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Fig.2. The expression of 14-3-3¢, p53, p21, GDF15, BIRC5 and ASPM in cultured human astrocytes following exposure to oxidative and DNA-damaging stresses.
Cultured human astrocytes were exposed for 24 hto (a-c) 10 to 100 uM hydrogen peroxide, (d and e) 20 wM 4-hydroxy-2-nonenal (4-HNE), (f-k) 20 uM etoposide
(Etp) or () 5 uM 5-aza-2'-deoxycytidine (aza-dC). Then, they were processed for real-time RT-PCR analysis using the primer sets listed in Table 1. The expression
levels of target genes were standardized against those of the glyceraldehyde-3-phosphate dehydrogenase (G3PDH) gene detected in the identical cDNA samples. The
bar graph indicates mRNA levels of (a, d, f and 1) 14-3-30, (b, e and k) p53, (c and h) p21, (g) GDF15, (i) BIRCS and (j) ASPM.

four MS cases and eight non-MS cases were processed for
immunohistochemistry using anti-14-3-3¢ antibody. Serial
sections were stained with the antibodies against GFAP, myelin
basic protein (MBP), neurofilament (NF) proteins or CD68. In
chronic active demyelinating lesions of MS, an intense 14-3-3¢
immunolabeling was identified exclusively in a small subset of
astrocytes, consisting of less than 0.1-1% of total GFAP*
hypertrophic astrocytes, which often exhibited a binuclear or
multinucleated morphology (Fig. 4a and b). Double-labeling
immunohistochemistry verified coexpression of GFAP and 14-
3-3a in these astrocytes (Fig. 4f). In contrast, GFAP" glial scar
was devoid of 14-3-3¢ immunolabeling. As reported previously
(Satoh et al., 2004), the great majority of reactive astrocytes,
including those with a multinucleated morphology, also
expressed a strong immunoreactivity for 14-3-3¢ (Fig. 4c).
In the brain of acute cerebral infarction, approximately 1-10%
of reactive astrocytes expressed an intense 14-3-3¢ immunor-
eactivity, some of which showed a binuclear morphology
(Fig. 4d). The 14-3-3¢ immunopositive cells often accumulated
in the rim of necrotic core of infarcted lesions. The expression
of 14-3-30 in reactive astrocytes was less pronounced in the old
lesions of cerebral infarction, and fairly weak or barely
detectable in the brains of schizophrenia or neurologically
normal control subjects, where most of the 14-3-3¢ immunor-
eactive astrocytes were not multinuclear (Fig. 4e). Neither
neurons, oligodendrocytes, macrophages/microglia, lympho-

cytes, endothelial cells nor ependymal cells expressed 14-3-30
in the brains of any cases examined.

3.3. Reactive astrocytes express oxidative stress and DNA
damage markers in demyelinating lesions of MS and
ischemic lesions of cerebral infarction

Because 14-3-3¢ is a p53 target gene, we investigated the
expression of markers for oxidative stress and DNA damage
responses in demyelinating lesions of MS and ischemic lesions
of cerebral infarction. In all these lesions, the vast majority of
reactive astrocytes including hypertrophic astrocytes with a
multinucleated morphology, along with most of macrophages/
microglia, expressed an intense immunoreactivity for 4-HNE, a
marker of lipid peroxidation product (Fig. 5a and b). In
addition, a subpopulation of neurons also expressed varying
intensities of 4-HNE immunoreactivity in the brain of MS and
non-MS cases (not shown). In demyelinating and ischemic
lesions, less than 20% of reactive astrocytes expressed weak/
intermediate immunolabeling for 8-OHdG, a marker of
oxidative DNA damage (Fig. 5c). In contrast, reactive
astrocytes expressing either 4-HNE or 8-OHAG were barely
detectable in the brains of schizophrenia or neurologically
normal control subjects (not shown). These results suggest that
reactive astrocytes were exposed in vivo to oxidative stress and
some of them expressed 14-3-3¢ in these lesions.
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Fig. 3. The expression of 14-3-3¢, p53, p21 and GDF135 in cultured human astrocytes following exposure to etoposide, 5-aza-2'-deoxycytidine or MG-132. Cultured
human astrocytes were exposed for varying periods to etoposide (Etp), 5-aza-2'-deoxycytidine (aza-dC) or MG-132. (a) Etp treatment: Western blot analysis of 14-3-
30, p53, p21 and Hsp60 (internal control). The identical blot (150 g of total cellular protein on each lane) was processed for sequential relabeling with different
antibodies. The lanes (1-6) indicate (1) untreated, (2) 4 h, (3) 8 h, (4) 24 h, (5) 48 h and (6) 72 h after initiation of treatment with 20 M Etp. (b) Aza-dC treatment:
Western blot analysis of 14-3-3¢, p53 and Hsp60 (intemal control). The identical blot (150 pg of total cellular protein on each lane) was processed for sequential
relabeling with different antibodies. The lanes (1 and 2) indicate treatment with: (1) vehicle and (2) 5 M aza-dC for 72 h. (¢) MG-132 treatment: Western blot
analysis of 14-3-3c, p53 and Hsp60 (interal control). The identical blot was processed for sequential relabeling with different antibodies. The lanes (1-3) indicate (1)
untreated, (2) 4 hand (3) 24 h after initiation of treatment with 10 pM MG-132. (d) Aza-dC treatment: Cultured human astrocytes were exposed for 72 hto 5 pM aza-
dC or vehicle, then processed for methylation-specific PCR (MSP) analysis using the primer sets specific for methylated (M) or unmethylated (U) 14-3-30 promoter
listed in Table 1. The lanes (1-6) indicate (1) untreated, U primer, (2) untreated, M primer, (3) vehicle-treated, U primer, (4) vehicle-treated, M primer, (5) aza-dC-
treated, U primer and (6) aza-dC-treated, M primer. (¢) Etp treatment: Western blot analysis of GDF15, 14-3-3¢ and Hsp60 (internal control). The panels represent the
secreted mature form of GDF15 (sGDF15) detected in the concentrated culture supernatant (the left panel) and the intracellular proform of GDF15 (¢cGDF15) detected
in the cellular protein extract (the right panel), derived from astrocytes exposed for 24 h to Etp or vehicle. In the right panel, the identical blot (150 p.g of total cellular
protein on each lane) was processed for sequential relabeling with different antibodies. The lanes (1 and 2) indicate treatment with (1) vehicle and (2) 20 uM

etoposide.

3.4. Microarray analysis validated upregulation of p53-
responsive genes and downregulation of mitotic checkpoint-
regulatory genes in etoposide-treated astrocytes

To further obtain an insight into multinucleated reactive
astrocytes overexpressing 14-3-30, a comprehensive gene
expression profile of DNA-damaged astrocytes was studied by
microarray analysis. Total RNA was isolated from human
astrocytes in culture exposed for 24 h to either 20 pM etoposide
or vehicle (DMSO). Among 41,000 genes on the microarray, 99
genes were upregulated over two-fold, whereas 396 genes were
downregulated less than 0.5-fold following the treatment. Top
20 most markedly upregulated genes included 12 known p53-
responsive genes, such as mouse double minute 2 homologue
(MDM2), growth differentiation factor 15 (GDF15), p21, pS53-
induced protein 3 (PIG3), sestrin 1 (SESN1), hsp110-related
gene (APG-1), adrenodoxin reductase (ADXR), p53-upregu-
lated modulator of apoptosis (PUMA), nerve injury-induced
protein ninjurin-1 (NINJ1), diacylglycerol kinase alpha
(DGKA), tripartite motif-containing protein 22 (TRIM22)
and transforming growth factor alpha (TGFA) (Table 3).
Unexpectedly, a Cy5/Cy3 signal intensity ratio for 14-3-3¢ was
1.77, which did not reach the levels of substantial upregulation
defined as 2.0. Real-time RT-PCR analysis validated substantial

upregulation of GDF15 and p21 mRNA in etoposide-treated
astrocytes (Fig. 2g and h). Upregulation of GDF135 in astrocytes
under DNA damaging stresses was supported by following
observations. A secreted mature form of GDF15 (15-kDa) was
identified in culture supernatant of etoposide-treated astrocytes
but not of vehicle-treated cells (Fig. 3e, left panel, lanes 1 and
2). An intracellular proform of GDF15 (37-kDa) was expressed
in etoposide-treated astrocytes but undetectable in vehicle-
treated cells (Fig. 3e, right panel, lanes 1 and 2). A substantial
population (1-10%) of reactive astrocytes and macrophages/
microglia expressed a weak/intermediate GDF15 immunor-
eactivity in chronic active demyelinating lesions of MS
(Fig. 5d) and ischemic lesions of acute and old cerebral
infarction (not shown).

Top 20 most profoundly downregulated genes in etoposide-
treated astrocytes included a battery of the genes involved in
cell cycle regulation, particularly those essential for the mitotic
checkpoint function. They are composed of abnormal spindle-
like, microcephaly associated (ASPM), budding uninhibited by
benzimidazoles 1 homolog (BUBI), kinetochore associated
protein 2 (KNTC2), actin-binding protein anillin (ANLN),
baculoviral IAP repeat-containing protein 5 (BIRCS), cen-
tromere protein F (CENPF), kinesin family member 11 (KIF11)
and 20A (KIF20A), T-LAK cell-originated protein kinase
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Fig. 4. The expression of 14-3-3¢ in a subset of multinucleated hypertrophic reactive astrocytes in demyelinating lesions of MS and ischemic lesions of cerebral
infarction. The tissue sections of MS and non-MS brains were studied by immunohistochemistry. (a) 14-3-3¢ immunolabeling: Chronic active demyelinating lesions
in optic nerve of a 33 year-old man with SPMS. A multinucleated hypertrophic cell is intensely stained. (b) 14-3-3¢ immunolabeling: Chronic active demyelinating
lesions in pons of the same case as (a). A multinucleated hypertrophic cell is intensely stained. (c) 14-3-3¢ immunolabeling: Chronic active demyelinating lesions in
pons of the case same as (a). Several binuclear hypertrophic cells are intensely stained. (d) 14-3-3c immunolabeling: The rim of necrotic core in the parietal cerebral
cortex of a 47 year-old man with acute cerebral infarction. Numerous binuclear hypertrophic cells are intensely stained. () 14-3-3¢ immunolabeling: The frontal
cortex of a neurologically normal 74-year-old woman who died of gastric and hepatic cancers. A single-nuclear cell is weakly stained. (f) 14-3-3¢ and GFAP double
immunolabeling: Chronic active demyelinating lesions in optic nerve of the same case of (a). A binuclear hypertrophic cell shows an intense immunoreactivity for
both 14-3-3c (brown) and GFAP (red). Glial scar that covers demyelinating lesions also expresses GFAP (red).

(TOPK), lamin B1 (LMNB1) and MAD2 mitotic arrest
deficient-like 1 (MAD2L1) (Table 4). Real-time RT-PCR
analysis verified substantial downregulation of ASPM and
BIRC5 mRNA in etoposide-treated astrocytes (Fig. 2i and j).

4. Discussion

The present study for the first time showed that human
astrocytes in culture expressed 14-3-3¢ in response to oxidative
and DNA-damaging stresses. Furthermore, a subset of reactive
astrocytes, but no other cell types, intensely expressed 14-3-3¢
in chronic active demyelinating lesions of MS and acute
ischemic lesions of cerebral infarction. Importantly, 14-3-3c-
expressing astrocytes often exhibited a multinucleated hyper-

trophic morphology that might represent an unusual state of
nuclear division without cytokinesis.

Several previous studies reported an accumulation of
multinucleated reactive astrocytes in chronic demyelinating
lesions of MS (Schlote, 1975; Nishie et al., 2004). We found
that many reactive astrocytes expressed 4-HNE and 8-OHdG,
oxidative stress and DNA damage response markers in
demyelinating lesions of MS and ischemic lesions of infarction.
In accordance with our observations, reactive astrocytes
metabolize 4-HNE-modified low density lipoprotein in
demyelinating lesions of MS (Newcombe et al, 1994).
Oxidative DNA damage accumulates in chronic active MS
plaques (Vladimirova et al., 1998; Lu et al., 2000). We recently
found that MS lymphocytes show a gene expression profile
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Fig. 5. The expression of oxidative stress and DNA damage response markers in reactive astrocytes in demyelinating lesions of MS and ischemic lesions of cerebral
infarction. The tissue sections of MS and non-MS brains were studied by immunohistochemistry. (a) 4-HNE immunolabeling: Chronic active demyelinating lesions in
optic nerve of a 40-year-old woman with SPMS. Numerous binuclear hypertrophic cells are intensely stained. (b) 4-HNE immunolabeling: The rim of necrotic core in
the parietal cerebral cortex of a 47-year-old man with acute cerebral infarction. Numerous cells morphologically compatible with hypertrophic reactive astrocytes are
intensely stained. (c) 8-Hydroxy-2'-deoxyguanosine (8-OHdG) immunolabeling: Chronic active demyelinating lesions in the parietal cerebral cortex of a 33-year-old
man with SPMS. Numerous cells morphologically compatible with reactive astrocytes and microglia are moderately stained. (d) GDF1S immunolabeling: Chronic
active demyelinating lesions in the frontal cerebral cortex of the same case as (a). Numerous cells morphologically compatible with hypertrophic reactive astrocytes

are moderately stained.

representing a counterbalance between promoting and pre-
venting apoptosis and DNA damage (Satoh et al., 2005). All of
these observations propose a pivotal role of oxidative and DNA-
damaging stresses in the pathological process of MS.
Demethylating treatment with aza-dC upregulated 14-3-3¢
expression in cultured human astrocytes. Because epigenetic
silencing of the 14-3-3¢ gene causes malignant transformation
of various cell types (Ferguson et al., 2000; Kancuchi et al.,
2004), it is surprising that the 14-3-3¢ promoter region is
constitutively hypermethylated in non-transformed astrocytes
we utilized. However, a recent study showed that the 14-3-3¢
promoter is methylated physiologically to some degree in
normal lymphocytes (Bhatia et al., 2003). 14-3-3¢ protein
levels are also regulated by proteasome-dependent proteolytic
degradation in certain cell types. Efp, an estrogen-inducible
RING-finger-dependent ubiquitin ligase E3, targets proteolysis
of 14-3-30 in breast cancer cells (Urano et al., 2002). The 14-3-
30 protein expression is upregulated in Efp-deficient cells that
show a reduced cell growth rate, and is elevated in human
prostate cancer cells by treatment with MG-132, a proteasome
inhibitor (Urano et al., 2004). In contrast, we found that MG-
132 did not alter the 14-3-3¢ protein levels, excluding an active
involvement of proteasome-dependent regulation in human
astrocytes under standard culture conditions. On the contrary,
MG-132 elevated the p53 protein levels in astrocytes,
supporting a major role of posttranslational modifications in

the stability of p53 protein (Slee et al., 2004). Following
exposure to etoposide, p53 and p21 protein levels were elevated
much earlier than the levels of 14-3-3¢ in astrocytes. The
difference in induction kinetics between p53 and 14-3-3c looks
unusual, because 14-3-3¢ is located at the point immediately
downstream of p53. However, delayed induction of 14-3-3¢
was observed in several cell types (Zhao et al., 2000).

The most markedly upregulated genes in etoposide-treated
astrocytes included 12 known p53-regulated genes that have the
p53-binding consensus site in the regulatory region. Among
them, MDM2 with an E3 ubiquitin ligase activity acts as a
negative regulator of p53. MDM?2 interacts with p53, inhibits
transactivation by p53 and targets p53 for proteasomal
degradation (Meek, 2004). In contrast, 14-3-3¢ has a positive
feedback effect on p53 regulation. 14-3-3¢ facilitates the
tetramerization of p53, enhances the transcriptional activity of
p53 and antagonizes the function of MDM2 by blocking
MDM2-mediated ubiquitination and nuclear export of p53
(Yang et al., 2003).

In the present study, there exists an apparent disagreement in
the levels of 14-3-3¢ expression in etoposide-treated astrocytes
among microarray, real-time RT-PCR and Western blot. The
Cy5/Cy3 signal intensity ratio for 14-3-3¢ (1.77) in microarray
did not reach the levels of substantial upregulation defined as
2.0, while the etoposide-induced elevation of 14-3-3¢ levels
was more evident in real-time RT-PCR (an 11.4-fold increase,
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Fig. 2f) and in Western blot (a 2.5-fold increase, Fig. 3a). These
discrepancies are afttributable to the differences in the basic
principle (competitive hybridization and two-color detection in
microarray versus individualized amplification and one-color
detection in real-time RT-PCR, and antibody-based amplified
immunodetection in Western blot), normalization (unbiased
global normalization of all features in microarray versus
normalization of selected genes against the levels of house-
keeping genes in real-time RT-PCR and Western blot), linear
amplification of RNA prior to microarray analysis and
differential strategies in probe designs for microarray and
real-time RT-PCR (Jenson et al., 2003; Wang et al., 2006), and
in addition to potential posttranscriptional regulation of 14-3-
30 on special occasions (Urano et al., 2002).

GDF15, alternatively named macrophage-inihibiting cyto-
kine 1 (MIC1), is a secreted protein of the TGF superfamily.
An intracellular proform of GDF15 is processed into a mature
secreted form after proteolytic cleavage (Bootcov et al., 1997).
GDF15 is transcriptionally activated by p53 following DNA
damage, and overexpression of GDF15 induces G1 cell cycle
arrest and apoptosis in human breast cancer cells (Li et al.,
2000). GDF135, produced in response to injury by astrocytes,
neurons, macrophages/microglia and choroid plexus epithe-
lium, acts as a potent trophic factor for mesencephalic
dopaminergic neurons in the CNS (Strelau et al., 2000;
Schober et al., 2001). We showed that reactive astrocytes and
macrophages/microglia expressed an immmunoreactivity for
GDF15 in demyelinating lesions of MS and ischemic lesions of
cerebral infarction, and GDF15 protein was secreted into the
culture medium of human astrocytes, when the cells were
exposed to etoposide.

The most profoundly downregulated genes in etoposide-
treated astrocytes included a battery of mitotic checkpoint-
regulatory genes. Among them, ASPM regulates mitotic spindle
activity in neuronal progenitor cells, and a panel of protein-
truncating mutations in the ASPM gene cause human autosomal
recessive primary microcephaly (MCPH) (Bond et al., 2002).
BUBI is the human homolog of the yeast BUB1 gene, a kinase
involved in mitotic checkpoint function. The mutational
inactivation of BUB1 induces mitotic checkpoint defects and
chromosomal instability in colorectal cancer cells (Cahill et al.,
1998). KNTC2 regulates spindle checkpoint signaling required
for correct segregation of chromosomes during cell division
(Martin-Lluesma et al., 2002). BIRCS, also known as survivin, is
a member of the IAP gene family expressed abundantly in the
G2/M phase in a cell cycle-dependent manner, where it
associates with microtubules of the mitotic spindle (Li et al.,
1998). Although survivin has two putative p53-binding sites in
the promoter region of BIRC5S (Mirza et al., 2002), it was
downregulated in etoposide-treated astrocytes. Importantly, a set
of p53-responsive genes are repressed by p53 via an as yet
unidentified mechanism (Mirza et al., 2003). Since etoposide
reduces the expression of mitotic checkpoint genes in cultured
human astrocytes, we could propose a possible scenario that a
small subset of hypertrophic reactive astrocytes with an
enhanced expression of 14-3-3c showed a multinucleated
morphology due to aberrant regulation of the mitotic signaling

pathway, following persistent exposure to oxidative and DNA-
damaging stresses in demyelinating and ischemic lesions.
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Differential Expression of CD11c by Peripheral Blood NK
Cells Reflects Temporal Activity of Multiple Sclerosis’

Toshimasa Aranami, Sachiko Miyake, and Takashi Yamamura?®

Multiple sclerosis (MS) is an autoimmune disease, showing a great degree of variance in temporal disease activity. We have
recently demonstrated that peripheral blood NK cells biased for secreting IL-5 (NK2 bias) are associated with the remission state
of MS. In this study, we report that MS patients in remission differentially express CD11c on NK cell surface (operationally defined
as CD11c™* or CD11¢"°™). When we compared CD11c"#" or CD11c'" patients, the expression of IL-5 and GATA-3 in NK cells
supposed to endow a disease-protective NK2 phenotype was observed in CD11c'®” but not in CD11¢"* patients. In contrast, the
CD11cM#! group showed a higher expression of HLA-DR on NK cells. In vitro studies demonstrated that NK cell stimulatory
cytokines such as IL-15 would up-regulate CD11c expression on NK cells. Given previous evidence showing an association between
an increased level of proinflammatory cytokines and temporal disease activity in MS, we postulate that inflammatory signals may
play a role in inducing the CD11c"#" NK cell phenotype. Follow-up of a new cohort of patients showed that 6 of 10 CD11cM#*" MS
patients developed a clinical relapse within 120 days after evaluation, whereas only 2 of 13 CD11c"°% developed exacerbated disease
(p = 0.003). As such, a higher expression of CD11c on NK cells may reflect the temporal activity of MS as well as a loss of
regulatory NK2 phenotype, which may allow us to use it as a potential biomarker to monitor the immunological status of MS

patients. The Journal of Immunology, 2006, 177: 5659~5667.

ultiple sclerosis (MS)® is a chronic inflammatory dis-
M ease of the CNS, in which autoreactive T cells target-

ing CNS Ags are presumed to play a pathogenic role
(1). A large majority of the patients with MS (~70%), known as
relapsing-remitting MS, would develop acute exacerbations of dis-
ease between intervals of remission. It is currently believed that
relapses are caused by T cell- and Ab-mediated inflammatory re-
actions to the self-CNS components, and could be controlled at
least to some degree by anti-inflammatory therapeutics, immuno-
suppressants, or plasma exchange.

The clinical course of MS varies greatly among individuals,
implicating difficulties to predict the future of each patient. For
example, patients who had been clinically inactive in the early
stage of illness could abruptly change into active MS accompany-
ing frequent relapses and progressive worsening of neurological
conditions. There are a number of unpredictable matters in MS,
including an interval between relapses, responsiveness to remedy
and the prognosis in terms of neurological disability. To provide
better quality of management of the patients, searches of appro-
priate biomarkers are currently being warranted (2).

‘We have recently shown that surface phenotype and cytokine
secretion pattern of peripheral blood NK cells may reflect the dis-
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ease activity of MS (3, 4). A combination of quantitative PCR and
flow cytometry analysis has revealed that NK cells in clinical re-
mission of MS are characterized by a higher frequency of CD95™
cells as well as a higher expression level of IL-5 than those of
healthy subjects (HS) (3). As IL-5-producing NK cells, referred to
as NK2 cells (5), could prohibit Th1 cell activation in vitro (3), we
interpreted that the NK2 bias in MS may contribute to maintaining
the remission state of MS. More recently, we have found that MS
patients in remission can be further divided into CD95™#" and
CD95™Y, according to the frequency of CD95* cells among NK
cells (4). Notably, memory T cells reactive to myelin basic protein,
a major target Ag in MS, were increased in CD9SM patients,
compared with CD95'¥, Of note, CD95™#" NK cells exhibited an
ability to actively suppress the autoimmune T cells, whereas those
from CD95'Y patients did not. These results suggest that NK cells
may accommodate their function and phenotype to properly coun-
terregulate autoimmune T cells in the remission state of MS.

Recently, a distinct population of NK cells that express CD11c,
a prototypical dendritic cell (DC) marker, was identified in mice
(6, 7). As the CD11c* NK cells exhibited both NK and DC func-
tions, they are called as “bitypic NK/DC cells.” CD11c associates
with integrin CD18 to form CD11¢/CD18 complex and is ex-
pressed on monocytes, granulocytes, DCs, and a subset of NK
cells. Although precise functions are unclear, it has been reported
that CD11c is involved in binding of iC3b (8), adhesion to stim-
ulated endothelium (9) or phagocytosis of apoptotic cells (10). The
initial purpose of this study was to evaluate CD11c expression and
function of CD11c™ NK cells in MS in the line of our research to
characterize NK cells in MS. On initiating study, we noticed that
there was no significant difference between MS and HS in the
frequency of CD11c* NK cells. However, expression levels of
CD11c were significantly higher in MS. We further noticed that
up-regulation of CD11c is seen in some, but not all, patients with
MS. So we have operationally classified MS into CD11¢°% and
CD11cMs,

In this study, we demonstrate that IL-5, characteristic of NK2
cells (5), were significantly down-regulated in CD1 lc:’“f"h than

0022-1767/06/$02.00
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CD11c®¥ NK cells. In contrast, expression of HLA-DR class II
molecule was up-regulated in CD11c™# NK cells. Notably, both
CD11c and HLA-DR on NK cells were reproducibly induced in
vitro in the presence of IL-15 (11) or combination of inflammatory
cytokines, known to be increased in the blood of MS (12-14).
Furthermore, we found that the remission state of CD11cM#" is
unstable in comparison to CD11¢!°%, as judged by an increased
number of the patients who exacerbated during the 120 days after
examining NK cell phenotypes. These results suggest that the
CD11c™* group of patients may be in more unstable condition
than CD11c!¥, presenting with reduced regulatory functions of
NK cells.

Materials and Methods
Subjects

Twenty-five patients with relapsing-remitting MS (15) (male (M)/female
(F) = 8/17; age = 37.7 = 11.1 (year old)) and 10 sex- and age-matched HS
(M/F = 3/7; age = 39.9 * 12.2 (year old)) were enrolled for studying NK
cell phenotypes. All the patients were in the state of remission at exami-
nation as judged by magnetic resonance imaging scanning and clinical
assessment. They had not been given immunosuppressive medications, or
corticosteroid for at least 1 mo before examination. They had relatively
mild neurological disability (expanded disability status scale <4) and
could walk to the hospital without any assistance during remission. The
same neurologist followed up the patients regularly (every 3-4 wk) and
judged the occurrence of relapse by using magnetic resonance imaging and
clinical examinations. Information on NK cell phenotype or other immu-
nological parameters was never given to either the neurologist or the pa-
tients at the time of evaluation. To precisely determine the onset of relapse,
patients were allowed to take examination within a few days after a new
symptom appeared. Written informed consent was obtained from all the
patients and the Ethics Committee of the National Center of Neuroscience
(NCNP) approved the study.

Reagents

Mouse IgG1 isotype control-PE, anti-CD3-energy-coupled dye (ECD), anti-
CDA4-PE, anti-CD8-PCS5, anti-CD56-PC5, anti-CD69-PE, and anti-HLA-
DR-FITC mAbs were purchased from Immunotech, Anti-CD11¢-PE and
anti-CD9S-FITC were purchased from BD Pharmingen. Recombinant hu-
man cytokines were purchased from PeproTech. AIM-V (Invitrogen Life
Technologies) was used for cell culture after supplementing 2 mM L-glu-
tamine, 100 U/ml penicillin, and 100 mg/ml streptomycin (Invitrogen Life
Technologies).

Cell preparation and NK cell purification

PBMC were separated by density gradient centrifugation with Ficoll-
Hypaque PLUS (Amersham Biosciences). To purify NK cells, PBMC were
treated with NK isolation kit II (Miltenyi Biotec) twice, according to the
manufacturer’s protocol. Briefly, PBMC were labeled with a mixture of
biotin-conjugated mAbs reactive to non-NK cells and magnetic microbead-
conjugated anti-biotin mAbs. The magnetically labeled non-NK cells were
depleted with auto-MACS (Miltenyi Biotec) and this procedure always
yielded >95% purity of NK cells when assessed by the proportions of
CD3CD56* cells with flow cytometry.

Flow cytometry

To evaluate the expression of CD11¢, CD95, or other surface molecules on
NK cells, PBMC were stained with anti-CD3-ECD, anti-CD56-PCS5, and
FITC- or PE-conjugated mAbs against molecules of our interest and were
analyzed with EPICS flow cytometry (Beckman Coulter). Mean fluores-
cence intensity (MFI) of CD11c was measured on gated CD11c* fraction
or whole NK cells.

Stimulation of purified NK cells with proinflammatory cytokines

Purified NK cells (1 X 10%well) were stimulated in the presence or ab-
sence of IL-4, IL-8, IL-12, IL-15, IL-18, IL-23, TNF-a, and GM-CSF or
combination of IL-12, IL-15, and IL-18 for 3 days. We analyzed CDl1c
expression after staining the cells with anti-CD11c-PE, anti-CD3-ECD,
and anti-CD56-PCS5. The concentration of IL-12 was at 10 ng/ml, and those
of the other cytokines were at 100 ng/ml.

UP-REGULATION OF CD11C ON NK CELLS IN ACTIVE MS

RT-PCR

Total RNA were extracted with a RNeasy Mini kit (Qiagen) from purified
NK cells, and the cDNA were synthesized with Super Script ITI first strand
systems (Invitrogen Life Technologies) according to the manufacturer’s
protocol. For quantitative analysis of IL-5, IFN-y, GATA-3, and T-bet, the
LightCycler quantitative PCR system (Roche Diagnostics) was used. Rel-
ative quantities of mRNA were evaluated after normalizing each expres-
sion levels with B-actin expression. PCR primers used were as follows:
B-actin-sense, AGAGATGGCCACGGCTGCIT, and -antisense, ATTT
GCGGTGGACGATGGAG; IFN-y-sense, CAGGTCATTCAGATGTA
GCG, and -antisense, GCTTTTCGAAGTCATCICG; IL-5-sense, GCA
CACTGGAGAGTCAAACT, and -antisense, CACTCGGTGTTCATTA
CACC; GATA-3-sense, CTACGGAAACTCGGTCAGG, and -antisense,
CTGGTACTTGAGGCACTCTT; T-bet-sense, GGAGGACACCGACTA
ATTTGGGA, and -antisense, AAGCAAGACGCAGCACCAGGTAA.

Statistical analysis of remission rate

We set the first episode of relapse after blood sampling as an end point,
although we followed clinical course of each patient for up to 120 days,
regardless of whether they developed relapses. No patients developed sec-
ond relapse during the 120 days. When the neurologist prescribed corti-
costeroids without knowing any information on the NK cell phenotype, the
patient was considered as the dropout at that time point. Remission rate was
calculated as Kaplan-Meier survival rate, and statistical difference between
CD11¢®Y and CD11cM8" MS was evaluated with the log-rank test.

Results
CDl1lc on NK cells is up-regulated in MS remission

First, we confirmed that PBMC from healthy individuals and MS
contain CD11c™ NK cells (Fig. 1), which constitute a major pop-
ulation of whole NK cells. We then noticed that proportion of
CD11c* NK cells as well as its levels of expression greatly varied
among individuals, particularly in MS. To examine this issue fur-
ther, we systemically examined 25 MS patients in remission and
10 HS for NK cell expression of CD11c. Whereas 20—80% of NK
cells are CD11c* in HS (Fig. 1c), almost all NK cells were
CD1l1c™ in some MS patients (Fig. 1, ¢ and e). However, reflecting
a great degree of variance, comparison between HS and MS did
not reveal a significant difference (Fig. 1¢). In contrast, when we
measured the MFI of CD11c expression on CD11lc* NK cells, it
was significantly higher in MS as compared with HS (Fig. 1a).
This difference was also noticed when MFI of CD11c was mea-
sured for all the NK cell populations (Fig. 15). It was interesting to
know whether the levels of CD11c expression may correlate with
NK cell functions. Therefore, we operationally divided the MS
patients into CD11¢"°™ and CD11cM#® subgroups (Fig. 1a), by set-
ting the border as (the average + 2 X SD) of the values for HS.

CDI11c"#" NK cells express HLA-DR more brightly than
CD11c®* NK cells

It was previously reported that infection with certain viruses would
accompany up-regulation of CD11c on NK cells (16). This raises
a possibility that the increased expression of CD11¢ in CD11chi#h
MS may reflect an activation state of NK cells caused by some sort
of stimuli. To verify this hypothesis, we examined surface expres-
sion of cell activation markers (CD69 and HLA-DR). Although
CD®69, an early activation marker, was not detectable on NK cells
(Fig. 2a), NK cells from MS, particularly CD11cM#* MS, signif-
icantly overexpressed HLA-DR on surface (Fig. 2). Interestingly,
HLA-DR expression was also up-regulated on CD4™ T cells from
CD11c™#® MS compared with those from HS (data not shown).
These results indicate that NK cells and T cells are differentially
activated in CD11c™#® MS, CD11c"°% MS, and HS.

Absence of NK2 bias in CD11¢"#" Ms

We have previously reported that a higher level of IL-5 expression
(NK2 bias) is one of the characteristics of NK cells of MS in
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FIGURE 1. CDllc on NK cells is
up-regulated in MS in remission. a,
PBMC from HS (n = 10) and MS pa-
tients in remission (n = 25) were stained
with anti-CD11c-PE, -CD3-ECD, and
-CD56-PC5 mAb, and CD1l1c expres-
sion was measured on the CD11c* frac-
tion gated within whole NK cells
(CD11c*CD37CD56™ cells) as mean

fluorescence intensity (MFI). Each dot 4

represents the data from individual pa-
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mission. d and e, Representative histo-
gram patterns of CD1lc on NK cells
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subject (HS) (d) and a patient corre-
sponding to CD11ch#" MS (e). Open

histograms represent isotype control
staining. Values represent proportions of
CDllc* fraction (%) and MFI for
CD1lc* cells, Mann-Whitney U test
was used for statistical analysis. Hori-
zontal bars indicate the mean values. *,
p < 0.05; #x, p < 0.01.

remission (3). Although the mechanism for NK2 bias in MS re-
mains to be further studied, up-regulation of GATA-3 has recently
been reported in the induction of NK2 cells in mice (17). To ex-
plore the possible difference in the functions of CD11c™#" and
CD11¢"°Y NK cells, we isolated NK cells from CD11cM*® or
CD11c"™ group of patients and measured the mRNA levels of
representative cytokines IFN-y and IL-5 as well as corresponding
transcription factors T-bet and GATA-3. As shown in Fig. 3,
mRNA expression of both IL-5 and GATA-3 was significantly
higher in CD11 MS compared with HS or CD11c®#* MS,
indicating that NK2 bias thought to be characteristic of MS remis-
sion is restricted to CD11¢°% MS. In contrast, there were no dif-
ferences in mRNA expression of IFN-y and T-bet among these
three groups. Because NK cells from CD11cM#" patients expressed
HLA-DR most brightly, we speculate that NK2 bias associated
with CD11¢®" MS would attepuate when NK cells are further
activated or differentiated.

NK cell stimulatory proinflammatory cytokines induce up-
regulation of CD1lc

We next attempted to explore the mechanism(s) for up-regulation
of CD11c on NK cells in CD11c™#" MS. Because both NK cells
and CD4" T cells overexpressed HLA-DR in CD11c"™# is it
probable that immune signals influencing both innate and acquired
immunity are operative. So we hypothesized that cytokine signals
that have been implicated in the pathogenesis of MS may play a
role. We cultured NK cells from HS in the presence or absence of

CDi1e

cytokine(s) for 3 days, and evaluated the CD11c¢ expression (MFI).
We focused our attention to [1.-12, IL-15, and IL-18, which are
known to stimulate NK cells with or without help of other cyto-
kines. Notably, they are reportedly elevated in the serum or blood
lymphocytes of MS patients as compared with HS (11-14, 18, 19),
and prior studies suggest that they may play an important role in
autoimmune diseases (20—24). As shown in Fig. 4, although IL.-12
and IL-18 showed only a marginal effect on purified NX cells,
IL-15 consistently induced 2- to 3-fold up-regulation of CD11c
compared with control culture without addition of cytokines. As
IL-12 and I1.-18 were reported to synergistically work in various
settings (25, 26), we then examined whether combinations of these
cytokines may induce CD11c. Combination of IL-15 and [1L-12 or
of IL-15 and IL-18 did not augment the CD11c expression to the
level higher than that could be induced by IL-15 alone. However,
the combination of I1.-12 and IL-18 did up-regulate CD11c on NK
cells, which was comparable to the effect of IL-15 alone (Table I).
Additionally, we tested the effects of several cytokines involved in
differentiation of DC (TNF-a, GM-CSF, IL-4) (27), or known to
up-regulate CD11c in granulocytes (IL-8) as controls (28) in the
same assay. These cytokines showed no significant effect (Table I).

CD11c¥#" MS relapsed earlier

Given the significant difference in activation status and cytokine
phenotype of NK cells as well as HLA-DR expression by CD4™ T
cells, it was particularly interesting to know whether CD11¢'°™ and
CD11c™# MS may follow a different clinical course. A new cohort of
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13 CD11¢"¥ and 10 CD11J#" MS patients listed in Table II were
followed for up to 120 days. In this preliminary exploration, we set
the first episode of relapse after blood sampling as an end point.
When the neurologist prescribed corticosteroids without knowing
any information on the NK cell phenotype, the patient was con-
sidered as the dropout at that time point. Remission rate was cal-
culated as Kaplan-Meier survival rate, and statistical difference
between CD11¢"°" and CD11cM#* MS was evaluated with the log-
rank test (Fig. 5a). At entry, there was no significant difference in
the age and disease duration between CD11¢!°% and CD11ch#h
MS (Table II). On analyzing the collected data after completing the
study, we found that 8 patients developed a single relapse during
the observation period and that the proportion of patients who have
had relapse during the follow-up period was greatly higher in
CD11cM#" MS (6 of 10, 60%) than in CD11d°% MS (2 of 13,
15.3%). Furthermore, the log-rank test revealed that CD11chsh
MS relapsed significantly earlier than CD11c™ MS (p = 0.003),
suggesting a possible role of CD11c as a temporal marker for
predicting relapse within months after examination. We also ex-
plored whether the difference between CD11¢M** and CD11d°¥
could be influenced by age or sex. When we selected a group of
patients younger than 38.5 years old (the mean age of all the pa-
tients), a significantly earlier relapse in CD11¢M#" than CD11c°%
MS was confirmed in this group of patients (» = 0.0067, Fig. 5b).
In the rest of the patients (<38.5 years old), the difference was less
clear and not significant (p = 0.095). In female patients,
CD11c™™* MS relapsed significantly earlier than CD11c"®¥ MS
(p = 0.035, Fig. 5¢), whereas this tendency was not statistically
significant in male patients (p = 0.083). By examining the pa-
tients’ medical records, we also found that the duration from the
last relapse tended to be shorter in CD11c™#" than CD11d°Y MS

HLA-DR

(14.7 % 12 mo in CD11cM*" vs 26,7 = 24.3 mo in CD11c°%) and
that the mean number of relapses per year was higher in CD11chi#®
MS (0.9 * 0.6 in CD11c™®™ v5 0.5 £ 0.5 in CD11¢®"). These are
consistent with the postulate that CD11cM#® MS might be immu-
nologically more active than CD11¢'°% MS (Table II).

Alteration of CD1lc expression in the course of MS

We previously described that NK cells may lose NK2 phenotype
during relapse (3). It is interesting to know whether the CD11c¢
phenotype also changes in the course of MS. During the follow-up
period of 120 days, 8 patients developed a relapse. We were able
to take blood samples at relapse before treatment with corticoste-
roid and then compared the relapse samples with the samples ob-
tained during remission at initiation of the study. As shown in Fig.
6, we saw an obvious tendency that the levels of CD11c¢ expression
would decline during relapse (p < 0.05). HLA-DR expression on
NK cells was also reduced in some patients during relapse, but the
difference between remission and relapse samples was not statis-
tically significant.

Expression pattern of CD95 vs CD1lc on NK cells in MS

In a previous study, we showed that MS patients could be divided
into CD95™#* and CD95™Y according to the frequency of CD95™
cells among NK cells (4). Additionally, we examined whether ex-
pression of CD11c and CD95 may independently reflect the status
of MS. We found no significant correlation between CD95 (%) and
CD11c (MFI) on NK cells in MS (» = 0.29, p = 0.16 with Spear-
man’s correlation coefficient by rank test), indicating that expres-
sion of CD95 and CD11c on NK cells may be regulated indepen-
dently. By setting the upper limits of CD95" (%) and CD11¢c MFI
as (the average + 2 X SD) of HS (CD95: 44.6%, CD11c: 5.04),
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we then examined whether there is a correlation between CD11c
CD95 phenotype and clinical conditions (Fig. 7). Naturally, all the
healthy subjects were plotted in the left lower quadrant
(CD95"°¥CD11c"™%). In contrast, MS patients were plotted in all
the four quadrants with differential proportions of patients who
have no relapse during 120 days: CD95"°¥CD11¢"°%; 3/3 (100%),
CDY5*¥CD11c™™; 172 (50%), CDISH#CD11c'%; 8/10 (80%),
CD95™8CD1 1™ 2/7 (28.6%). Although the data for CD95™™
subjects (lower left and lower right) need to be omitted due to the
limited sample size, we found that the difference between
CD95™#:CD11c"°™ and CDISMARCD11cM#" in remission rate was
significant with log-rank test (p = 0.028). Provided that CD95M#?

no cytokine
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o
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patients possessed an increased frequency of memory autoreactive
T cells (4), this result is consistent with the idea that when com-
parable numbers of autoimmune T cells are present in the periph-
eral circulation, remission of MS is more stable in patients with
CD11"°% NK cells.

Discussion

Blood examination of systemic autoimmune diseases such as sys-
temic lupus erythematosus usually exhibits measurable abnormal-
ities such as elevation of autoantibodies, which is useful for eval-
uating activity of disease. In contrast, patients with MS do not
accompany such systemic abnormalities in laboratory tests except
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FIGURE 4. CDllc expression on NK cells is up-
regulated with addition of IL-15. a, Purified NK cells
were cultured in the absence or presence of I1-12,

35

kb

i

’ = !Il

g
2

L

fold increase

&
bt

0.5

11-18, or IL-15. Three days later, the cells were
stained with anti-CD11¢-PE, -CD3-ECD, and
-CD56-PC5 mAb. CD1l1c expression on NK cells
(CD37CD356™ cells) is demonstrated as single histo-
gram. Values indicate CD11¢ MFI of CD1lc™ frac-
tions. A representative of three independent experi-
ments is shown. b, Data are expressed as mean fold
increase of CD11lc MFI (the MFI in the presence of
cytokine/the MFI in the absence of cytokine) + SD
from three independent experiments. ANOVA was
used for statistical analysis. **, p < 0.01.
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Table 1. Effect of several cytokines on CD11c expression on NK cells

UP-REGULATION OF CD11C ON NK CELLS IN ACTIVE MS

No Cytokine IL-12 18 IL-15 IL-12 + IL-18 L4 TNF GM-CSF IL-23 IL-8
Expt. 1 1.00% 119 1.57 2.90 ND ND ND ND ND ND
Expt. 2 1.00 1.04 143 2.96 2.86 ND ND ND ND ND
Expt. 3 1.00 1.59 1.25 253 3.44 ND ND ND ND ND
Expt. 4 1.00 ND ND 2.62 ND 1.19 1.10 0.95 L14 ND
Expt. 5 1.00 ND ND 231 ND 1.24 ND 1.05 1.05 1.00
Mean 1.00 1.27 1.42 277 3.15 1.21 1.10 1.00 1.10 1.00
SD 0.00 0.29 0.16 0.19 0.41 0.03 0.07 0.07

 Purified NK cells were stimulated with cytokines. Data are expressed as fold increase of CD11c MFI (the MFI in the presence of the indicated cytokines/the MFI in the
absence of cytokines) in the presence of indicated cytokines. More than a 2-fold increase is highlighted (bold).

in unusual cases. It is currently recognized that autoreactive T cells
might be activated and expanded to various degrees in the periph-
eral blood and peripheral lymphoid organs of MS even during
remission (1-4). In fact, our previous work suggests that a higher
number of memory autoreactive T cells is linked with unstable
disease course (4). If we are able to accurately evaluate the im-
mune status of each patient with a relatively simple test, it should
be most helpful in treatment and management of MS. In this line,
it is currently of particular importance to identify measurable in-
dicators which would serve as clinically appropriate biomarkers in
MS (2).

This study has clarified for the first time to our knowledge that
CDl1c expression on peripheral NK cells is significantly up-reg-
ulated in a major proportion of patients with MS in remission. To
obtain insights into the mechanism and the biological meaning of
the NK cell expression of CD11c in autoimmune disease MS, we
have attempted to clarify the difference between CD11cM#® and
CD11c"°% patients regarding phenotypes of NK cells, cytokine
profile, and temporal clinical activity. We also explored which
inflammatory cytokines might induce CD11c on NK cells. Accord-
ing to the NK cell expression of CD11c, we have classified the
patients with MS in remission into CD11c™#" and CD11¢°¥. Most

notably, NK2 phenotype characterized by predominant IL-5 pro-
duction was seen in CD11¢!®¥ patients, but not in CD11c™#®, Con-
sistently, the CD11cM®" patients were found to be clinically more
active than CD11c®Y as judged by the remission rate during the
120 days after examination. These results indicate that up-regula-
tion of CD11lc on NK cells would reflect the temporal disease
activity and therefore could be used to identify patients who are
likely to exacerbate within months. It has been reported that
CD1lc* NK cells in mice could serve as APCs (6, 7). However,
we could not reveal Ag presenting capacity of human CD11c* NK
cells (data not shown).

Regarding the mechanism of CD11c induction on NX cells, we
have found that in CD11¢™#® patients, HLA-DR is concomitantly
up-regulated with CD11c on NK cells (Fig. 2), which suggests that
up-regulation of CDllc may represent an activation-induced
change. After exploring the culture condition that may induce
CDl11lc on NK cells, we have found that the addition of IL-15 or
combination of IL-12 and IL-18 would increase the expression
levels of CD11c on NK cells from healthy individuals. Because
increased levels of these proinflammatory cytokines are detected in
the blood samples of MS (11-13, 18, 19, 23), it is possible thatin

Table II. Information on the patients whose clinical courses were followed for up to 120 days

Age Disease Period Total Number of Duration from the Last Mean Numbers of
Identification No. Group (years) Sex (Years) Relapses Relapse (mo) Relapse/Year
1 Low 17 F® 9.6 2 24 0.2
2 Low 52 M 122 9 3 0.7
3 Low 31 F 6.2 13 7 2.1
4 Low 32 F 3.9 1 34 0.3
5 Low 42 F 22 1 8 0.5
6 Low 35 M 20 3 88 0.2
7 Low 37 M 8.5 3 50 0.4
8 Low 35 F 24 1 38 04
9 Low 26 F 4.8 2 10 04
10 Low 26 F 15 1 8 0.7
11 Low 41 M 55 1 24 0.2
12 Low 64 F 45 2 8 04
13 Low 42 F 6.3 1 45 0.2
Mean + SD 36.9 + 12.0 6.7+ 50 3.1+ 3.7 267 + 243 0.5+ 0.5
14 High 39 M 44 2 22 0.5
15 High 31 F 9.2 11 14 12
16 High 46 F 74 >20° 2 ND
17 High 53 F 2.1 4 5 19
18 High 59 F 4.9 19 0.4
19 High 27 M 9.3 4 9 04
20 High 36 F 2.7 1 19 04
21 High 34 F 3.8 2 43 0.5
22 High 60 F 34 6 10 1.8
23 High 21 F 1.8 2 4 1.1
40.6 + 134 49 + 2.8 38 +3.1 14.7 + 12.0 09 + 0.6

“F, Female; M, male.
® This value is eliminated from calculation of the mean,

-108-



The Journal of Immunology

5665

CD11e

12

10

MFl of CD11c
- o o
‘W

remission

relapss

a — od
190 44
08 — Y L
] N
808 - 'T
k] ’7 o
g 0.4
’— — — r
02 CO1 e
- - CDYICW
¢
© 20 40 &0 80 100 120
follow-up period (days)
———y
qr—I
08 l
Tos t
@
F I
)
S 04
. T *h
0.2 CD1 i |
.- CD11cNR o
0 $
0 20 40 60 80 100 120
foliow-up peniod (days)
c o .
e — ¢ )
0.8
5 ‘.— a— -Y
8
E 0.6
4 ‘-T
B
804
s D Y *
02 CD11gw
== == CDt1ct"
[}
0 20 40 60 80 100 120

{ollow-up pened (days)

FIGURE 5. Rate of remission is lower in CD11c"#" MS. The first ep-
isode of relapse after blood sampling was set as an end point and clinical
course of each patient was followed for up to 120 days. The remission rate
was calculated in all (a), the younger (b), or female (¢) patients as Kaplan-
Meier survival rate, and statistical difference between CD11c'% and
CD11c"" MS was evaluated with log-rank test at day 120. *, p < 0.05;
#%, p < 0.01.

vitro CD11c induction on NK cells may recapitulate the pheno-
typic alteration of NK cells in CD11c™#® patients. Interestingly,
IL-18 is not only a cytokine able to facilitate IFN-y production by
NK cells in cooperation with IL-12 (25, 26) but is crucial in in-
ducing pathogenic autoimmune responses (21). Furthermore, au-
toimmune encephalitogenic T cells can induce more serious dis-
ease upon adoptive transfer when they are preactivated in the
presence of IL.-12 and IL-18 (20). Taken together, these results
allow us to speculate that the proinflammatory cytokines may be
involved in the up-regulation of CD11c on NK cells. Although the
relationship between serum cytokine concentration and levels of
CDl1c expression on NK cells should be estimated in future stud-

FIGURE 6. Down-regulation of CD11c expression during relapse. a,
Representative CD11c histograms from the same patient in remission
(closed) and relapse (open). Values indicate CD11c MFI of CD11c™* frac-
tions. b, Comparison of NK cells from remission and relapse from the same
patients (n = 6). The data obtained from the same patients are connected
with lines. Wilcoxon signed-ranks test was used for statistical analysis.
*, p < 0.05.

ies, a previous work (11, 29, 30) showing that a probable link
between IL-15 and temporal disease activity, indicates that NK cell
expression of CDllc is likely to correlate with the levels of
cytokines.

In the Th cell differentiation, specific transcription factors have
been identified that play a crucial role in inducing Th1 or Th2 cells.
Namely, Thl differentiation characterized by IFN-y induction re-
quires a transcription factor T-bet, whereas GATA-3 and c-maf act
to promote Th2 cytokine production (31-33). Human NK cells
cultured in the presence of IL-12 or IL-4 differentiate into NK1 or
NK2 populations, reminiscent of Thl and Th2 cells (5). Whereas
NKI1 cells produce IL-10 and IFN-y, NK2 cells would serve as
immune regulators by producing IL-5 and IL-13. Notably, up-reg-
ulation of GATA-3 has been reported in mouse NK2 cells (17),
raising a possibility that Th cells and NK cells might share the
same transcription factor for inducing the key cytokine. We have
previously reported that IL-5 expression is one of the characteris-
tics of NK cells in the remission state of MS (3). However, it was
not excluded that overexpression of IL-5 could be restricted to a
proportion of the patients. Here, we have addressed whether NK
cells from CD11c™#" and CD11¢"*™ may differ with regard to ex-
pression levels of IFN-y and IL.-5 and of their transcription factors
T-bet and GATA-3. By measuring the mRNAs, we found that
expression levels of IL-5 and GATA-3 are elevated in CD11c°%
MS but not in CD11c™#® (Fig. 3). Furthermore, we showed that
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FIGURE 7. Expression pattern of CD95 vs CD11c on NK cells from
MS. PBMC from MS or HS were stained with CD95-FITC, CD11c¢-PE,
CD3-ECD, and CD56-PC5. After determining the proportion of CD95*
cells among NK cells and CD11c expression (MFI) of CD11c, we plotted
each patient according to the obtained values. Dotted lines represent the
upper limits of CD95™ cell (percent) and CD11c MFI for HS as (the av-
erage + two times SD) of HS. @, HS; ¢, MS; ¢, MS patients who
relapsed during the 120 days follow-up period.

neither IFN-y nor T-bet was increased in CD11cM#* MS. This
suggests that NK cells from CD11c"*" are NK2-biased but those
from CD11c™#" are not, although MS in remission as a whole is
NK2-biased as compared with control subjects. More recently, we
have observed that stimulation with IL-15 or IL-12 plus IL-18
would decrease IL-5 and GATA-3 mRNA in purified NK cells
with reciprocal up-regulation of CD11c (data not shown). This
further supports a model that proinflammatory cytokines may play
a crucial role in the absence of NK2 bias in CD11cM#® MS.

To clarify the clinical differences between CD11c™®® and
CD11c"°%, we followed up the clinical course of the patients after
blood sampling. Although there was no significant difference in
clinical parameters at examination of NK cells, we have found that
CD11cM®™ MS showed a significantly earlier relapse than
CD11¢"°% MS. This is consistent with our assumption that the
absence of NK2 bias in CD11c™#® MS should imply that regula-
tory NK cell functions are defective in this group of patients. When
we reanalyzed the data regarding various clinical parameters, we
found that an earlier relapse in CD11c™#® than CD11c°% MS is
more remarkable in the younger group (<38.5 years old) or in
female patients. Furthermore, the duration from the last relapse
tended to be shorter and the mean number of relapses per year
higher in CD11"# MS, supporting that CD11cM#® MS is more
active than CD11c*™ MS.

‘When we analyzed expression of CD95 and CD11¢ on NK cells
simultaneously, we found that MS patients in remission could be
divided into four subgroups (Fig. 7). When we compared clinical
course after examination of NK cell phenotypes, we found that
CD95™#CD11cM*" MS relapsed significantly earlier than
CD95™#CD1 1% MS (p = 0.028 with log-rank test). This result
indicates that CD95M#"CD11ch#" MS may be most unstable sub-
group of MS, among the patients whose clinical state could be
judged as being in clinical remission.

In this study, we have demonstrated that MS patients differen-
tially express CD11c on peripheral blood NK cells and a higher
expression of CD11c on NK cells may reflect the temporal disease
activity as well as functional alteration of regulatory NK cells. Our
results have a clinical implication because of a lack of appropriate
biomarker to monitor the immunological status in MS at present.
To verify the reliability of this marker, longitudinal examination of

UP-REGUILATION OF CD11C ON NK CELLS IN ACTIVE MS

CD1lc expression on NK cells in the same patients should be
performed in the future study.
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Invariant V,19i T cells regulate autoimmune

inflammation

J Ludovic Croxford!, Sachiko Miyake!, Yi-Ying Huang?, Michio Shimamura? & Takashi Yamamura!

T cells expressing an invariant V,19-J,33 T cell receptor a-chain (V,19i TCR) are restricted by the nonpolymorphic major
histocompatibility complex class Ib molecule MR1. Whether V,19i T cells are involved in autoimmunity is not understood.
Here we demonstrate that T cells expressing the V,19i TCR transgene inhibited the induction and progression of experimental
autoimmune encephalomyelitis (EAE), a mouse model of multiple sclerosis. Similarly, EAE was exacerbated in MR1-deficient
mice, which lack V,19i T cells. EAE suppression was accompanied by reduced production of inflammatory mediators

and increased secretion of interleukin 10. Interleukin 10 production occurred at least in part through interactions between

B cells and V,19i T cells mediated by the ICOS costimulatory molecule. These results suggest an immunoregulatory function

for V,19i T cells.

Two distinct mouse T cell subsets express invariant TCRa chains:
Vold-J418 (Vo14i; ref. 1) and V,19-],33 (V4195 ref. 2). Although
conventional T cells recognize peptide antigens presented by poly-
morphic major histocompatibility complex class 1a molecules, V,14i
invariant T cell populations recognize nonpeptide antigens®*
presented in the context of the nonpolymorphic major histocompat-
ibility complex class Ib molecule CD1d. MR1 may be able to present
glycolipids in vitro to Vy19i T cells’, but the identity or type of
endogenous ligand recognized by V,19i T cells in vivo is unknown.
However, antigen recognition is essential for the development of
T cells expressing V,14i and V4191 TCR chains, as these subsets are
bsent from Cd1d17~ and MrI™"~ mice, respectively®’. Similar invar-
iant T cell subsets are present in humans®®, Many of these cells also
express natural killer (NK) cell markers on their surface (such as
mouse NK1.1). Consequently, CD1d-restricted invariant T cells have
traditionally been referred to as ‘NKT cells’ (V,14i NKT cells)!°,
Transgenic overexpression of the V14i TCR chain protects against
the development of mouse models of type [ diabetes!! and multiple
sclerosis'?, suggesting that V,14i NKT cells may be involved in
regulating autoimmunity. In addition, susceptibility to type I diabetes
is linked to quantitative and functional deficiencies in V,14i NKT
cells'®. Mechanistic studies suggest that V,14i NKT cells may down
regulate autoimmunity by increasing the production of T helper type
2 (Ty2) cytokines!*1°. However, in other conditions, NKT cells may
promote the exacerbation of autoimmune disease. V141 NKT cell-
deficient mice show ameliorated arthritis compared with that of their
wild-type counterparts!®2021,
The immune function of MRI-restricted invariant T cells remains
less clear than that of CD1d-restricted lymphocytes, MR1-restricted
invariant T cells were first identified among human peripheral blocd

<

CD4"CD8™ T cells as a clonally expanded population expressing an
invariant V7.2-J33 TCR chain (V,7.21 T cells)?2 Subsequent studies
identified clonally expanded T cells expressing the highly homologous
invariant V,19-J,33 TCR chain in mice and cattle’. V,19i T cell
development has been found to depend on the nonpolymorphic
major histocompatibility complex class Ib molecule MRI1 and on
the presence of B cells’. The V,19i TCR is uniquely overexpressed in
the gut lamina propria and V4191 T cell development depends on the
presence of commensal gut flora, indicating potential involvement of
these cells in gut immunity®’. As MR1 molecules are thought to be
retained in the endoplasmic reticulum, intestinal flora might provide
exogenous ligands for the V4191 TCR, or a cellular ‘stress’ signal,
that enables transit of MR1 from the endoplasmic reticulum to the
cell surface?”.

Human V,7.2i T cells? but not mouse gut Vo191 T cells express
NKT cell markers’. In contrast, the V,19i TCR is expressed by most
T cell hybridomas derived from liver NK1.1* T cells from Cd1dI~-
mice?3. Furthermore, 25-50% of V,19i cells from V,19i transgenic
mice on a Tcra™~ background express NK1.1 (ref. 24). Those divergent
results regarding NK1.1 expression remain unclear, but may be due to
differences among mouse genetic backgrounds. Alternatively, as with
CD1d-restricted T cells, a subpopulation of MR1-restricted T cells
may lack NK1.1 expression. Based on their predominant distribution
in the gut, MR1-restricted T cells are often referred to as ‘mucosal-
associated invariant T cells®’. To avoid confusion, we subsequently
use the term V191 T cells’ to describe V,19i T cells expressing NK1.1.

The V,7.2i TCR is over-represented in central nervous system
(CNS) lesions from multiple sclerosis autopsy samples?®, whereas
the V,24i TCR is mostly absent?®. Those findings led us to speculate
that MR1-restricted T cells may ‘preferentially’ migrate to CNS lesions,
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where they regulate CNS inflammation. We designed this study to
address the function of MR1-restricted T cells in experimental auto-
immune encephalomyelitis (EAE)'*'7, a mouse model of multiple
sclerosis. Here we report that over-representation of V419i T cells
decreased the severity of EAE, whereas depletion of V,19i T cells
exacerbated EAE. Furthermore, V191 T cells exerted an influence on
the phenotype and functions of autoimmune T cells in the draining
lymph nodes and spleens of mice. In particular, over-representation of
Vo191 T cells reduced the production of proinflammatory cytokines
and increased the production of interleukin 10 (IL-10), which may
account for V,19i T cell-mediated suppression of autoimmune
disease. Finally, interactions between V,19i T cells and B cells

ey mediated by the ICOS costimulatory molecule increased B cell IL-10

@JTOdUCtiOD and may therefore represent a mechanism by which V,,19i

=7 T cells regulate inflammation.

RESULTS

Characterization of transgenic V,19i T cells

An antibody specific for the V,191 TCR chain does not exist, and wild-
type mice have very few MRI-restricted Vo191 T cells. Therefore, to
circumvent those experimental hurdles and to evaluate the function of
Vo191 T cells in vivo, we used V191 TCR—transgenic (V,19iTg) mice’,
which were originally generated by injection into C57BL/6 mouse
oocytes of a transgenic construct encoding a V,19-J,33 TCR construct
driven by the endogenous Tcra promoter. We crossed the transgenic
line with CAIdI™* and Cd1dI™~ C57BL/6 mice for seven to nine
generations. First we compared numbers of liver NKI.1*
T cells present in CdldI**, Cdidl™~, V,19iTgCdldi*"* and
V,19iTgCdIdI™~ mice (Fig. 1a). TCRB*NK1.1* T cells comprised
11.5% of total liver lymphocytes in Cd1dI*"* mice but only 2.3% of
total liver lymphocytes in CdIdI™~ mice. Therefore, most (about
80%) of NK1.1* T cells in CdIdI*"* mice corresponded to CD1d-
restricted Vo14i NKT cells, whereas about 20% were probably
MRI restricted??. Notably, V,19iTgCd1dI~~ mice had many NKI.1*
T cells (12.0%), indicating that overexpression of the V,19i TCR in
Cdldl™" mice compensated for the reduction in NKI.I* T cells

988

Figure 1 Characterization of NK1.1* T cells from V,19iTg mice. (a) Flow
cytometry of liver NK1.1* T cells 48 h after anti-asialo-GM1-mediated
depletion of NK cells (mouse genotypes, above plots). Numbers above gated
regions indicate the percentage of NK1.1*TCRp* cells. (b) Real-time
RT-PCR of V,19i TCR mRNA expression in liver or spleen NK1.1* T cells
(mouse genotypes, key). Data are presented as ‘fold increase’ over
expression of Hprtl. (c) Cytokines in the supernatants of sorted liver NK1.1*
T cells (mouse genotypes, key) stimulated by immobilized anti-CD3 in vitro,
measured at 24, 48 and 72 h after stimulation. Data are representative

of two separate experiments (a,b) or the mean of two replicate values from
two separate experiments (c).

caused by CD1d deficiency. In contrast, the number of NKI.1*
T cells was only slightly higher in V,19iTgCd1dI*"* mice, which
had normal numbers of V,14i NKT cells. To confirm that the NK1.1*
T cell population in V,19iTg mice was enriched in cells expressing the
V4,191 TCR chain, we measured V,19i mRNA transcripts in NK1.1*
liver cells and splenocytes by real-time RT-PCR (Fig. 1b). V,19i
mRNA expression was much greater in liver and splenic NK1.1*
T cell populations from V,19iTgCd1dI*"* or V,19iTgCdld1™ mice
than in those from nontransgenic littermates (Fig. 1b). In V,19i
T cells, the V4191 TCR chain ‘preferentially’ associates with TCRB
chains containing Vg8 or Vg6 segments?*. Approximately 60-70% of
liver NKT cells from V 19iTgCdldI™~ or V19iTgTcra~ mice
expressed either Vg8 or Vg6, compared with 3040% of conventional
T cells in the same mice (unpublished observations). These observa-
tions collectively demonstrate that NK1.1* T cell populations in
V419iTg mice are highly enriched in cells expressing V,19-J,33 TCR
chains and Vg6 or V8 TCR chains. Next we compared the ability
of NK1.1* T cells from V,19iTg and nontransgenic mice to
produce immunosuppressive cytokines. To obtain V191 T cells, we
depleted V,19iTgCd1d1~"~ mice of NK cells by injecting antibody to
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Figure 2 V,19i T cells in EAE. (a,b) Clinical EAE scores of mice immunized
with MOG(35-55). WT, wild-type. Data represent mean score + s.e.m. from
three independent experiments (n = 10-22 mice). (c) Monocyte infiltration
and demyelination (arrowheads) of the lumbar spinal cord during EAE (day
15). (d) Quantification of spinal cord cellular infiltrates by flow cytometry.
Areas to the right of dashed lines indicate positive cellular staining; numbers
in histograms indicate percentage of CD4+, NK1.1+* (gated on CD3+) or
B220* cells. *, P < 0.05 (Mann-Whitney U-test). Data are representative
of three separate experiments.

VOLUME 7 NUMBER 9 SEPTEMBER 2006 NATURE IMMUNOLOGY

-113-



© 2006 Nature Publishing Group http:/www.nature.com/natureimmunology

O]

@Figure 3 Inhibition of EAE is associated

Table 1 V,19i T cells in EAE

Group Mice with EAE  Group score  EAE score Day of onset
Wild-type 10 of 10 33x03 3303 13.6+0.7
Cdld1- 18 of 18 3.4£02 34x02 11.7+0.5
V,19iTgCd1d17- 13 0f 22 1.3+0.3*** 221+0.2* 14.3x0.6*
Wild-type 70of7 36x0.2 3602 13.6 0.5
Cdld1++ 11 of 11 3304 3304 148107
V,19iTgCd1d1++ 90of 13 1.3x£03* 19:04* 186x1.2%
NK1.1- AdTx 10 of 10 3.6+03 3603 11.6x0.5
Ve19i AdTx 8 of 10 2.2+0.4* 2803 15.8 £ 0.6***
Mr1+h 10010  3.0:02 30+£02 13.9x05
Mrl+ 8¢of 8 4.0+£00* 40£00* 11.5£0.5%**

Clinical outcome of mice immunized with MOG(35-58) to induce EAE. Data represent number
of mice with EAE (of total mice in group); mean group EAE score (+ s.e.m.); mean EAE score
excluding mice without evidence of EAE (x s.e.m.); and mean day of onsat (+ s.e.m.). In one
experiment, mice received adoptive transfer (AdTx) of V,19i T cells or NK1.1- cells as a control.
* P < 0,05 **, P < 001, and ***, P < 0.001, compared with control groups (Mann-
Whitney U nonparametric test).

asialo-GM1 (anti-asialo-GM1). We then sorted NK1.1* cells from the
liver. When activated by plate-bound anti-CD3, NK1.1* T cells from
Cd1dI*"* mice secreted more interferon~y (IFN-y), tumor necrosis
factor (TNF) and interleukin 4 (IL-4) than did those from Cdid1~~
mice, confirming that CD1d-restricted T cells are a chief source of
cytokines (Fig. 1c). However, NKL.1* T cells from V,19iTg mice
secreted more Tyl cytokines (IFN-y and TNF) and Ty2
cytokines (IL-4 and IL-10) than did NK1.1* T cells from nontrans-
genic littermates (Fig. 1c). During subsequent experiments, we used
Vo19iTgCd1d1~"~ mice as a source of V,19i T cells.

V,19i T cells in EAE

To determine if an abundance of V,19i T cells could modulate
autoimmune disease, we analyzed the development and progression
of EAE in V,19iTg mice. We induced EAE by immunizing mice with a

with decreased Ty1 cytokine production.
(a) Cytometric bead assay of cytokines in the

IFN-y
supernatants of MOG-specific lymph node cells 750
(1 x 108) isolated from mice on day 10 after
EAE induction and rechallenged with 100 pM 500
MOG(35-55) in vitro, measured 72 h after
rechallenge. Data represent the mean + s.e.m. ; 250
experiments. *, P < 0.05 (two-tailed Student's 0 0

§ &

Cytokine (pg/ml)
©»

of duplicate samples from three separate

t-test). (b) Inhibition of IFN-y or IL-17 in
V,19iTgCd1d1~- mice versus Cd1d17- mice
from a, presented as 'fold inhibition’ of cytokine,
calculated as the cytokine concentration

from Cd1dI7- mice divided by the cytokine
concentration from V,19iTgCd1dI" mice.

(¢) T cell proliferation of cell preparations
identical to those in a from lymph nodes
(mouse genotypes, key) rechallenged for 72 h

75

103 c.pm,

25

0 V,19iTgCd1d1™ @ Ccdta1™™
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peptide of amino acids 35-55 of myelin oligodendrocyte glycoprotein
(MOG(35-55)). The presence of the V,19i transgene suppressed the
development and progression of EAE, regardless of whether CD1d-
restricted NKT cells were present (Fig. 2a,b and Table 1). The onset of
EAE was delayed in V,19iTg mice, and the incidence and severity of
clinical EAE was reduced.

Histological examination of the lumbar (L3) region of the spinal
cord 15 d after EAE induction showed less monocyte infiltration
and demyelination (assessed by luxol fast blue staining) in
Vo 19iTgCdldI™" mice than in Cd1d1~- mice (Fig. 2¢). In agreement
with the histology, spinal cords of Cd1d1™- mice contained three
times more infiltrating cells than did those from V,19iTgCdl1d1-"~
mice (0.09 X 10% and 0.03 x 106 cells respectively, pooled from three
mice). Flow cytometry showed fewer CD4* T cells infiltrating the CNS
at an active stage of EAE (day 15) in V,,19iTgCd1d1~ mice (6%) than
in nontransgenic littermates (21%; Fig. 2d). Moreover, 11% and 15%
of CNS-infiltrating CD3* T cells expressed NK1.1* in CdldI™~ and
Vo19iTgCd1dI™" mice, respectively, and NKLI* T cells comprised
between 1% and 2% of total CNS-infiltrating cells (Fig. 2d). Also, few
B cells trafficked into the CNS during EAE (3% and 2% in CdldI™"
and V,19iTgCd1d1™, respectively, Fig. 2d). To determine potential
mechanisms of reduced CNS infiltration, we analyzed the expression
of chemokine receptors and adhesion molecules necessary for T cell
migration into the CNS. TCRB*CD4* T cells isolated from the CNS,
lymph nodes and spleens of V,19iTgCdld1~"~ and CdldI~"- mice on
day 18 after EAE induction had similar surface expression of CCR1
and CCR2 (data not shown). However, V,19iTgCdldI™~ mice had
fewer CD44" and CD49d* TCRB* splenocytes than did Cd141~~ mice
(Supplementary Fig. 1 online).

Next we examined recall responses of MOG(35-55)-primed T cells
by ex vivo rechallenge with MOG(35-55) on day 10 after disease
induction. Compared with nontransgenic cells, lymph node cells
from MOG(35-55)-primed V,19iTgCd1d1~"~ mice produced less pro-
inflammatory cytokines (IFN-y, TNE IL-2 and IL-17) and more
immunosuppressive IL-10 (P < 0.05; Fig. 3a). IL-4 and IL-5 were
below the limits of analysis detection (less than 5 pg/ml).
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immunized with MOG(35-55). Data are representative of triplicate samples from three separate experiments.
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