lease. To investigate the effect of ghrelin on the cytokine balance,
we measured the cytokine responses of MOG,s_ss-primed T cells
from mice treated with ghrelin or saline. The evaluated 1IFN-vy,
IL-17, and IL-4 levels as well as the proliferative response did not
significantly alter between ghrelin- and sham-treated mice. Under-
lying these observations, we conclude that the suppression of EAE
mediated by ghrelin does not affect the T cell-derived cytokine
balance. To further address whether ghrelin acts via the NPY path-
way, we determined the encephalitogenic potential of CD4™ T
cells from ghrelin-treated mice to cause passive EAE in syngeneic
recipients. We treated donor animals with ghrelin or saline for 10
days after priming with MOG;s_ss, and lymphoid cells from the
mice were stimulated with MOG,;_ss. Three days later, CD4* T
cell blasts were isolated and transferred to naive mice. The CD4*
T cells from ghrelin-treated mice did not differ from those from
saline-treated mice in the ability to mediate passive EAE, indicat-
ing that ghrelin does not primarily affect induction of encephali-
togenic CD4™ T cells in vivo. While NPY attenuates EAE by a
Th2 bias of encephalitogenic CD4™ T cells (29), our findings
likely suggest that ghrelin interacts independently of NPY in the
amelioration of EAE.
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To further clarify the mechanism of ghrelin-mediated EAE sup-
pression, we examined the mRNA levels of several cytokines of
ghrelin- and sham-treated mice at the peak of disease. Qur data
demonstrate significantly reduced levels of the proinflammatory
cytokines TNF-«, IL-18, and IL-6 in the spinal cord and lower
levels of TNF-a in the spleen of ghrelin-treated mice. In contrast,
the level of TGF-$ showed a trend for slight elevation in the spinal
cord. The importance of TNF-a for initiating and sustaining in-
flammation is well described, as well as its essential role in the
development of acute EAE (33, 34). The proinflammatory role of
IL-18 and IL-6 in the immunopathology of EAE is also generally
accepted (35-38). Thus, the inhibition of TNF-«, IL-18, and IL-6
must be considered as an important mechanism in the ghrelin-
mediated EAE suppression.

Given the selective down-modulation of the proinflammatory
cytokines, we suspected that monocytes could be potential target
cells in the ghrelin-mediated EAE suppression. However, the anal-
ysis of infiltrating cells and residential microglia revealed that the
suppression of proinflammatory cytokines was prominently led by
microglia. A decreased expression of these cytokines was also ob-
served in infiltrating T cells. Considering that the transfer of T cells
obtained from ghrelin-treated mice induced a similar disease
course compared with control mice, the reduction of proinfiam-
matory cytokines in microglia might be important in the ghrelin-
mediated suppression of EAE.

In conclusion, the present study demonstrates for the first time to
our knowledge that the gastric hormone ghrelin suppresses actively
induced EAE by inhibiting production of the proinflammatory cyto-
kines TNF-a, IL-18, and IL-6 with microglia as the main target
cells. These findings support an antiinflammatory property of gh-
relin, shedding light on its role in immune-endocrine interactions.
Consequently, we speculate that ghrelin may serve as an antiin-
flammatory drug to control human CNS pathology involving the
production of proinflamumatory cytokines,
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Molecule 1 Modulates Experimental Autoimmune
Encephalomyelitis via an INKT Cell-Dependent

Mechanism
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From the Department of Immunology,® National Institute
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Medical University, Tokyo, Japan

Carcinoembryonic antigen-related cellular adhesion
molecule 1 (CEACAM1) is a CEA family member that has
been reported to have an important role in the regula-
tion of Thl-mediated colitis. In this study, we examined
the role of CEACAM1 in an animal model of multiple
sclerosis, experimental autoimmune encephalomyelitis
(EAE). Treatment of C57BL/6J mice with CEACAM1-Fc
fusion protein, a homophilic ligand of CEACAM1, in-
hibited the severity of EAE and reduced myelin oligo-
dendrocyte glycoprotein-derived peptide (MOG;; 5)-
reactive interferon-y and interleukin-17 production. In
contrast, treatment of these animals with AgB10, an
anti-mouse CEACAM1 blocking monoclonal antibody,
generated increased severity of EAE in association with
increased MOG;,_.s-specific induction of both interfer-
on-y and interleukin-17. These results indicated that the
signal elicited through CEACAM1 ameliorated EAE dis-
ease severity. Furthermore, we found that there was
both a rapid and enhanced expression of CEACAM1 on
invariaat natural killer T cells after activation. The effect
of CEACAM1.-Fc fusion protein and anti-CEACAM1 mAb
on both EAE and MOG;,  s-reactive cytokine responses
were abolished in invariant natural killer T cell-
deficient Ja18~/~ mice. Taken together, the ligation
of CEACAM1 negatively regulates the severity of EAE
by reducing MOG;_¢s-specific induction of both in-
terferon-y and interleukin-17 via invariant natural
killer T cell-dependent mechanisms. (4m J Pathol
2009, 175:1116-1123; DOL 10.2353/ajpath.2009.090265)
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Carcinoembryonic antigen-related cellular adhesion mol-
ecule 1 (CEACAM1), also known as CD664, is one of the
carcinoembryonic antigen family members and is ex-
pressed in epithelial cells, endothelial cells, and hemato-
poietic cells such as monocytes, dendiritic cells, natural
killer (NK) cells, B cells, and activated T cells.’™* It is
involved in interceliular adhesion through homophilic or
heterophilic interactions and mediates regulatory func-
tions in cellular growth and differentiation. Several splice
variants of CEACAM1 have been detected, that differ with
respect to the number of extraceliular immunoglobulin-
like domains, membrane anchorage, and the length of
their cytoplasmic tail.® Isoforms of CEACAM1 with a long
cytoplasmic tail (CEACAM1-L) contain two immunore-
ceptor tyrosine-based inhibitory motifs and have been
shown to negatively regulate epithelial cell activation and
tumor celi growth.®* Recently, the specific function of
CEACAMT as a regulator of T cells has been reported in
vitro and in vivo.®12 Mice treated with CEACAM1-Fc¢ fu-
sion protein, a homophilic ligand for CEACAM1 that stim-
ulates the signal from CEACAM1, exhibited an immuno-
suppressive effect on Th1-mediated colitis in vivo, with
reduced interferon (IFN)-y production and T-bet acti-
vation.’® However, the significance of CEACAM1 on
other inflammatory autoimmune disease models re-
mains unclear.

Experimental autoimmune encephalomyelitis (EAE) is
an inflammatory demyelinating disease induced by sen-
sitization against central nervous system (CNS) com-
ponents such as myelin oligodendrocyte glycoprotein
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(MOG).'® Because the neurological signs of paralysis
can be monitored continuously, and demyelinating le-
sions resemble those found in multiple sclerosis, EAE is
considered an animal model of the human demyelinating
disease multiple sclerosis.’®'® Numerous studies have
reported that FAE is mediated by CD4" Tht cells that
produce IFN-y.13-7® Recently, this idea was questioned
because animals deficient in IFN-y, IFN-y receptor, or
signal transducer and activator of transcription 1 were
still found to develop EAE.'7~2! These data fed the iden-
tification of an interleukin (IL)-23 derived poputation of Th
cells, IL-17-producing Th17 cells, as alternative potent
inducers of severe autoimmunity, including EAE.#%-24
However, mice deficient in T-bet and signal transducer
and activator of transcription 4, which thus lack Th1 cells,
but have large numbers of Th17 cells, are still resistant to
EAE 2125 Additionally, Th1 and Th17 cells are observed
in the CNS at the peak of EAE and diminish after the
recovery.2® It has now been described that Th1 and Th17
cells might cooperate to induce the development of
EAE.27-2% Thus, elucidation of the mechanisms that reg-
ulate the production of both Th1 and Th17 cytokines is
important in relation to the regulation of EAE.

In this study, we investigated the role of CEACAM1 in
EAE either by CEACAM1 ligation with a homophilic ligand
for CEACAM1 (CEACAM1-Fc fusion protein), or by block-
ing with a CEACAM1-specific antibody, AgB10. Here, we
demonstrate that signaling through CEACAM1 sup-
pressed MOG-derived peptide (MOGgs_ss)-induced EAE
associated with a reduction in MOGgg_gs-specific T cell
production of IFN-y and IL-17. Moreover, we have iden-
tified invariant natural killer T (iINKT) cells as a critical
component in CEACAM1-mediated suppression of EAE.
iINKT cells are an unique subset of CD1-restricted T cells
that express an invariant T cell receptor (TCR) « chain,
composed of Va14-J818 segments in mice and Val4-
JB18 segments in humans, and use a restricted set of VB
genes.®°~%' Due to the ability to praduce a wide variety of
cytokines, iINKT cells are thought to play regulatory roles
in autoimmune diseases.®?> CEACAM1-mediated sup-
pression of EAE was not observed in iNKT cell-deficient
Ja187'" mice, and MOGgs_ss-specific T cell production
of IFN-y and IL-17 was not modified in Ju18~' mice
when treated with either CECAM1-Fc fusion protein or
AgB10.

Materials and Methods
Animals and Reagents

C57BL/6J (B6) mice were obtained from CLEA Japan Inc.
(Tokyo, Japan). Ja78~'~ mice were kindly provided by
Dr. M. Taniguchi (RIKEN, Tokyo, Japan). All animals were
maintained in specific pathogen-free conditions in accor-
dance with institutional guidelines of National Institute of
Neuroscience, Tokyo, Japan. MOGg4 55 (amino acid se-
quence, MEVGWYRSPFSRVVHLYRNGK) was synthe-
sized at Toray Research Center (Tokyo, Japan). Incom-
plete Freund's adjuvant and heat-killed mycobacterium
tuberculosis (H37Ra) were obtained from Difco Laborato-
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ries (Detroit, Michigan), and pertussis toxin was obtained
from List Biological Laboratories (California). The hybrid-
oma producing CEACAM1-specific antibody, AgB10,%
was kindly provided by Nicole Beauchemin (McGill Can-
cer Center), and 293 EBNA cells transfected pCEP4-N-
CEACAM-Fc, which produce a homophilic ligand of
CEACAM1, CEACAM1-Fc fusion protein were kindly pro-
vided by Thomas M. Gallagher {Loyola University Medi-
cal Center).3*

Induction and Evaluation of EAE

EAE was induced in mice as described previously.®®
Briefly, mice were immunized subcutaneously with 100
ug of MOG,_55 emuisified in incomplete Freund's adju-
vant containing 500 ng of M. tuberculosis. Directly after
the immunization and 48 hours later, mice were injected
intraperitoneally with 200 ng of pertussis toxin. Clinical
signs of EAE were assessed daily with a 0 to 6 scoring
systen (0, no signs; 1, partial loss of tail tonicity; 2,
completely limp tail and abnormal gait; 3, partial hindlimb
paralysis; 4, complete hindlimb paralysis; 5, fore- and
hindlimb paralysis or moribund state; 6, dead).

Preparation of Antibody and Fusion Protein

The hybridomas producing AgB10 were cultured in a
humidified atmosphere with §% CO, at 37°C in RPMI
1640 supplemented with 10% heat-inactivated fetal calf
serum, 2 mmol/L L-glutamine, and 100 U/mi penicillin/
streptomycin. The supernatants were collected and AgB10
was affinity-purified using a protein A column according to
the manufacturer's instructions (Millipore, MA). 293 EBNA
cells transfected pCEP4-N-CEACAM1-Fc were cultured in
DMEM containing 10% heat-inactivated fetal calf serum, 2
mmol/L L-glutamine, and 100 U/ml penicillin/streptomycin.
CEACAM1-Fc¢ fusion protein was affinity-purified using pro-
tein G column from the collected supernatants (Amersham
Bioscience, NJ).

MOG 45_55 -Specific T Cell Response and
Cytokine Assay

After immunization with MOGg35_s5, Mmice were treated
intraperitoneally with the indicated compounds, either
250 pg of AgB10 or 250 ug of control rat IgG antibody
(Jackson Immuno Research, PA), or either 250 ug of
CEACAM1-Fc fusion protein or 250 pg of a chimeric
(mouse/human) anti-human CD20 mAD (rituximab) every
second day from the day of immunization, day 0, to day
11. The animals were sacrificed at day 11 and inguinal
and popliteal lymph nodes (LN) were sampled. Total LN
cells were suspended in RPM! 1640 medium containing
2% syngeneic mouse serum, 2 mmol/L L-glutamine, & X
1075 MJL 2-mercaptoethanol, and 100 U/ml penicillin/
streptomycin, and were incubated in 96-well plates with
1 x 10% cells/well in the presence of 0, 1, 10, 30, or 100
mg/mi of MOG,s_ss. Culture supernatant was collected
48 hours after stimulation, and IFN-y and IL-17 in the
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supernatant were determined by enzyme-linked immu-
nosorbent assay (ELISA) using OptEIA kit (BD Bio-
science, CA) and IL-17 ELISA kit (R&D systems),
respectively.

Histology

Sixteen days after the immunization with MOG,5 45, the
spinal cords were sampled and stored in 10% formalde-
hyde. Paraffin-embedded spinal cords were stained with
either H&E or luxol fast blue.

Flow Cytometry

Liver mononuclear cells from B6 mice were isolated by
Percoll density-gradient centrifugation. 1 X 10° cellsfwell
were stimulated with 1 mg/ml plate-bound anti-CD3 mAb
and 2.5 mg/mi Concanavalin A (ConA) in 96-well plates and
collected for the use of flow cytometry. Celis were stained
with a-galactosylceramide (a-GC) loaded dimeric mouse
CD1 days followed by fluorescein isothiocyanate-conju-
gated AgB10, phycoerythrin-conjugated mAb A85-1, and
allophycocyanin-conjugated anti-TCR g-chain. iNKT cells
were gated as «-GC loaded CD1 days dimmer and TCRB
double-positive cells, and T cells were gated as TCRgB
single-positive cells. Stained cells were analyzed using
a FACSCalibur with CellQuest Software (Becton Dick-
inson, CA),

In Vivo Injection of a-GC

B6 mice were treated intraperitoneally with either 500 pg
of AgB10 or 500 ng of control rat igG antibody. Four days
after the treatment, 250 ul of blood was collected at 2 or
6 hours after intravenous injection with 0.6 ug «-GC/
dimethyl sulfoxide or control dimethy! sulfoxide. Blood
samples were centrifuged at 3000 rpm for 30 minutes at
4°C, and serum was collected and IFN-y and IL-4 were
determined using ELISA kit (BD Bioscience, CA).

Statistics

EAE clinical scores for groups of mice are presented as
the mean group clinical score = SEM, and statistical
differences were analyzed by the Mann-Whitney U non-
parametric ranking test. Data for cytokines were analyzed
with the two-way analysis of variance. In appropriate
cases, post hoc comparisons were made.

Results

CEACAM1 Has a Role in Ameliorating EAE

To assess the role of CEACAM1 on EAE, we first ex-
amined the effect of CEACAM1-Fc fusion protein en-
coding the extracellular portion of the mCEACAM1-4L.
CEACAM1-Fc fusion protein has been demonstrated to
homophilically ligate the CEACAM1 molecule, which has
been shown to inhibit IFN-y production.'? As shown in
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Figure 1. Effect of CEACAM1-Fc fusion protein or CEACAM1-specific anti-
body on MOG-induced EAE. EAE was induced in B6 mice by immunization
with MOG ;4 g5 CEACAMI1-Fc fusion protein (A) or a mAb for CEACAMI,
AgB10 (C) was given twice per week starting from the day of immunization.
Arrowheads indicate the time point of administration of CEACAM1 Fc fusion
protein or AgB10. *P < 0.05 vs. Control. The results represent the means +
SEM of eight mice per group. Representative data from two separate exper-
iments is demonstrated. B: Histopathological assessment of the CNS region in
EAE-induced mice. Shown are cellular infiltration and demyelination of the
spinal cord of control or CEACAM1-Fc fusion protein-treated mice on day 16,
Panaffin-embedded spinal cords were stained with H&E (upper panels) or
luxol fast blue (LFB) (lower panels). Scale bar = 500 pum.

Figure 1A, administration of CEACAM1-F¢ fusion protein
significantly inhibited the development and the progres-
sion of EAE compared with control mice.

To characterize the immunosuppressive effect of
CEACAM1, we performed the pathological analysis of
CNS inflammation and demyelination in EAE-induced
mice treated with CEACAM1-Fc fusion protein (Figure
1B). Histological examination of the spinal cord 16 days
after EAE induction revealed less cellular infiltration and
demyelination in CEACAM1-Fc fusion protein-treated
mice, as compared with control mice.

We next examined the effects of CEACAM1 specific
antibody, AgB10, on the development and progression of
MOG;s_ss-induced EAE in B6 mice (Figure 1C). Ligation
of CEACAMT, either homophilically by CEACAM1-F¢ fu-
sion protein or heterophilicaily by microbial components
such as the spike glycoprotein of murine hepatitis virus,
has been demonstrated to inhibit the proliferation and
cytokine production of T cells.®~*2 In contrast, AgB10 has
been reported to enhance the T cell proliferation, indi-
cating that AgB10 acts as a blocking antibody. As
expected, the clinical scores of EAE were augmented
in the mice treated with AgB10 compared with those of
control mice.
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Figure 2. MOG s gs-specific T cell responses in mice treated with
CEACAM1-Fc fusion protein or with AgB10. B6 mice were treated with
CEACAMI1-Fc fusion protein (A) or AgB10 (B) twice per week from the day
of immunization with MOG,s_ss, Eleven days after the immunization, drain-
ing lymph node cells were incubated with MOG;s 5 Supematants were
collected from the culture and measured for the concentration of IFN-y and
IL-17 by ELISA. Data represent the mean = SEM of samples from one of two
independent experiments (1 = 3 mice). *P < 0.05, **P < (.01, ***P < 0.001
vs, Control.

These results indicate that signals through CEACAM1
suppressed both the clinical and the pathological sever-
ity of EAE.

The Signal through CEACAM1 Reduces
MOG 55_s5-Specific IFN-y and IL-17 Production

Since MOGs_s5 induced EAE is thought to be mediated
by MOGg;_gs-specific Th1 and Th17 celis, we next exam-
ined MOG ¢ _gs-specific T cell responses in CEACAM1-F¢
fusion protein-treated (Figure 2A), or AgB10-treated mice
(Figure 2B). We immunized mice with MOGgzs g5 and
treated them with either AgB10 or CEACAM1-Fc fusion
protein. Twelve days later, we harvested LN cells and re-
stimulated them with MOGg5_55 peptide in vilro to examine
cytokine production and proliferation. Compared with cells
from the control mice, LN cells obtained from CEACAM1-F¢
fusion protein treated mice were significantly inhibited in
IFN-v and IL-17 production in responses to MOGgg 55 re-
stimulation (Figure 2A). IL-4 was not detected in the super-
natant. On the other hand, in vivo treatment with AgB10
showed an enhancement of IFN-y and [L-17 production in
response to MOG¢ g¢ stimulation (Figure 2B). Proliferative
responses were not significantly different between control
mice, CEACAM1-F¢ protein-treated, or AgB 10-treated mice
(data not shown).

These results indicate that the suppressive effect of
CEACAM1 on EAE was associated with reduction of
MOG 5 _ss-specific IFN-y and IL-17 production.
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Figure 3. Expression of CEACAM1 on iNKT and T cells, after activation with
ConA and anti-CD3 antibody. The histograms show the log fluorescence
intensity of CEACAM1 on the surface of iNKT and T cells at the indicated time
points after the activation with a combined treatment of ConA and plate
bounded anti-CD3 antibody (A). The black curves indicate the fluorescence
intensity of CEACAM]1 on the surface of nontreated cells, and the gray
silhouettes show the intensity of activated cells with ConA and anti-CD3
antibody. iNKT cells were gated as a-GC loaded CDi dimmer and TCRS
double-positive cells, and T cells were gated as TCRf3-positive cells, respec-
tively. The percentage of CEACAM1-expressing cells within total iNKT or T
cells and mean fluorescence intensity of the expression at the indicated time
points were shown in graph (B).

Rapid Expression of CEACAM1 on iNKT Cells
after Activation

it has been reported that CEACAM1 is expressed on T
celis early after activation, and its ligation directly inhibits
IFN-v production by such T cells. We therefore examined
the time course of CEACAM1 expression by T cells in
vitro. As reported previously, CEACAM1 expression was
observed on T cells several hours after activation with
ConA and anti-CD3 mAb in vitro. Moreover, we observed
that there was a rapid and higher expression of
CEACAM?1 by CD1-restricted iNKT cells after activation
(Figure 3A). The log fluorescence intensity of CEACAM1
on surface of INKT and T cells and the percentage of
CEACAMI expressed cells within total iNKT or T cells
showed a rapid and also enhanced expression of
CEACAM1 on iNKT cells compared with T cells after
activation (Figure 3B).

CEACAM1 Regulates IFN-v Production from
INKT Cells

INKT cells possess the ability to produce a wide variety of
cytokines. Activation of iNKT cells is known to lead to
either suppressive or stimulatory immune responses de-
pending on the type of cytokine they produce * We have
demonstrated the rapid and enhanced expression of
CEACAM1 specifically on iNKT cells (Figure 3A). Thus
we next examined whether or not the administration of
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Figure 4. Effect of AgB10 on serum cytokine levels after in vivo injection
with a-galactosylceramide (a-GC). B6 mice were treated with either
AgB10 or control antibody. Four days after the treatment, serumn was
collected at 2 or 6 hours after intravenous injection of a-GC. Serum levels
of [IFN-yand 11.-4 were measured by ELISA. Increased levels of IFN-y were
observed in AgB10-a-GC treated mice compared with the control anti-
body-a-GC treated mice (A), whereas no alterations in the level of IL-4
were detected (B). Dala represent the mean * SEM of samples from one
of three independent experiments (n# = 3 mice). ***P < 0.001 vs. Control.
The results represent the mean concentrations + SEM of three mice per
group.

AgB10 has an effect on cytokine production by iNKT
cells. Mice were injected intravenously with iNKT celi-
specific ligand, «-GC, or vehicle, and serum levels of
[FN-y and IL-4 were measured. Mice pretreated with
AgB10 and injected with «-GC showed significantly in-
creased level of IFN-y, as compared with mice treated
with control antibody and injected with «-GC (Figure 4A).
No significant difference was observed in IL-4 production
(Figure 4B). The level of IL-12 in serum was not altered in
AgB10-treated mice, and IL-17, IL-21, or 1L-23 were not
detected in the serum (data not shown). The results sug-
gest that the signal from CEACAMT1 have a role in IFN-y
praduction by iINKT cells.

The Modulation of EAE by CEACAM1 Was
Abrogated in iINKT Cell-Deficient Ja18 Mice

Since iINKT cells highly express CEACAM1 after activa-
tion, it was of interest to investigate whether the iNKT cells
are involved in CEACAM1-mediated amelioration of EAE.
To address this question, we examined the effect of
CEACAM1-Fc fusion protein on the development of
MOGs_ss-induced EAE in Ja787/~ mice, which geneti-
cally lack iNKT cells. In contrast to B6 mice, no alteration
in the severity of EAE was observed in CEACAMI1-F¢
fusion protein treated Ja78™/~ mice, as compared with
control mice (Figure 5A). To further determine the effect
of the ligation of CEACAM1 on EAE in Ja787/~ mice, we
analyzed the CNS inflammation and demyelination in
EAE-induced Ja18™'~ mice treated with CEACAM1-Fc
fusion protein. In contrast to wild-type B6 mice, histolog-
ical examination of the spinal cord of Jal8™/~ mice
showed cellular infiltration and demyelination to a similar
extent as sham-treated mice (Figure 5B). We next in-
duced EAE in Ja187/~ mice treated with either AgB10 or
control antibody. Again, no suppression of clinical EAE
was observed in AgB10- treated Ju?18™/~ mice, as com-
pared with the control mice (Figure 5C).
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Figure 5. Effect of CEACAM1-Fc fusion protein or CEACAMI-specific anli-
body on BAE induced in Ja18 ™/~ mice. EAE was induced in ja 18/~ mice by
immunization with MOG;5_ 5. CEACAM1-Fc fusion protein (A) or AgB10 (C)
was given twice per week starting from the day of immunization. Arrow-
heads indicate the time point of administration of CEACAMI-Fc fusion
protein or AgB10. The results represent the means * SEM of eight mice per
group. Representative data from two separate experiments is demonstrated.
B: Histopathological assessment of the CNS region in Ja 78/~ mice induced
with EAE. Shown are cellular infiltration and demyelination of the spinal cord
of control or CEACAM1-Fc fusion protein-treated mice on day 16. Paraffin-
embedded spinal cords were stained with H&E (upper panel) or LFB (lower
panels). Scale bar = 500 um.

These data show that CEACAM1 signal modulation
does not affect on the severity of clinical and pathological
EAE in mice lacking iNKT cells.

The Modulation of MOG 55_ss-Specific IFN-vy
and IL-17 Production by CEACAM1 Required
INKT Cells

The suppression of EAE by the ligation of CECAMT1 in B&
mice was associated with a reduction in MOGgs_ss-Spe-
cific IFN-y and [L-17 production. We next examined
MOG;5_s5-specific T cell responses in CEACAM1-Fc
fusion protein-treated (Figure 6A), or AgB10-treated
Ja18~/~ mice (Figure 6B) by ex vivo re-challenge with
MOG3s_g5 on day 11 after the immunization of MOGgg_ss.
In contrast to B6 mice, LN cells from CEACAM1-Fc¢ fusion
protein-treated Ja187/~ mice exhibited no significant re-
duction of MOGgs_g5 specific IFN-y and IL-17 production
compared with the control mice {Figure 6A). Additionally,
in vivo treatment of Ja18/~ mice with AgB10 also did not
significantly enhance of MOGgg_gs-specific T cell IFN-y
and |L-17 production (Figure 6B).
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Figure 6. MOG 55 gs-specific T cell responses in ja28~ /= mice treated with
CEACAM1-Fc fusion protein or with AgB10. Jul8~ /= mice were treated with
CEACAMI-Fe fusion protein (A) or AgB10 (B) twice per week from the day
of immunization with MOGs_ss. Eleven days after the immunization, drain-
ing lymph node cells were incubated with MOG;; 55, Supematants were
collected from the culture and measured for the concentration of IFN-y and
1L-17 by ELISA. Data represent the mean x SEM of samples from one of two
independent experiments (1 = 3 mice).

These results indicate that iINKT celis play an important
role in CEACAM1-mediated reduction of MOG-specific
IFN-y and I1L-17 production.

Discussion

The present study demonstrated that the signal through
CEACAM?1 suppressed EAE in association with a reduc-
tion in MOGiss_ss-specific production of IFN-y and IL-17.
Moreover, we showed that CEACAM1 was expressed at
an early time point by iNKT cells after activation and
CEACAM?1 also affected the cytokine production by iINKT
cells, including IFN-v, but not IL-4. Finally, we demon-
strated that CEACAM1-mediated modulation of EAE and
MOGgs ss-specific cytokine production required INKT
cells.

Since both IFN-y and IL-17 are known as potent induc-
ers of EAE2V27-29 CEACAM1-mediated reduction of
these cytokines is thought to have a significant role in
ameliorating EAE. Although the mechanisms of IFN-yand
{L-17 reduction in CEACAM1-mediated suppression of
EAE are not clearly defined so far, we found that the
effects of AgB10 and CEACAM1-Fc fusion proteins on
EAE and MOGgsg os-Teactive cytokine responses were
abolished in iNKT cell-deficient Ja18~/~ mice. Thus we
concluded that CEACAM1-mediated suppression of EAE
was mediated via iINKT cells. Activation of iNKT cells
are known to modulate dendritic cell functions, and
Kammerer et al reported that AgB10 triggered release of
IL-12 from dendritic cells and facilitated priming of naive
CD4* T cells with a Thi-like phenotype.®® In contrast,
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lijima et al showed that CEACAM1-mediated inhibition of
Thi-mediated colitis was not dependent on the modula-
tion of 1L-12, consistent with this finding, IL-12 was not
affected in EAE-induced mice by the in vivo treatment of
AgB10. Since INKT cells have been shown to produce
IL-21, which promotes the development of Th17 cells.*’
CEACAMT1 expression by iNKT cells may have a regula-
tory role in IL-17 production by Th17 cells via IL-21.
However, the production of IL-21 upon iNKT cell activa-
tion was not altered by treatment with AgB10. In addition,
production of IL-23, which promotes Th17 cell mainte-
nance by activated iNKT cells was not altered in mice
treated with AgB10, as compared with control mice.
Therefore, the mechanisms how CEACAM1-treated iNKT
cells modulate MOGgs o5 reactive Th1 and Th17 cells
remain to be elucidated.

Recently, Mars et al reported that activation of iNKT
cells with «-GarCer during priming of the CD4* T cell
response prevents the differentiation of naive CcD4* T
cells toward the Th17 lineage, and the cytokine neutral-
ization experiments indicated that IL-4, IL-10, and IFN-y
are involved in the iNKT cell-mediated regulation of T cell
lineage development,3® Although the direct mechanisms
of INKT cells in regulating the Th17 compartment are still
in question, INKT cells were shown to have a regulatory
role in development of the Th17 lineage. Our laboratory
reported that antibiotic treatment alters the composition
of gut flora, resuiting in amelioration of EAE in a iNKT
cell-dependent manner.®® iNKT cell-dependent ameliora-
tion of EAE was associated with the suppression of
MOGs_s5- reactive Th17 cells, although the mechanism
by which iINKT cells modulate MOGgg_ss-reactive Th17
cells remained unclear. it was speculated that altering
the compositions of gut flora by antibiotic treatment crit-
ically influences the function of iINKT cells, which resulted
in a reduction of MOG g 5-reactive Th17 cells. Since vari-
ous bacterial and viral pathogens trans-ligate CEACAM1
and suppresses the activation and proliferation of T cells,
it is possible that the alteration of cytokine production in
physiological or pathological conditions is partly depen-
dent on the way of trans-ligation of pathogens and
CEACAM1 on INKT cells 31240-45

In conclusion, this study demonstrates for the first time
that CEACAM?1 negatively regulates the severity of EAE
via an iNKT cell-dependent mechanism. Considering that
the selective induction of cytokines by INKT cells by
synthetic ligands has been reported to suppress EAE 3246
CEACAM1 may prove to be a novel target for immuno-
therapy of multiple sclerosis.
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Protein microarray analysis identifies human cellular prion protein interactors

Aims: To obtain an insight into the function of cellular
prion protein (PrPC), we studied PrPC-interacting proteins
(PrPIPs) by analysing a protein microarray. Methods: We
identified 47 novel PrPIPs by probing an array of 5000
human proteins with recombinant human PrPC spanning
amino acid residues 23~231 named PR209. Results: The
great majority of 47 PrPIPs were annotated as proteins
involved in the recognition of nucleic acids. Coimmuno-
precipitation and cell imaging in a transient expression
system validated the interaction of PR209 with neuronal
PrPIPs, such as FAM64A, HOXA1, PLK3 and MPG.
However, the interaction did not generate proteinase
K-resistant proteins. KeyMolnet, a bioinformatics tool for

analysing molecular interaction on the curated knowl-
edge database, revealed that the complex molecular
network of PrPC and PrPIPs has a significant relationship
with AKT, JNK and MAPK signalling pathways. Conclu-
sions: Protein microarray is a useful tool for systematic
screening and comprehensive profiling of the human
PrPCinteractome. Because the network of PrPC and inter-
actors involves signalling pathways essential for regula-
tion of cell survival, differentiation, proliferation and
apoptosis, these observations suggest a logical hypothesis
that dysregulation of the PrPC interactome might induce
extensive neurodegeneration in prion diseases,

Keywords: cellular prion protein, KeyMolnet, protein microarray, protein—protein interaction
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Introduction

Prion diseases are a group of neurodegenerative disorders
affecting both animals and humans [1,2]. The great
majority of prion diseases are transmissible, and charac-
terized by intracerebral accumulation of an abnormal
prion protein (PrPSc) that is identical in amino acid
sequence to the cellular isoform (PrPC) encoded by the
PRNP gene. PrPC is expressed widely in neural and non-
neural tissues at the highest level in neurones in the
central nervous system (CNS) {3]. PrPSc differs biochemi-
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2-522-1 Noshio, Kivose, Tokyo 204-8588, Japan. Tek
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cally from PrPC by its P sheet-enriched structure, deter-
gent insolubility, limited proteolysis by proteinase K, a
slower turnover rate and infectivity. Previous studies
suggested that the protein conformational conversion
of o-helix-rich PrPC into B sheet-rich PrPSc involves a
homotypic interaction between endogenous PrPC and
incoming or de novo generated PrPSc via a post-
translational process mediated by as yet unidentified
species-specific auxiliary factor(sj named ‘protein X’ [4,5].

At present, the biological function of PrPC remains
largely unknown. Several lines of PrPC-deficient mice
were established independently by different gene-targeting
strategies [6—8]. All of them exhibited normal early devel-
opment and complete protection against scrapie infection.
These observations indicate that PrPC is dispensable for
embryonic development, but is pivotal for inducing prion

© 2008 Blackwell Publishing Ltd



diseases. Several in vitro studies suggested a role of PrPCin
neuritogenesis [9,10], neuronal cell adhesion [11]and a
receptor for neurotrophic factors {12]. More consistently,
many studies indicated that an octapeptide repeat region
of PrPC with a copper-binding capacity exhibits an anti-
oxidant activity [13]. However, none of previous findings
provided an adequate explanation for mild phenotypes of
PrPC-deficient mice.

A number of previous studies, by employing mainly the
yeast two-hybrid (Y2H) screening system, identified a wide
variety of PrPC-interacting proteins (PrPIPs). They include
synapsin I {14], glial fibrillary acidic protein [1 5], amyloid
precursor-like protein 1 [16], heat shock protein Hsp60
{17-19], the Hsp cofactor STI-1 {20], the antiapoptotic
molecule Bcl-2 [21], signal-transducing adapters such as
Grb2 [14], ZAP70 (22} and 14-3-3 [23], neurotrophin
receptor interacting MAGE homolog [24], tubulin [25],
heterogeneous ribonuclear protein A2/B1 [26], casein
kinase 2 [27], plasminogen {28], laminin receptor precur-
sor {29], laminin [9] and vitronection [30]. Most of these
molecules play a key role in signal-transducing events
essential for neuronal function. However, none of them
could serve as the chaperone ‘protein X'.

The Y2H system is a powerful approach to identify novel
protein—protein interactions. However, Y2H screening
requires a lot of time and effort, and is olten criticized for
detecting the interactions unrelated to the physiological
setting, and obtaining high rates of false positive interac-
tors caused by spontaneous activation of reporter genes
and self-activating bait proteins {31,32]. Recently, protein
microarray technology has been established for rapid,
systematic and less expensive screening of thousands of
protein-protein interactions in a high-throughput fashion
[33,34]. The array includes numerous protein targets of
various functional classes immobilized on a single glass
slide. The protein microarray has important applications
in the areas not only of basic biological research on a
whole-proteome scale, but also of drug discovery research
of target identification [35,36].

In order to establish a therapeutic intervention targeted
on prion propagation, it is essential to clarify the biological
function of PrPC and the pathological implication of
PrPSc, and equally important to identify all human
PrPIPs, some of which potentially serve as a candidate [or
‘protein X'. The present study was designed to identify a
comprehensive profile of the human PrPC interactome by
analysing a high-density protein microarray, and to
obtain an insight into the PrPC-PrPIPs network.

PrPC interactome 17

Materials and methods

Preparation of a V5-tagged PrP probe for
microarray analysis

Human embryonic kidney cells HEK293, whose genome
was modified for the Flp-In system (Flp-In 29 3; Invitrogen,
Carlsbad, CA), contain a single Flp recombination target
(FRT) site targeted for the site-specific recombination, inte-
grated in a transcriptionally active locus of the genome,
where it stably expresses the lacZ-Zeocin fusion gene
driven from the pFRT/lacZeo plasmid under the control
of SV40 early promoter. The cells were maintained in
Dulbecco's modified Eagle's medium supplemented with
10% foetal bovine serum, 100 U/ml penicillin and
100 pg/ml streptomycin (feeding medium) with inclusion
of 100 pg/ml zeocin, as described previously [37].

To prepare the probe for protein microarray analysis,
the gene encoding a truncated form of human PrPC span-
ning amino acid residues 23-231 named PR209 was
amplified by polymerase chain reaction (PCR) using Pfu-
Turbo DNA polymerase (Stratagene, La Jolla, CA) and
the primer sets listed in Table $1 online. The PCR product
was then cloned into a mammalian expression vector
pSecTag/FRT/VS5-His TOPO (Invitrogen) to produce a
fusion protein with a C-terminal V5 tag, a C-terminal poly-
histidine (6xHis) tag and an N-terminal Ig k-chain secre-
tion signal. This vector, together with the Flp recombinase
expression vector pOG44 (Invitrogen), was transfected in
Elp-In 293 cells by Lipofectamine 2000 reagent (Invitro-
gen). A stable cell line was established after incubating the
transfected cells for 1 month in the feeding medium with
inclusion of 100 pg/ml hygromycin B. In this system,
the recombinant protein was secreted into the culture
medium after the Ig k-chain secretion signal sequence was
processed by an endogenous signal peptidase-mediated
cleavage.

To purify the V3-tagged PR209 protein, the serum-free
culture supernatant was harvested, and concentrated at a
1/40 volume by centrifugation on an Amicon Ultra-15
filter (Millipore, Bedford, MA). It was then purified by
the HIS-select spin column (Sigma, St. Louis, MO}, and
concentrated at a 1/10 volume by centrifugation on a
Centricon-10 filter (Millipore). The protein concentration
was determined by a Bradford assay kit (Bio-Rad, Her-
cules, CA). The purity and specificity of the probe were
verified by Western blot analysis using mouse monoclonal
anti-V5 antibody (Invitrogen), mouse monoclonal anti-

© 2008 Blackwell Publishing Ltd, Neuropathology and Applied Neuroblolegy, 35S, 16-35
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PrP antibody 3F4 (Dako, Tokyo, Japan) and rabbit poly-
clonal antibody C20 specific for the sequence close to the
C-terminus of PrPC (Santa Cruz Biotechnology, Santa
Cruz, CA). To determine the status of glycosylation, 5 ug
of the probe protein was deglycosylated by incubating it at
37°Cfor 1.5 h with 5000 U peptide N-glycosidase F (New
England BioLabs, Beverly, MA), followed by separation on
the gel [37].

Protein microarray analysis

The present study utilized the ProtoArray human protein
microarray v3.0 (Invitrogen). It contains approximately
5000 recombinant GST-tagged human proteins expressed
by the baculovirus expression system and purified under
native conditions by using gluthathione affinity chroma-
tography to ensure the preservation of native structure,
post-translational modifications and proper functionality
of target proteins [36,38]. They were spotted in duplicate
on a nitrocellulose-coated glass slide. The target proteins
cover a wide range of biologically important proteins
selected from the human ultimate open reading frame
(ORF) clone collection (Invitrogen). The probe is spatially
accessible to all parts of target proteins on the array,
which protrude from the glass slide surface via the
N-terminal GST fusion tag serving as a spacer. The com-
plete list is shown in Table S2 online. The proteins are
spotted in an arrangement of 4 x 12 subarrays equally
spaced in vertical and horizontal directions. Each subar-
ray includes 20 x 20 spots, composed of 76 positive and
negative control spots (C), 222 human target proteins (H),
and 102 blanks and empty spots (B) (Figure 1b). The 14
positive control spots include four of an Alexa Fluor 647-
labelled antibody (row 1, columns 1, 2; row 14, columns
13, 14), six of a concentration gradient of a biotinylated
anti-mouse antibody with a capacity to bind to mouse
monoclonal anti-V5 antibody conjugated with Alexa
Fluor 647 (row 14, columns 15-20), and four of a con-
centration gradient of V5 protein (row 15, columns 5-8),
The 62 negative control spots include six of a concentra-
tion gradient of bovine serum albumin (BSA) (row 1,
columns 3-8), four of a concentration gradient of a rabbit
anti-GST antibody (row 1, columns 9-12), four of a
concentration gradient of calmodulin (row 1, columns
13-16), 16 of a concentration gradient of GST (row 1,
columns 17-20; row 2, columns 1-12), 10 of buffer only
(row 15, columns 1, 2, 9-16), eight of human IgG sub-
classes (row 15, columns 17-20; row 16, columns 1-4),

12 of Invitrogen internal controls (row 4, columns 9, 10;
row 6, columns 15-18; row 7, columns 9, 10, 15, 16; row
8, columns 13, 14), and two of an antibiotin antibody
(row 15, columns 3, 4).

Non-specific binding was blocked by incubating the
array for 90 min in the PBST blocking bufler composed of
1% BSA and 0.1% Tween 20 in phosphate-buffered saline
(PBS). Then, it was incubated for 30 min at 4°C with the
probe described above at a concentration of 200 pug/mlin
the probing buffer composed of 1% BSA, 5 mM Mg(l,,
0.5 mM dithiothreitol, 0.05% Triton X-100 and 5% glyc-
erol in PBS. The array was washed three times with the

. probing buffer, and then incubated for 30 min at 4°C with

mouse monoclonal anti-V5 antibody labelled with Alexa
Fluor 647 (Invitrogen) at a concentration of 260 ng/ml in
the probing buffer. Then, the array was washed three
times with the probing buffer, and scanned by the GenePix
4200 A scanner (Axon Instruments, Union City, CA) at a
wavelength of 635 nm. The data were analysed by using
the ProtoArray Prospector software v3.0 (Invitrogen), fol-
lowing acquisition of the microarray lot-specific informa-
tion, which compensates inter-lot variations in protein
concentrations identified by the post-printing quality
control. According to the manufacturer-recommended
setting of the ProtoArray Prospector software, the spots
showing the background-subtracted signal intensity
value greater than the median plus three standard devia-
tions of all the fluorescence intensities were considered as
having significant interactions. The Z-score, an indicator
for statistical significance of binding specificity, was cal-
culated as the background-subtracted signal intensity
value of the target protein minus the average of the
background-subtracted signal intensity value from the
negative control distribution, divided by the standard
deviation of the negative control distribution.

Bioinformatics analysis

The gene expression pattern of mouse orthologues of
PrPIPs in the brain was searched on the Allen Brain Atlas
database [39], an anatomically comprehensive digital
atlas containing the expression patterns of more than
20 000 genes in the adult mouse brain analysed by
high-throughput in situ hybridization methods (http://
www.brain-map.org).

The interaction of PrPC with PrPIPs was searched on
the Biomolecular Interaction Network database (BIND)

(http://bond.unleashedinformatics.com). Functional

© 2008 Blackwell Publishing Ltd, Neuropathology and Applied Neurobiology, 35, 16-35
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Figure 1. Protein microarray analysts. (a) Western blot of PR209 probe. The lanes (1-5) represent the immunolabelling with the antibodtes
following: (1) 3F4. (2) C20, (3) V5, (4) 3F4 before treatment with peptide N-glycosidase F (PNGase F) and (5) 3F4 after treatment with
PNGase F. (b) The layout of subarray. The high-density protein microarray (5000 proteins, duplicate spots each) utilized In the present study
contains 4 x 12 subarrays. Each subarray Includes 20 x 20 spots. They are composed of 76 control spots (C) including 14 positive and 62
negative control spots, 222 human target proteins (H) and 102 blanks and empty spots (B). as described In Materials and methods. (c)
FAM64A. The spot location Is subarray 20, row 11, columns 7, 8. (d) HOXAL. Subarray 35, row 11, columns 3, 4. (¢) PLX3. Subarray 34,
row 13. columns 13, 14. () MPG. Subarray 37, row 9, columns 11, 12, PR209 interactors located on different subarrays (c~f) are indicated
by an enclosed yellow line. It is worthy to note that In each subarray, positive control spots composed of an Alexa Fluor 647-labelled
antibody (row 1, columns 1, 2; row 14, columns 13, 14), a concentration gradlent of a blotinylated anti-mouse antibody with a capacity to
bind to mouse monoclonal anti-V5 antibody conjugated with Alexa Fluor 647 (row 14, columns 15-20; signals visible on the higher
concentration), and a concentration gradient of V5 protein (row 15, columns 5-8; signals visible on the higher concentration) are ldentified
as positive, whereas negative control spots composed of a concentration gradient of BSA (row 1, columns 3-8), a concentration gradient of
a rabbit anti-GST antibody (row 1, columns 9-12), a concentration gradient of calmodulin (row 1, columns 13-16), a concentration
gradient of GST (row 1, columns 17--20; row 2, columns 1-12), buffer only (row 15; columns 1, 2, 9-16), human IgG subclasses (row 15,
columns 17-20; row 16, columns 1-4), Invitrogen internal controls (row 4, columns 9, 10; row 6, columns 15-18; row 7, columns 9, 10,

15, 16; row 8, columns 13, 14), and an antiblotin anttbody (row 15, columns 3, 4) are found as negative.

annotation of PrPIPs was searched by the web-accessible
program named Database for Annotation, Visualization
and Integrated Discovery (DAVID) version 2007, National
Institute of Allergy and Infectious Diseases, National
Institutes of Health (NIH) (http://david.abcc.nciferf.gov)
[40]). It covers more than 40 annotation categories,
including Gene Ontology terms, protein—protein interac-
tions, protein functional domains, disease associations,
biological pathways, sequence general features, homolo-
gies, gene functional summaries and tissue expressions.
By importing the list of Entrez gene IDs of PrPIPs, this
program creates the functional annotation chart, an

annotation term-focused view that lists annotation terms
and their associated genes under study. To avoid excessive
counting of duplicated genes, the Fisher’s exact statistics
is calculated based on corresponding DAVID gene IDs by
which all redundancies in original IDs are removed,

The molecular network of PrPIPs was analysed by the
software named KeyMolnet (Institute of Medicinal
Molecular Design, Tokyo, Japan) [41]. It operates on a
comprehensive knowledge database, composed of infor-
mation on relationships among human genes, molecules,
diseases, pathways and drugs, carefully curated by expert
biologists from review articles, literature and public
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databases, They are categorized into the core contents
collected from selected review articles with the highest
reliability or the secondary contents extracted from
abstracts of PubMed database and Human Reference
Protein database.

By importing the list of Entrez gene IDs, KeyMolnet
automatically provides corresponding molecules as a node
on networks [41,42]. Among various network-searching
algorithms, the 'N-points to N-points’ search extracts the
molecular network with the shortest route connecting the
starting-point molecules and the end-point molecules.
The generated network was compared side by side with
346 human canonical pathways of the KeyMolnet library.
The algorithm counting the number of overlapping
molecular relations between the extracted network and
the canonical pathway makes it possible to identify the
canonical pathway showing the most significant contri-
bution to the extracted network. The significance in the
similarity between both is scored following the formula,
where O = the number of overlapping molecular relations
between the extracted network and the canonical
pathway, V = the number of molecular relations located in
the extracted network, C = the number of molecular rela-
tions located in the canonical pathway, T = the number of
total molecular relations (approximately 90 000 sets) and
X = the sigma variable that defines incidental agreements.

Min{C.V)
score= —logz( Z f(x))

x=0

f(x)=cCx- T-CCV-x/TCV
Immunoprecipitation and Western blot analysis

PR209, the N-terminal half of PR209 (amino acid resi-
dues 23~121), the C-terminal half of PR209 (amino acid
residues 122-231), and the ORF of family with sequence
similarity 64, member A (FAM64A), polo-like kinase
3 (PLK3), N-methylpurine-DNA glycosylase (MPG) and
homeobox A1 (HOXA1) were amplified by PCR using Pfu-
Turbo DNA polymerase and the primer sets listed in
Table S1 online. They were then cloned into the mam-
malian expression vector p3XFLAG-CMV7.1 (Sigma) or
pCMV-Myc (Clontech, Mountain View, CA) to express a
fusion protein with an N-terminal Flag or Myc tag. At48 h
after co-transfection of the vectors, HEK293 cells were
homogenized in M-PER lysis buffer (Pierce, Rockford, IL)
supplemented with a cocktail of protease inhibitors
(Sigma). In limited experiments, a proteasome inhibitor
MG-132 (Merck-Calbiochem, Tokyo, Japan) was added at

a final concentration of 10 UM in the culture medium
during the last 24 h before harvest. After preclearance,
the supernatant was incubated at 4°C for 3 h with mouse
monoclonal anti-Flag M2 affinity gel (Sigma), rabbit
polyclonal anti-Myc-conjugated agarose (Sigma) or the
same amount of normal mouse or rabbit [gG-conjugated
agarose (Santa Cruz Biotechnology). After several washes,
the immunoprecipitates were processed for Western
blot analysis using rabbit polyclonal anti-Myc antibody
(Sigma) and mouse monoclonal anti-FLAG M2 antibody
(Sigma). The specific reaction was visualized using a
chemiluminescence substrate (Pierce).

. To determine the proteinase K-resistant property of
PR209, the cells were homogenized in M-PER lysis bufler
without inclusion of protease inhibitors. The protein
extract was then incubated at 37°C for 30 min with
5 pg/ml recombinant proteinase X (Roche Diagnostics,
Mannheim, Germany), followed by adding phenylmethyl-
sulphonyl fluoride at a final concentration of 5 mM,
according to the methods described previously [43]. Pro-
teins were precipitated by adding 6% trichloroacetic acid.
After centrifugation at 4°C for 15 min at 16 100 g, the
pellets were washed with cold acetone, and processed for
Western blot analysis using 3F4 antibody.

To determine the detergent-insoluble property of
PR209, the cells were homogenized in a lysis bufler
containing 100 mM NaCl, 10 mM EDTA, 10 mM Tis
(pH 7.4), 0.5% Nonidet P-40 and 0.5% sodium deoxycho-
late, according to the methods described previously [44].
The lysate was centrifuged at 4°C for 10 min at 2000 g to
remove debris. Then, the supernatant was further centri-
fuged at 4°C for 1 h at 16 100 g to separate detergent-
soluble (supernatant) and detergent-insoluble (pellet)
fractions. They were processed for Western blot analysis
using 3F4 antibody. HRP-conjugated secondary anti-
bodies were obtained from Santa Cruz Biotechnology.

Cell imaging analysis

PR209 and the ORF of FAM64A, PLK3, MPG and HOXA1
were amplified by PCR using PfuTurbo DNA polymerase
and the primer sets listed in Table S1 online. They were
then cloned into the mammalian expression vector
pDsRed-Express-C1  (Clontech), pEYFP-C1 (Clontech),
pcDNA3.1/NT/GFP-TOPO (Invitrogen) or pcDNA3.1/CT/
GFP-TOPO (Invitrogen) to express a fusion protein with an
N-terminal or C-terminal DsRed, EYFP or GFP tag. At
24-48 h after co-transfection of the vectors, the cells were
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fixed briefly in 4% paraformaldehyde, mounted on slides
with glycerol-polyvinyl alcohol, and examined on the
Olympus BX51 universal microscope.

Human neural cell lines and cultures

Human astrocytes (AS) in culture were established from
neuronal progenitor (NP) cells of human foetal brain
(Cambrex, Walkersville, MD). For the induction of neu-
ronal differentiation, NTera2 cells maintained in the
undifferentiated state (NTera2-U) were incubated for
4 weeks in feeding medium containing 10~ M all trans
retinoic acid (Sigma), 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 differ-
entiated neurones (NTera2-N), as described previously
{45]. Human microglia cell line HMO6 was provided by Dr
Seung U. Kim, Division of Neurology, University of British
Columbia, Vancouver, B.C., Canada. Total RNA of the
human frontal cerebral cortex was obtained from
Clontech.

Reverse transcription-PCR analysis

DNase-treated total cellular RNA was processed for cDNA
synthesis using oligo(dT)12-1s primers and SuperScript I
reverse transcriptase (Invitrogen). Then, cDNA was ampli-
fied by PCR using HotStar Taq DNA polymerase (Qiagen,
Valencia, CA) and a panel of primer sets listed in Table S1
online. The amplification program consisted of an initial
denaturing step at 95°C for 15 min, followed by a dena-
turing step at 94°C for 1 min, an annealing step at 60°C
for 40 s and an extension step at 72.9°C for 50 sfor 30-35
cycles, except for the glyceraldehyde-3-phosphate dehy-
drogenase (G3PDH), an internal control, amplified for 27
cycles.

Results

Protein microarray analysis identified 47 novel
PrPC interactors

To analyse the human protein microarray, VS5-tagged
PR209 probe was purified from the supernatant of a
stable cell line secreting the recombinant protein in the
culture medium. By Western blot analysis, the probe was

PrPC interactome 21

composed of a mixture of glycosylated full-length and
N-terminally truncated forms of PrPC (Figure la, lanes
1-5). The 18.5-kDa protein identified by C20 but not by
3F4 represents the C-terminal fragment produced by con-
stitutive metalloprotease-mediated cleavage [46]. Among
total 5000 proteins on the array, 47 were identified as the
proteins showing significant interaction with the probe
(Table 1). They include FAM64A (Figure 1c), HOXA1
(Pigure 1d), casein kappa (CSN3), bromodomain adjacent
to zinc finger domain, 2B (BAZ2B), chromosome 7 ORF 50
(C70rf50), surfeit 2 (SURF2), sodium channel modifier 1
(SCNM1), chromosome 18 ORF 56 (C180rf56), PLK3
(Pigure le), RNA binding motif protein 22 (RBM22),
hypothetical protein DKFZp761B107, MPG (Figure 1f),
zinc finger protein 192 (ZNF192), thymic stromal lym-
phopoietin (TSLP), DEAD box polypeptide 47 (DDX47),
MAP/microtubule affinity-regulating kinase 4 (MARK4),
zinc finger protein 408 (ZNF408), TBP-like 1 (TBPL1),
activator of basal transcription 1 (ABT1), ribosomal
protein L41 (RPL41), zinc finger protein 740 (ZNF740),
CWC15 homolog, four and a half LIM domains 1 (FHL1),
amyotrophic lateral sclerosis 2 chromosome region,
candidate 4 (ALS2CR4), immediate early response 3
(IER3), KIAA1191, peptidyl-tRNA hydrolase 1 homolog
(PTRH1), phosphodiesterase 4D interacting protein
(PDE4DIP), Rho GTPase activating protein 15
(ARHGAP15), mitochondrial GTPase 1 homolog (MTG1),
cirrhosis, autosomal recessive 1 A (CIRH1A), eukaryotic
translation initiation factor 2C, 1 (EIF2C1), WD repeat
domain 5 (WDRS5), centaurin, alpha 2 (CENTA2), protein
phosphatase 1, regulatory subunit 14 A (PP1R14 A), cold
inducible RNA binding protein {(CIRBP), zinc finger, FYVE
domain containing 28 (ZFYVE28), within bgen homolog
(WIBG), nucleolar protein family A, member 2 (NOLA2),
PTPRF interacting protein, binding protein 2 (PPFIBP2),
family with sequence similarity 27, member E3
(FAM27E3), fibroblast growth factor 13 (FGF13),
apoptosis-inducing factor, mitochondrion-associated, 3
(AIFM3), 2’,3’-cyclic nucleotide 3’ phosphodiesterase
(CNP), NIN1/RPN12 binding protein 1 homolog (NOB1),
RNA-binding region containing 3 (RNPC3) and dual-
specificity tyrosine-phosphorylation regulated kinase 3
(DYRK3). The gene expression pattern of PrPC interactors
(PrPIPs) in the adult brain analysed by in situ hybridiza-
tion was searched on the Allen Brain Atlas database [39].
Among 47 PrPIPs, at least 35 mouse orthologues (74%)
were expressed in various regions of the adult mouse
brain (Table 1). The expression pattern of the remaining
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