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One of the best characterized NK cell receptors is NKG2D,
a highly conserved C-type lectin-like membrane glycoprotein
expressed on essentially all NK cells, as well as on y8-TcR*
T cells and o 8-TcR* CD8* T cells, in humans and mice. Here
we review recent studies implicating NKG2D in T cell and NK
cell-mediated immunity to viruses and tumors, and its poten-
tial role in autoimmune diseases and allogeneic bone marrow
transplantation.

KEEY WORDS: NK cells; NKG2D; DAP10; RAE-1; MICA; autoim-
munity; bone marrow transplantation; T cell.

INTRODUCTION

NKG2D is an activating receptor expressed on NK cells,
CD8* Tecells and y8-TcR* Tcells (1-3). NKG2D, a type
II transmembrane glycoprotein expressed as a disulfide-
bonded homodimer, itself has no signaling motifs in its
intracellular region (4). Instead, NKG2D associates non-
covalently with the DAP10 adapter protein in mouse
and human NK cells and T cells (2. 5). In mice, an
NKG2D isoform generated by alternative splicing can
also associate with the DAP12 adapter protein in activated
mouse NK cells (5, 6), whereas human NKG2D pairs
only with DAP10 and not DAP12 (7). Association be-
‘tween NKG2D and its adapter proteins occurs by interac-
tions between their transmembrane domains through a salt
bridge formed by opposing charged residues (7, 8). and
the NKG2D-DAP10 receptor complex is expressed on the
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cell surface as a hexamer with each subunit of NKG2D
noncovalently associated with two DAPI0 disulfide-
bonded homodimers (9) (Fig. 1). The cytoplasmic do-
main of DAP10 has a YxxM motif, which recruits the p85
phoshoinositide-3 (PI3) kinase subunit and Grb2 (2, 11).
DAP12 has an immunoreceptor tyrosine-based activation
motif ITAM) in its cytoplasmic domain, which recruits
and activates the Syk and ZAP70 protein tyrosine kinases
(12). Therefore, in mouse and human NXK cells, NKG2D-
dependent activation uses the PI3 kinase pathway, and in
activated mouse NK cells the ITAM-induced Syk/ZAP70
pathway.

NKG2D binds to a family of cell surface glycopro-
teins with structural homology to MHC class I proteins
(reviewed in 13-15) (Fig. 2). In humans, the NKG2D lig-
ands are MHC class-I-related chain (MIC) A and MICB
(17) and the UL-16 binding protein (ULBP) (also called
RAET1) family of glycoproteins (18-21). In mice. the
retinoic acid early inducible-1 (Rae-1) family of pro-
teins, H60, and murine ULBP-like transcript 1 (MULT1)
were identified as high-affinity ligands for NKG2D (22~
24). The MICA. MICB. ULBP (RAETI), RAE-1, and H60
genes are polymorphic, such that within the human popu-
lation or in different strains of mice there is considerable
diversity. Although MULT1 mRNA (but not protein) was
detected ubiquitously (24). other NKG2D ligands in mice
are mostly silent in normal. healthy adult tissues (13).
In mice, RAE-1 is frequently expressed on tumors and
on cells during viral and bacterial infections (22, 23, 25—
29). The MICA/B ligands of NKG2D are known to be
stress-inducible molecules (30). Cell surface expression
of MICA and MICB, which are under the control of a
heat shock promoter, can be induced by cellular stress,
including heat shock, transformation, or viral or bacterial
infections (30-33). In addition, recent studies have shown
that the RAE-] and UPBP genes can be induced by the
pathways involved in cellular responses to DNA damage
(34). Interestingly, expression of the NKG2D ligands has
also observed in human and mouse autoimmune diseases
(35. 36).
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NK&2D

i

YxxM
p85 PI3 kinase

Fig. 1. Schematic representation of the NKG2D-DAPI10 receptor com-
plex. Two NKG2D subunits, each a type II transmembrane-anchored
glycoprotein of the C-type lectin-like superfamily, are disulfide-bonded
to form a homodimer. Stable expression at the cell surface requires
noncovalent association with the DAP10 adapter protein (10). DAP10
is a type I transmembrane-anchored glycoprotein with a minimal extra-
cellular region and a small cytoplasmic domain with the motif YINM,
which upon phosphorylation binds and activates the p85 subunit of PI3-
kinase. DAP10 is also expressed as a disulfide-bonded homodimer, and
two DAP10 homodimers associate noncovalently with each NKG2D
homodimer, resulting in a hexameric receptor complex (9).
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NKG2D IN VIRAL IMMUNITY

Mouse and human cytomegalovirus (CMV) have
evolved elaborate evasion mechanisms to avoid recogni-
tion by NKG2D-bearing NK cells and T cells (26,27, 37—
40). NKG2D ligands are expressed on MCM V-infected
peritoneal macrophages (26) and MIC is up-regulated in
lung tissues of HCMV-infected humans (32). In addition,
MCMYV titers were decreased in BALB/c mice infected
with MCMYV stains lacking the viral mi52, m/45, and
ml55 genes responsible for preventing expression of the
mouse RAE-1, MULT1, and H60 proteins, respectively,
on infected cells (26, 27, 37). HCMV encodes the UL16
protein that intracellularly retains three of the six human
NKG2D ligands (ULBP1, ULBP2, and MICB) (18, 38—
41). When fibroblasts are infected with a UL16-deletion
HCMYV, human NK cells kill these cells more efficiently
than fibroblasts infected with wild-type HCMV (38).
Moreover, certain alleles of MICA that are common in
the human population are not affected by HCMV, suggest-
ing that the MJ/CA gene may be under selective pressure
to avoid the NKG2D evasion mechanisms of the virus
(42). MICB has been detected on human macrophages
infected with influenza A or Sendai virus, by a mecha-
nism at least partially dependent on virus-induced IFNo
production (43). A role for NKG2D in mouse hepatitis
virus is suggested by studies of Dandekar er al. (29), who

C57BL/6 NKG2D ligands

—

__/

Fig. 2. Schematic representation of human and mouse NKG2D ligands. MICA and MICB are
transmembrane-anchored type I glycoproteins with an o1, e 2, and « 3 domain. Within the
ULBP (RAET1) family, which are type I glycoproteins with an al and a2 domain, ULBP-1,

e ]

and -3 are GPl-anchored to the membrane, whereas ULBP-4 (RAETIE) and RAETIG are

transmembrane-anchored. M/CA, MICB, and the RAET] genes are polymorphic; 60 alleles of
MICA have been identified and 25 alleles of MICB have been described. The mouse RAE-] genes,
which encode GPl-anchored type I glycoproteins, are also polymorphic; C57BL/6 mice possess
RAE-18 and RAE-1g, whereas BALB/c and 129/ mice possess RAE-la, 8, and y. It is presently
unknown where RAE-15 and RAE-1¢ are allelic variants of RAE-1a, £, and y, or alternatively are
distinct loci. BALB/c, but not C57BL/6, express a functional H60 gene (16). MULT1, encoding a
transmembrane-anchored type I glycoprotein, is expressed by both C57BL/6 and BALB/c mice;
allelic polymorphisms of MULT1 have not yet been identified. All these NKG2D ligands have
o] and 22 domains with structural homology 1o MHC class 1, and MICA and MICB have an o3
domain—yet none of the NKG2D ligands associate with f2-microglobulin or bind peptides.
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have shown that the pathology caused by MHV infec-
tion of the central nervous system is due, in part, to an
NKG2D-dependent mechanism mediated by y8-TcR*™ T
cells. Collectively, these studies indicate the importance
of NKG2D in immune responses against viral infection
and the countermeasures taken by viruses to prevent this
surveillance.

NKG2D IN TUMOR IMMUNITY

Because tumors develop from self-cells, in general tu-
mors are poorly immunogenic and often are not recog-
nized efficiently by the adaptive immune system. How-
ever, the NKG2D ligands are frequently expressed on a
substantial number of human and mouse tumors, and,
therefore, could potentially serve as “danger signals” to
alert the immune system to the existence of these abnor-
mal cells (22, 23, 31). Mouse tumors expressing endoge-
nous NKG2D ligands or transfected with cDNA encoding
NKG2D ligands are sensitive to NKG2D-dependent NK
cell-mediated cytotoxicity in vivo and in vitro (3, 22, 23,
44-47). Similarly, human NK cells and ¥8-TcR* T cells
can efficiently kill tumors bearing NKG2D ligands (1,
31, 48). In some cases, expression of NKG2D ligands on
tumors can augment the generation of tumor-specific T
cells (45, 49). Studies have also demonstrated that tumors
expressing NKG2D ligands are more responsive to im-
munotherapy with IL-2, I1.-12, and IL-21 compared with
tumors lacking ligands for this activating NK receptor

(46, 47, 50). Thus, NKG2D ligands expression induces .

NKG2D-dependent tumor elimination, which potentially
may be exploited for therapeutic benefit.

However, the presence of NKG2D ligands on numer-
ous human and mouse tumors means that these tumors
have managed to escape from detection or elimination by
the immune system /n vivo. Several mechanisms may ac-
count for the emergence of these NKG2D ligand-bearing
tumors. Groh and colleagues reported that some cancer
patients have high concentrations of soluble MIC proteins
in their serum, and this correlated with down-regulation of
NKG2D receptor expression on the CD8" T cells in these
individuals (51). Soluble NKG2D ligands may be gener-
ated by altemative splicing of certain A//C genes. resulting
in the generation of transcripts lacking a transmembrane
and cytoplasmic domain that can produce a soluble MIC
protein. Alternatively, the soluble NKG2D ligand proteins
may originate by cleavage from the cell surface of tumor
cells by metalloprotease (52, 53). Chronic exposure of NK
cells or CD8™ T cells to cell surface or soluble NKG2D
ligands leads to modulation of NKG2D and subsequent
functional impairment of NKG2D-dependent activation

OGASAWARA AND LANIER

(51, 54-57). Thus, prolonged exposure to ligands may
desensitize NK cells rendering them functionally anergic.
Antitumor immunity may also be impaired by TGF-81
secreted by tumors, which causes the down-regulation of
NKG2D on NK cells and CD8" T cells in the tumor
microenvironment (58, 59). This has implications in the
context of tumor development because secretion of solu-
ble NKG2D ligands by tumors or prolonged exposure of
NK cells to ligand-bearing tumors or TGF-81 may ren-
der them dysfunctional, which may contribute to tumor
escape from NK cell and CD8* T cells'immune surveil-
lance. A role for NKG2D in surveillance against primary
tumorigenesis was revealed by the finding that mice ex-
posed to chemical carcinogens developed fibrosarcomas
at a higher incidence when treated with an neutralizing
anti-NKG2D monoclonal antibody (50) or when RAE-1
was constitutively overexpressed as a transgene in the
carcinogen-treated mice (56).

NKG2D IN BONE MARROW REJECTION

Although beneficial in host protection against infec-
tious diseases and tumors, mouse NK cells canreject bone
marrow cell grafts (60-62). Interestingly. F1 recipients
accept parental skin grafts, but reject bone marrow cell
grafts—a process called F1 hybrid resistance (63, 64).
Initially, the hypothesis proposed to explain F1 hybrid
resistance was rejection based on the expression of hybrid
histocompatibility (Hh) antigens on parental bone mar-

-row cells that were not expressed in the F1 hybrid mice.

Genetic mapping studies suggested that at least in some
mouse strains the genes regulating the Hh antigens local-
ized to the H-2S-H2-D region (65). Recently. the ability
of NK cells to recognize and reject parental BM cells has
been explained, in part, by the lack of inhibitory Ly49
receptors specific for parental H-2 proteins on a subset of
NK cells in the F1 recipient (66-68). Thus, a subset of NK
cellsin the F1 recipient lacking inhibitory receptors for the
parental bone marrow cells might eliminate these parental
bone marrow grafts because they are unable to recognize
the parental H-2 antigens. However, the activating NK cell
receptors on the NK cells in the F1 recipient that initiate
the attack against the parental bone marrow cells have not
been defined.

Parental BALB/c or C57BL/6 bone marrow cells
are able to repopulate in NK cell-depleted (C57BL/6
X BALB/c) irradiated F1 mice. In this situation. we
found that one of NKG2D ligands, RAE-1. is ex-
pressed on repopulating bone marrow cells, predomi-
nantly myeloid progenitor cells, from BALB/c mice but
not C57BL/6 mice (55). Treatment with anti-NKG2D
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mAb prevented rejection of parental BALB/c bone mar-
row in (C57BL/6 x BALB/c) F1 recipients. Thus,
NKG2D is involved in F1 hybrid resistance against cer-
tain mouse strains such as BALB/c. However, NKG2D
blockade had no effect on the rejection of C57BL/6
parental bone marrow grafts in (C57BL/6 x BALB/)
F1 recipients. These results indicate that both NKG2D-
dependent and NKG2D-independent mechanisms are
operative in NK cell-mediated bone marrow rejection
and that these are genetically regulated. In humans,
NKG2D ligands are also expressed on myeloid progenitor
cells (69).

Furthermore, we found that bone mamrow from
C57BL/6 expressing a RAE-1¢ transgene under an actin
promoter were rejected by syngeneic mice (55). These
data indicate that NK cells are able to reject syngeneic
C57BL/6 bone marrow cells when these otherwise nor-
mal bone marrow cells expressed sufficient amounts of an
NKG2D ligand. Therefore, if other stem cells or tissues
up-regulate expression of NKG2D ligands after transplan-
tation, NKG2D may contribute to graft rejection in im-
munocompetent hosts.

NKG2D IN AUTOIMMUNITY

Recent studies suggest that NK cells and T cells ex-
pressing NKG2D participate in autoimmune diseases
(35, 36, 54, 70-75). Insulin-dependent diabetes melli-
tus (IDDM) is an autoimmune disease in which insulin-
producing 8 cells are destroyed by autoreactive T cells (re-
viewed in 76). NOD mice spontaneously develop IDDM,
and serve as an animal model of this disease. We recently
observed that RAE-1 proteins are aberrantly expressed on
the prediabetic islet cells in NOD mice, and the autoreac-
tive CD8* T cells infiltrating pancreas expressed NKG2D
(36). Treatment with anti-NKG2D mAb during the predi-
abetic stage completely prevented diabetes by impairing
the expansion and function of autoreactive CD8% T cells.
These findings demonstrate that NKG2D is essential for
disease progression and suggest a new therapeutic tar-
get for autoimmune diabetes. It has been reported that
NK cells are involved in autoimmune diabetes; deple-
tion of NK cells delayed the onset of diabetes in BDC2.5
transgenic mice (expressing a TcR against an undefined
pancreatic autoantigen) on the C57BL/6.H-2g7 genetic
backgrounds (70). These data suggest that NK cells and T
cells expressing NKG2D are involved in the development
of autoimmune diabetes.

Inhumans, MICA has been detected on synoviocytes in
the joints of patients with rheumatoid arthritis (RA), ac-
companied by the presence of an unusual subset of CD4+
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T cells that lack CD28 but express NKG2D (35). MICA
is induced on proliferating RA synoviocytes and MICA
may contribute to joint disease perpetuation and progres-
sion by costimulation of CD4TCD28™ T cell cytokine
production and proliferation. Similarly, overexpression of
MICA has been detected in the intestine of patients with
celiac disease, and it has been suggested that IL-15 ac-
tivated intestinal CD8" cytotoxic T lymphocytes, which
express NKG2D, may attack MICA-bearing tissues (71,
73, 75). Collectively, these studies implicate NKG2D in
autoimmune diseases in humans and mouse model sys-
tems, suggesting this pathway as an attractive target for
new therapeutics.

CONCLUSIONS

NKG2D is emerging as a central player in innate and
adaptive immunity—serving a fundamental role in the
surveillance against microbial infection and cancer. As
with many other elements of the immune system. this
pathway may also be deleterious by serving as a barrier
to tissue transplantation and in autoimmune diseases.
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TROY and LINGO-1 expression in astroeytes and macrophages/microglia in multiple sclerosis lesions

Nogo constitutes a family of neurite outgrowth inhibitors
contributing to a fatlure of axonal regeneration in the
adult central nervous system (CNS). Nogo-A is expressed
exclusively on oligodendrocytes where Nogo-66 segment
binds to Nogo receptor (NgR) expressed on neuronal
axons. NgR signalling requires a coreceptor p75™™ or
TROY in combination with an adaptor LINGO-1. To char-
acterize the cell types expressing the NgR complex in the
human CNS. we studied demyelinating lesions of multiple
sclerosis (MS) brains by immunohistochemistry. TROY

and LINGO-1 were identified in subpopulations of reactive
astrocyles. macrophages/microglia and neurones but
not in oligodendrocytes. TROY was up-regulated. whereas
LINGO-1 was reduced in MS brains by Western blot. These
results suggest that the ternary complex of NgR/TROY/
LINGO-1 expressed on astrocytes. macrophages/microglia
and neurones. by interacting with Nogo-A on oligoden-
drocytes. might modulate glial-neuronal interactions in
demvelinating lesions of MS.

Kevwords: LINGO-1. macrophages/ microglia. multiple sclerosis. reactive astrocytes. TROY

Introduction

Axonal damage beginning at the early stage of multiple
sclerosts {(MS) is responsible {or permanent neurological
deficits and progression of clinical disability [1]. Although
the underlying molecular mechanism remains unknown.
the degree of inflammatory demyelination correlates with

the extent of axonal damage. suggesting an involvement of

proinflammatory mediators in inducing axonal degenera-
tion | 2]. However. the alternative possibility could be pro-
posed that axonal regeneration is severely impaired in MS
lestons. because an accumulation of glial scar and neurite
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growth inhibitors provide a non-permissive environment
for regrowth of damaged axons [3].

Nogo constitutes a family of myvelin-associated inhibi-
fors of axonal regeneration. composed ol three isoforms
named A. B and C. all of which share a C-terminal 66-
amino-acid segment named Nogo-66 [4]. Nogo-A. the
longest isoform. is expressed exclusively on oligodendro-
evtes and myelin sheath and a subpopulation of neurones
[5]. Nogo-66 as well as oligodendrocyte-myelin glyvcopro-
tein {OMgp) and myvelin-associated glveoprotein (MAG)
binds to the Nogo receptor (NgR). a glvcosylphosphatidvli-
nositol  (GPl-anchored membrane protein expressed
chiefly on a subpopulation of neurones and their axons.
including cerebral cortical pvramidal neurones and cere-
bellar Purkinje cells [6]. NgR transduces inhibitory sig-

== NIR

nals via a coreceptor p75™" that acts as a displacement

factor releasing a small GTP-binding protein RhoA. an
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intracellular regulator of the cytoskeleton. from the Rho
GDP dissociation inhibitor | 6.7]. Neurones lacking p7 5%
neither show RhoA activation nor exhibit neurite growth
inhibition in the presence of myvelin components. suggest-
ing a key role of p75™** in the NgR signal transduction in
vitro |6]. However, the role of p75™™ remains unclear in
the adult central nervous system (CNS) in vivo where NgR
is identified in many neurones that exhibit little or no
p75™™® expression {8].

Recently. two novel components of the NgR signalling
complex. named TROY and LINGO-1. have been identified.
TROY is a type I membrane protein belonging to the
rumour necrosis factor receptor superfamily that substi-
tutes for p75~™ in the NgR signalling complex to activate
RhoA lollowing exposure to myelin-associated neurite
growth inhibitors [9.10]. TROY is strongly expressed dur-
ing development in neural stem cells located in the ven-
tricular and subventricular zones. and is more broadly
expressed in various neurones in the adult rodent CNS
than p75~™9-12]. Overexpression of a truncated form of
TROY lacking its intracellular domain blocks neuronal
response to myelin-associated inhibitors in a dominant-
negative manner [9]. Neurones from TROY-deficient
mice are resistant 1o the suppressive activity of mvelin-
associated imhibitors {10]. LINGO-1. also a tyvpe I mem-
brane protein. consisting of 12 leucine-rich repeats. an
immunoglobulin {Ig)-like domain. a transmembrane
domain. and a short cytoplasmic tail containing a canon-
ical epidermal growth factor receptor-like tyrosine phos-
phorylation site. acts as an adaptor that connects NgR
{the ligand-binding component) with p7 5™ or TROY (the
signal transducing component) by forming the trimo-
lecular complex [13.14]. The expression of LINGO-1 is
enriched in the limbic system and the neocortex, identified
exclusively in subpopulations of neurones in the rodent
CNS [13.15]. Coexpression of NgR. TROY and LINGO-1
confers responsiveness to myelin-associated inhibitors in
transiected COS-7 cells |1 3]. Exposure of cultured rat cer-
ebellar granular { CG) neurones to LINGO-1 -Fe fusion pro-
tein attenuates Nogo-66. OMgp or MAG-mediated neurite
outgrowth inhibition {13]. These observations suggest
that the NgR/TROY/LINGO-1 complex plays a key role in
inhibiting axonal regeneration in the rodent CNS. How-
ever. at present, the precise cellular distribution of TROY
and LINGO-1 remains to be characterized in the adult
human CNS.

Recently. we demonstrated that Nogo-A expression is
enhanced in surviving oligodendrocyies. while NgR is

up-regulated in reactive astrocytes and macrophages/
microglia in chronic active demyvelinating lesions of MS.
suggesting a pathological role of Nogo-A/NgR interaction
in persistent demyelination and axonal degeneration in
MS lesions [16]. In contrast, we found that p75™** expres-
sion is restricted in small regions such as substantia gelat-
inosa in the spinal cord [16]. The present study by using
immunohistochemistry was designed to investigate TROY
and LINGO-1 expression in demyelinating lesions of MS.

Materials and methods

Human brain tissues

For immunohistochemistry, 10) micron-thick serial sec-
tions were prepared from autopsied brains of five MS
patients and 10 non-MS cases. The tissues were fixed
with 4% paraformaldehvde or 10% neutral formalin and
embedded in paralfin. MS cases included a 29-vear-old
woman with secondary progressive MS (SPMS) (MS#1). a
40-year-old woman with SPMS (MS#2). a 43-year-old
woman with primary progressive MS (PPMS) (MS#3). a
70-year-old woman with SPMS (MS#4) and a 3 3-vear-old
man with SPMS (MS#5). Non-MS neurological and psy-
chiatric disease cases included a 47-vear-old man with
acute cerebral infarction. an §4-vear-old man with acute
cerebral infarction. a 62-vear-old man with old cerebral
infarction. a 56-vear-old man with old cerebral inlarction.
a 36-vear-old woman with schizophrenia (SCH)and a 61-
vear-old man with SCH. Neurologically normal control
cases included a 79-vear-old woman who died of hepatic
cancer. a 7 5-yvear-old woman who died of breast cancer. a
60-vear-old woman who died of external auditory canal
cancer and a 74-vear-old woman who died ol gastric and
hepatic cancers.

For Western blot analysis. MS cases mcluded MS#1.
#2. #3 and #4. Non-MS$ cases included a 76-vear-old
woman with Parkinson’s disease (PD#1). a 61-vear-old
woman with amyotrophic lateral sclerosis (ALS#1). a 74-
vear-old woman with ALS {ALS#2). a 61-vear-old man
with ALS (ALS#3).a 6i6-vear-old man with ALS (ALS#4).
a 7 3-yvear-old man with SCH (SCH#1) and a 7 7-vear-old
woman with depression (DEP#1). The post mortem inter-
val of the cases ranges {rom 1.5 h 1o 10 h prior to freezing
the brain tissues. Autopsies were performed either at the
National Center Hospital for Mental. Nervous and Muscu-
lar Disorders. National Center of Neurology and Psychia-
try {NCNP). Tokvo. Japan or at the Nishitaga National
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Hospital. Sendai. Japan. Wrilten informed consent was
obtained form all the cases examined. The present study
was approved by the Ethics Committee of NCNP.

Human neural cell lines and cultures

Human astrocyies in culture were established from neu-
ronal progenitor cells isolated from the brain of a human
foetus at 18.5-week gestation obtained from BioWhit-
taker, Walkersville. MD. USA [16]. Human neural cell
lines were maintained as described previously [17].
Human microglial cell line HMQ#6 is provided by Dr
Seung . Kim. Division of Neurology. Department of
Medicine. University of British Columbia. Vancouver. BC.
Canada [18].

Immunohistochemistry

Alter deparaffination. tissue sections were heated in
10 mM citrate sodium buffer. pH 6.0 by autoclave at
125°C for 30s in a temperature-controlled pressure
chamber (Dake. Tokvo. Japan). They were treated at room
temperature {RT) for 15 min with 3% hydrogen peroxide-
containing methanol to block the endogenous peroxidase
activity. The tissue sections were then incubated with
phosphate-buffered saline (PBS) containing 10% normal
rabbit serum or 10% normal goat serum at RT {or 15 min
to block non-specific staining. The serial sections were
incubated in a moist chamber at 4£°C overnight with goat
anti-TROY antibody (E-19, sc-13711: Santa Cruz Biotech-
nology. Santa Cruz. CA. USA). rabbit anti-LINGO-1 anti-
body (#07-678: Upstate. Lake Placid. NY. USA). mouse
monoclonal antt-p7 5™ antibody (clone ME20.4: Sigma.
St Louis. MO. USA) or the antibodies against cell type-spe-
cific markers described previously [16]. After washing
with PBS. the tissue sections were labelled at RT for
30 min with horseradish peroxidase {(HRP)-conjugated
secondary antibodies (Nichirei. Tokyo. Japan). followed by
incubation with a colourizing solution containing diami-
nobenzidine tetrahydrochloride {DAB) and a counterstain
with haematoxviin. For negative controls. the step of incu-
bation with primary antibodies was omitted. or the tissue
sections were incubated with a negative control reagent
{Dako} instead ol primary antibodies.

In some experiments. tissue sections were initially
stained with mouse anti-GFAP monoclonal antibody
(GAS5: Nichirei). then [ollowed by incubation with alkaline
phosphatase-conjugated secondary antibody (Nichireh)
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and colourized with New Fuchsin substrate. Alter inacti-
vation of the antibody bv autoclaving the sections in
10 mM citrate sodium buller. pH 6.0. they were relabelled
with anti-TROY antibody (sc-13711) or anti-LINGO-1
antibody (#07-678). lollowed by incubation with peroxi-
dase-conjugaled secondary antibody (Nichirei) and
colourized with DAB substrate. Immunoreactivity was
eraded as intense. mtermediate. weak or undetectable.

Western blot analysis

To prepal‘e_tolal protein extract. frozen brain tissues pre-
pared from the [rontal cerebral cortex or the cerebellar
cortex were homogenized in RIPA lysis buffer composed of
50 mM Tris-HCL pH 7.5. 150 mM NaCl. 1% Nonidet P4().
0.5% sodium deoxycholate. 0.1% SDS. and a cocktail of
protease inhibitors (Roche Diagnositics. Tokyo, Japan). fol-
lowed by centrifugation at 13 400 g for 20) min at RT. The
supernatant was collected for separation on a 12% SDS-
PAGE gel. The protein concentration was determined by a
Bradford assay kit (Bio-Rad. Hercules. CA. USA). After gel
electrophoresis. the protein was transferred onto nitrocel-
lulose membranes. and immunolabelled at RT overnight
with anti-TROY antibody (sc-13711) anti-LINGO-1 anti-
body {#07-678). mouse monceclonal anti-NgR antibody
(clone 188428: R&D Systems. Minneapolis. MN. USA).
anti-p7 53 antibody (ME20.4) or goat anti-heat shock
protein HSP6O) antibody (N-20). sc-10)52: Santa Cruz Bio-
technology) for the internal control. Then. the mem-
branes were incubated at RT for 30 min with HRP-
conjugated anti-mouse. rabbit or goat 12G {Santa Cruz
Biotechnology). The specific reaction was visualized by
using a chemiluminescent substrate {(Pierce. Rocklord. IL.
USA). Alter the antibodies were stripped by incubating the
membranes at 50°C lor 30 min in stripping buffer com-
posed of 62.5 mM Tris-HClL pH 6.7, 2% SDS and 100 mM
2-mercaptoethanol. the membranes were processed lor
relabelling several times with different antibodies.

Reverse transcriptase polymerase chain reaction
(RT-PCR) analysis

DNase-treated total cellular RNA was processed for cDNA
svnthesis using oligo(dT),,.;¢ primers and SuperScript 11
reverse transcriptase {Invitrogen. Carlsbad. CA. USA).
Then. cDNA was amplilied by polvmerase chain reaction
(PCR) using HotStar Tag DNA polymerase {Qiagen.

«2 2006 Blackwell Publishing Lid, Newropaihology and Applied Newrobiology, 33, 99-107

— 182 —



102 ] Satohetal.

Valencia, CA. USA) and a panel of sense and antisense
primer sets following: 5’-tcccatgggtggtgacaacatcte-3 and
5’-gaatgagact goac‘rgomgagud for a 159-bp product of
TROY: 5'-cctecctaccettctacacacgtt-3" and 5'-gtgteggtteg
lcggctttmacl-S’ for an 175-bp product of LINGO-1: 5'-
agcagccagetgtgtgtacatacg-3" and 5'-cgecgaaccetgtaaaca
tgatog-3* for a 154-bp product of NgR: 5’-gaccacacttect
gtccagagaga-3” and 5-atalgacaccigetgtgataag ag-3’ for
142-bp product of p75™™: and 5'~ccatgﬁcgtcatggglgtga
acca-3’ and 5-accagtagaggcaggeatgatgtte-3“fora 251-bp
product of the glyceraldehyde-3-phosphate dehydroge-
nase (G3PDH) gene as an internal control. The amplifica-
tion program consisted of an initial denaturing step at
95°C for 15 min. followed by a denaturing step at 94°C lor
1 min. an annealing step at 60°C for 40 s and an exten-
sion step at 72.9°C for 50s for 38 cycles. except for
G3PDH amplified for 32 cycles. For the positive control.
total RNA of the human frontal cerebral cortex (Clontech,
Mountain View. CA. USA) was processed in parallel for
RT-PCR.

Results

The constitutive expression of TROY and LINGO-
1 mRNA in various human neural cell lines and
primary cultures

First. the expression of TROY and LINGO-1 mRNA was
studied in human neural cell lines and caltares by RT-PCR
analvsis. High levels of NgR and TROY transcripts were
identified m all cell types. including cultured astrocytes.
neuronal progenitor cells. NTera2 teratocarcinoma-
derived neurones (NTera2N). Y79 retinoblastoma. SK-N-
SH neuroblastoma. IMR-32 neuroblastoma. U-373MG
astrocvtoma, HeLa cervical carcinoma. HepG2 hepatocel-
lalar carcinoma and HMQ#6 microglial cell line. along with
in the human cerebral cortex (Figure lab. lanes 1. 3-12).
LINGO-1 and p7 5™ transcripts were also detected in var-
jous cell lines. although LINGO-1 mRNA levels were fairly
low in U-37 3MG and HeLa. and p75™™ mRNA levels were
extremely low in HMO®6 cells (Figure 1e.d. fanes 1. 3-12).
The levels of G3PDH mRNA. a housekeeping gene. were
almost constant among the cells examined (Figure le.
lanes 1. 3-12). while no products were amplified when
{ofal RNA was processed for PCR without inclusion of the
reverse transcription step. confirming that a contamina-
tion of genomic DNA was excluded (Figure 1a-e. lane 2).
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Figure 1. TROY and LINGO-1 mRNA expression in human neural
cells. The expression ol (a) TROY. (b) NgR. (¢) LINGO-1. td) p7 57"
and (e} G3PDH {an internal control) mRNA was studied in human
neural cells by RT-PCR analysis. The lanes (1-12) represent: (1) the
frantal cerebral cortex (CBR). {2) cultured astrocytes (AS) without
inclusion of the reverse transcription step (RT-). (3) culiured
astrocyies (AS) with inclusion of the reverse transcription step (RT+).
{4) culrared neuronal progenitor {NP) cells. {5) NTera2
teratocarcinoma-derived neurones (NTeralN), (6} Y79
retinoblastoma. (7) SK-N-SH neuroblastoma. (8) IMR-32
neuroblastoma. 19 U-373MG astrocytoma. (10) HeLa cervical
carcinama. {11} Hep(i2 hepatocellular carcinoma and (12) HMO6
microglial cell line. The DNA size marker (100-bp ladder) ts shown
on the left.

These results indicate that a panel of human neural cells
in culture express both NgR/TROY/LINGO-1 and NgR/
p7 3¥*/LINGO-1 complexes.

Neurones, reactive astrocyies and macrophages/
microglia but not oligodendrocytes expressed
TROY and LINGO-1 in MS and control brains

In the next step. the expression of TROY and LINGO-1
proteins was studied in MS and non-M$ brains by imm-
munohistochemistry. A subpopulation of neurones in the
cerebral cortex. brainstem md spinal cord expressed
constitutively variable intensities of immunoreactivity
for TROY or LINGO-1 in both MS and non-MS brains
{Figure 2a,b). An intermediate or weak immunolabelling
of TROY or LINGO-1 was identified in a sabset of reactive
hypertrophic astrocytes in chronic active demyelinating
lesions of MS (Figure 2e.d) and ischaemic lesions of acute
cerebral infarction (not shown). although the percentage
and intensity of immunopositive cells/total hypertrophic
reactive astrocytes was much greater and stronger in -
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Figure 2. TROY and LINGO-1 immunoreactivities are identified on neurones and reactive astracyies in multiple sclerosis \MS) brains. The
expression of (a,c.e) TROY and (b,d.f) LINGO-1 was studied in MS brains by immunaohistachemisiry. The panels represent (a) TROY
immunareactivity in the pontine base of MS# 1. (b) LINGO-1 immunorcactivity in the pontine base of MS#1. (¢) TROY immunarcactivity in
chronic active demyelinating lesions in the frontal cerebral cortex of MS#2. (d) LINGO-1 immunorcactivity in chronte active demyelinaling
lesionsin the lrontalcercbral cortex of MS# 3. (e) TROY (brown) and GFAP (red) double immunaolabelling of chronic active demyelinating lesions
in the frontal cercbral cortex of MS#2. and () LINGO-1 {brown) and GFAP {red) double immunoelabelling of chronic active demyelinating lesions
in the frontal cerebral cortex of MS# 3. Neurones (ab) and reactive hypertrophic astrocytes {o-f) express TROY and LINGO-1.

TROY (> 80%) than in LINGO-1 (< 104%). suggesting that
not all TROY-expressing astrocytes coexpress substantial
levels of LINGO-1. Double immunolabelling verified that
a population ol the cells expressing TROY or LINGO-1
immunoreactivity was comprised ol GFAP’ astrocyies
(Figure 2e.). The great majorily of macrophages and
microglia expressed an intense/intermediate immunore-
activity for TROY and LINGO-1 in MS and non-MS$ brain
lesions (Figure 3a.b). In contrast. both TROY and LINGO-
1 was neither detectable in surviving oligodendrocvies
remaining in demyelinating lesions nor in olipedendro-
cytes in the normal appearing white matter of MS
{Figure 3e.d) and non-MS$ brains (not shown). p75™
expression was restricted in small regions such as

substantia gelatinosa in the spinal cord (Figure 3e). as
described previously {16].

Up-regulated expression of TROY in MS brains

Finally. the expression of TROY and LINGO-1 proteins was
studied in brain tissues of four MS and seven non-MS cases
by Western blot analysis. TROY protein levels were much
higher in lour MS cases MS#1. #2. #3 and #4 (Figure 4a.
lanes 1-7), when compared witls five non-MS cases PD#1.
ALS#1. #2 and #3. and SCH#1 (Figure 4a. lanes 8-14
and 17). or comparable to two non-MS cases ALS#4 and
DEP#1 (Figure 4a. lanes 16 and 19). when standardized
against the levels of HSP60). an internal standard detected
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Figure 3. TROY and LINGO-] immunoreactivities are identificd on macrophages/microglia but not on oligadendracytes in multiple sclerosis
{MS) brains. The expression of (a.c) TROY, (b.d) LINGO-1 and (e) p7 5"™ was studied in MS brains by immunochisiochemistry, The pancls

. represent (a) TROY immunoreactivity in chronic active demyelinating lesions in the frontal cercbral cortex of MS# 3. (b) LINGO-1
immunareactivity in chronic active demyelinating lesions i the parieral cerebral cortex of MS# 3. (¢) TROY immunoreactivity in the normal
appearing white matter of the frontal cerebral cortex of MS#1. (d) LINGO-1 immunoreactivity in the normal appearing white marter of the
frontal cerebral cortex of MS#1, and an inscl. {e) p7 5™ " immunaoreactivity in the substantia gelatinosa of the spinal cord of MS#2.
Macrophages/microglia (a,b) bur not oligodendrocytes (¢,d) express TROY and LINGO-1.

in corresponding blots. which appeared to be almost con-
stant among the samples (Figure 4e. lanes 1-19). In con-
rrast. LINGO-1 protein levels were reduced in all MS cases
and the cerebellum of the case of DEP#1. compared with
other cases (Figure 4¢. lanes 1-7 and 19). The pattern of
p75¥™ protein expression (Figure 4d. lanes 1-19) was
generally similar to that of TROY (Figure 4a. [anes 1-19).
except for one case of MS MS#2 that expressed a high level
of TROY but atrace of p7 5™ (Pigure 4a.d. lane 2). In con-
trast. NgR protein levels varied among the cases and the
regions examined. although there existed a trend for
higher levels of NgR in the cerebellum vs. lower levels in
the cerebrum {Figure 4b. lanes 1-19).

Discussion

By immunohistochemistry. the present study for the first
time demonstrated that the expression of TROY and
LINGO-1 was more widespread than p75™™ in the brains
of MS and non-MS cases. identitied in subpopulations of
reactive astrocytes. macrophages/microglia and neurones
but not in oligodendrocyies in chronie active demyelinat-

ing lesions of MS and ischaemic lesions of cerebral infarc-
tion. The expression of TROY and LINGO-1 in astrocytes
and microglia. the findings previously unreported {9-15].
was verilied by immunohistochemistry of brain tissue sec-
tions and RT-PCR analysis of human astrocytes in culture
and the microglia cell line HMO6. Non-neurcnal distribu-
tion of TROY and LINGO-1. both of which constitute piv-
otal components of the NgR signalling complex[9.10.13].
is not so surprising. Previous studies showed that TROY
mRNA was detected in glioma and embryonal carcinoma
cells [11], and recently. we reported that Nogo-A expres-
sion is enhanced in surviving oligodendrocytes. while
NgR is up-regulated in reactive astrocytes and macroph-
ages/microglia in chronic active demyelinating lesions of
MS. suggesting an active role of NgR signalling in non-
neural celf types |16]. Our observations put forth the
hypothesis that the ternary complex of NgR/TROY/
LINGQO-1 expressed on astrocytes. macrophages/microglia
and neurones. by interacting with Nogo-A expressed on
oligodendrocytes. plays some role in regulating glial-
neuronal and glial--glial interactions in active demyelinat-
ing lesions of MS.

€% 2006 Blackwell Publishing 1ud. Newropathology and Applicd Newrobiology. 33, 99-107

— 185 —



TROY and LINGO-1 expression in MS lesions 105

(TROY 66 ~

45

(hiNgR
oh

(eHAINGO-Y
974

(dip75 6

oh
{e}HSPoO

i i i i i i [ i P I { [ R D A | i i
i 2 03 4 5 6 T 8 9 1011 12 13 14 15316 17 18 19
B T T -
7z 72 72 % 7 ZFT Y M@=k o~moR=
L £ £ L 4L %2 %2R OFE LY ov o ¥ oL o=moEOZ
- 1 £ oo ™ £ - bl - 3 3t 3 23 3 2 - 2y ar E-4
P - T T T vl i o - S
2 22 28 S CEEzceaansanna
2 2 & 8§ F Ex F ¥ g % F 28 =2 g %

ER M x = x = Z B =

Figure 4. TROY and LINGO-1 protein expression in MY and non-MS brains. The expression of (a) TROY (55 kDa). (b) NgR (67 kDa). (¢) LINGO-
197 kDa). (dyp7 5 ™ (68 kDa) and te) HSP6( {60 kDa. an internal control) proteins was studied by Western blot analysis in brain homogenates
prepared from cither the frontal cerebral cortex (CBR) or the cerebellar cortex (CBL) of lour MS and seven non-MS cases. Sixty micrograms ol
roral protein separated on a 12% SDS-PAGE gel was rransferred onto nitracellulose membranes. and processed for relabelling several times with
different antibodics. The lanes (1-19) represent (1) MS#1 CBL.12) MS#2 CBR. (3) MS#3 CBR. (4) MS#4 CBR. (5} a different part of MS#4
CBR. {6) MS#4 CBL. (7) & different part of MS#4 CBL. (8) PD#1 CBR. (9) PD#1 CBL. {10) ALS#1 CBR {111 ALS#2 CBR. {12) ALS#2 CBL.
(13) ALS#3 CBR, (14) ALS#3 (BL. (15) ALS#4 CBR. {16} ALS#4 CBL. (17) SCH#] CBR., {18) DEP#1] (BR and (19) DEP#1 (BL. PD.
Parkinson's disease: ALS. amyotraphic lateral sclerosis: SCH. schizophrenia: DEP. depression. The position of molecular weight marker is

indicated on the lefi.

By Western blot analysis. we found that TROY levels
were elevated. whereas LINGO-1 levels were reduced in
MS brains. although the sample size of the present study
was too small. i.e. seven samples of four MS cases vs. 12
samples of seven non-M$ cases. 1o obtain definitive
conclusions. In contrast. immunohistochemical studies
showed that both TROY and LINGO-1 immunoreactivities

were enhanced in subpopulations ol astrocvies and mac--

rophages/microglia in MS brains. Because a subset of
neurones expressed variable levels of TROY and LINGO-1.,
the discrepancy in the results between Western blot and
immunochistochemistry is in part attributable to the vary-
ing degree of axonal loss in the lesions examined. Recent
studies indicate that LINGO-1 expression is regulated by
neuronal activity [19]. The expression of LINGO-1 mRNA
is strongly up-regulated. while NeR mRNA levels are
decreased in the dentate gyrus of rat brain [ollowing treat-
meni with brain-derived neurotrophic f{actor or kainic
acid. suggesting a role of LINGO-1 in activity-dependent
neuronal plasticity responses [19]. Reduced neuronal
activity causes irreversible axonal damage in demyelinat-

inglesions of MS[20]. Recent studies indicate that LINGO-
1 is expressed on rat oligodendrocytes where it negatively
regulates differentiation and myelination competence of
oligodendrocytes [21]. Expression of dominant-negative
LINGO-1, LINGO-1 RNA-mediated interference. ;or an
exposure 10 soluble LINGO-1-Fc enhances differentiation
of rat oligodendrocytes in calture. accompanied by down-
regulation of RhoA activity [21]. Furthermore. LINGO-1
knockout mice have greater numbers of myelinated axons
[21]. These observations do not apparently agree with our
present and previous studies showing that LINGO-1.
along with NgR and TROY. was undetectable on oligoden-
drocytesin the brains of any cases examined [16]. This dis-
crepancy is atiributable in part 10 the differences between
the previous study [21] and our own in the species and
age. developing rat vs. adult human. or to the methods.
cell cultures vs. immunohistochemistry. or both.

In conclusion, the expression of TROY and LINGO-1
was identifled in subpopulations of reactive astrocyies.
macrophages/microglia and neurones but not in oligo-
dendrocytes in chronic active demyelinating lesions of MS
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and ischaemic lesions of cerebral infarction. These obser-
vations suggest that the ternary complex of NgR/TROY/
LINGO-1 expressed on astrocytes. macrophages/microglia
and neurones. by interacting with Nogo-A expressed on
oligodendrocyles. might play a regulatory role in ghial-
neuronal and glial-glial interactions under demyelinating
conditions of MS and other pathological conditions.

Acknowledgements

This work was supported by grants to ].-L.S. from Research
on Psychiatric and Neurological Diseases and Mental
Health, the Ministry of Health. Labour and Welfare of
Japan (H17-020). Research on Health Sciences Focusing
on Drug Innovation. the Japan Healih Sciences Founda-
tion (KH21101). and the Grant-in-Aid for Scientific
Research. the Ministry of Education. Culture. Sports. Sci-
ence and Technology. Japan (B18300118). All autopsied
brain samples were obtained from Research Resource Net-
work {RRN), Japan. The aathors thank Dr Seung U. Kim.
Division of Neurology. Department of Medicine. University
of British Colunibia. Vancouver. BC. Canada lor providing
us with HMO6.

References

1 Trapp BD. Peterson ]. Ransohoft RM. Rudick R. Mérk S.
BS L. Axonal transection in the lesions of multiple sclero-
sis. N Engl ] Med 1998: 338: 278-85

Lassmann H. Axonal injury in multiple sclerosis. ] Neurol
Neurosurg Psychiatry 2003: 74: 695-7

Domeniconi M. Filbin MT. Overcoming inhibitors in mye-
lin to promote axonal regeneration. ] Nenrol Sei 20035:
233:43-7

4 Chen MS. Huber AB. van der Haar ME. Frank M. Schnell
L. Spillmann AA. Christ F. Schwab ME. Nogo-A is a mye-
lin-associated neurile outgrowth inhibitor and an anti-
gen for monoclonal antibody IN-1. Nature 2000: 403:
434-9

Wang N. Chun $-}, Treloar H. Vartanian T. Greer CA.
Strittmatter SM. Localization of Nogo-A and Nogo-66
receptor proteins at sites of axon-myelin and synaptic
contact. ] Neurosel 2002: 22: 5505-15

6 Wang KC., Kim JA. Sivasankaran R. Segal R, He Z. p75
interacts with the Nogo receptor as a co-receptor for
Nogo. MAG and OMgp. Narure 2002: 320: 74-8
Yamashita T. Tohyama M. The p7 5 receptor acts as a dis-
placement factor that releases Rho from Rho-GDI Nut
Neurosci 2003; 6: 461-7

Josephson A. Trifunovski A, Widmer HR. Widenfalk J.
Olson L. Spenger C. Nogo-receptor gene activity: cellular

(9]

(%]

Ji

~1

ool

=

11

12

14

16

[
o

19

fy

localization and developmental regulation of mRNA in
mice and humans. ] Comp Neurol 2002: 453: 292-304
Park JB. Yiu G. Kaneko S, Wang J. Chang ], He Z. A TNF
receptor family member, TROY. is a coreceptor with nogo
receptor in mediating the inhibitory activity of myelin
inhibitors. Neuron 2005: 45: 345-51 :
Shao Z. Browning JL. Lee X. Scott ML. Shulga-Morskaya
S. Allaire N, Thill G. Levesque M. Sah D. McCoy JM, Mur-
ray B. Jung V. Pepinsky RB. Mi 8. TA]/TROY. an orphan
TNF receptor lamily member, binds Nogo-66 receptor 1
and regulates axonal regeneration. Neuron 2005: 45:
353-9

Kojima T, Morikawa Y. Copeland NG. Gilbert DJ. Jenkins
NA, Senba E. Kitamura T. TROY. a newly identilied mem-
ber of the tumor necrosis factor receptor superfamily.
exhibits a homology with Edar and is expressed in embry-
onic skin and hair follicles. ] Biol Chem 2000: 275:
20742-7

Hisaoka T, Morikawa Y. Kitamura T. Senba E. Expression
of a member of tumor necrosis factor receptor superfam-
ily. TROY. in the developing mouse brain. Dev Brain Res
2003:143:105-9

Mi 8. Lee X. Shao Z. Thill G. Ji B. Relton ]. Levesque M.
Allaire N. Perrin S. Sands B. Crowell T. Cate RL. McCoy
JM. Pepinsky RB. LINGO-1 is a component of the Nogo-66
receptor/p7 5 signaling complex. Nat Neurosci 2004: 7:
221-8

Chen Y, Aulia 8. Li L. Tang BL. AMIGO and friends: an
emerging family of brain-derived. neuronal growth mod-
ulating. type I transmembrane proteins with leucine-rich
repeats (LRR) and cell adhesion molecule motifs. Brain
Res Rev 2006: 51: 265-74

Carim-Todd L. Escarceller M. Estivill X, Sumoy L.
LRRNGA/LERNI (leucine-rich repeat neuronal protein
1). anovel gene with enriched expression in limbic system
and neocortex. Eur ] Neurosci 2003: 18: 3167-82

Satoh J. Onoue H. Arima K. Yamamura T. Nogo-A and
Nogo receptor expression in demyelinating lesions of
mulliple sclerosis. ] Neuropathol Exp Newrol 2005: 64:
129-38

" Satoh ]. Kuroda Y. Cytokines and neurotrophic lactors

fail to alfect Nogo-A mRNA expression in dilferentiated
human neurones: implicalions for inlammation-related
axonal regeneration in the central nervous system. Neu-
ropathol Appl Neurobiol 2002: 28: 95-106

Nagai A. Nakagawa E. Hatori K. Choi HB. McLarnon JG.
lee MA. Kim SU. Generation and characterization of
immortalized human microglial cell lines: expression of
cytokines and chemokines. Neurabiel Dis 2001: 8: 1057-
68

Trifunovski A. Josephson A. Ringman A, Brené S.
Spenger C. Olson L. Neuronal activity-induced regulation
of Lingo-1. Newuroreport 2004: 15: 2397400

Kurnellas MP. Nicot A. Shull GE. Elkubes S. Plasma
membrane calcium ATPase deliciency causes neuronal
pathology in the spinal cord: a potential mechanism for

<5 3006 Blackwell Publishing Lid, Nenropathologiy and Applicd Newrobivlogy. 33.99-107

— 187 -



TROY and LINGO-1 expression in MS lesions 107

neurodegeneration in multiple sclerosis and spinal cord LINGO-1 negatively regulates myelination by oligoden-
injury. FASEB ] 2005: 19: 298-300 drocytes. Nat Neurosci 2005; 8: 745-51

21 Mi S, Miller RH, Lee X. Scott ML. Shulag-Morskaya S.
Shao Z, Chang J. Thill G, Levesque M. Zhang M. Hession Received 25 June 2006

C.Sah D, Trapp B. He Z. Jung V. McCoy JM. Pepinsky RB. Accepted after revision 3 September 2006

@ 2006 Blackwell Publishing Ltd, Newropathelogy and Applied Newrobiology. 33.99-107

— 188 —



Acta Neurol Scand 2007: 115: 153 160 DOI: 10.1111j.1600-0404.2006.00735.x

Copyright © Blackwell Munksgaard 2006

ACTA NEUROLOGICA
SCANDINAVICA

Detection of anti-Nogo receptor
autoantibody in the serum of multiple

sclerosis and controls

Onoue H, Satoh J-I, Ogawa M, Tabunoki H, Yamamura T. Detection
of anti-Nogo receptor autoantibody in the serum of multiple sclerosis
and controls.

Acta Neurol Scand 2007: 115: 153~160.

© Blackwell Munksgaard 2006.

Objectives — A myelin-associated neurite outgrowth inhibitor Nogo-A
plays a key role in inhibition of axonal regeneration. Axonal damage
beginning at the early stage of multiple sclerosis (MS) is responsible for
permanent neurological deficits, although its molecular mechanism
remains unknown. The aim was to study the prevalence of
autoantibodies against Nogo-A and Nogo receptor (NgR) in the serum
of MS. Methods — The antibodies were identified in the serum of 30
MS patients. 22 patients with non-MS other neurological diseases
(OND), and 22 healthy control (HC) subjects by Western blot using
recombinant human Nogo-A-specific segment (NAS), the shared
segment of Nogo-A and -B (NAB), Nogo-66 (N66), the non-
glycosylated form of NgR, the glycosylated NgR (NgR-Fc), and
myelin oligodendrocyte glycoprotein (MOG). Results — None showed
immunoglobulin G (IgG) antibodies against NAS or NAB. In contrast,
30% of MS, 23% of OND und 32% of HC subjects exhibited anti-N66
1gG, while 27% of MS, 27% of OND and 18% of HC showed anti-
MOG IgG. None of HC but 33% of MS and 14% of OND showed
anti-non-glycosylated NgR IgG. Furthermore, 60% of MS, 18% of
OND and 14% of HC showed anti-NgR-Fc IgG. Conclusions —
Because IgG autoantibodies against N66, NgR and MOG are often
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MS-specific marker.

Introduction

Axonal damage beginning at the early stage of
multiple sclerosis (MS) is responsible for perma-
nent neurological deficits and progression of clin-
ical disability (1, 2). Although the underlying
molecular mechanism remains unknown, the
degree of inflammatory demyelination correlates
with the extent of axonal damage, suggesting an
involvement of proinflammatory mediators in
development of axonal degeneration in MS (3).
The alternative possibility could be proposed that
axonal regeneration is severely impaired in MS
lesions, because an extensive accumulation of
neurite outgrowth inhibitors and glial scar provides
a non-permissive environment for axonal regrowth

(4).

detected in the serum of MS and controls. they do not serve as an

Accepted for publication July 19, 2006

Nogo constitutes a family of myelin-associated
inhibitors of axonal regeneration (5, 6). The Nogo
gene encodes three distinct isoforms named A, B
and C, derived by alternative splicing and promo-
ter usage, all of which share a C-terminal 66 amino
acid segment named Nogo-66 located between the
two transmembrane domains. Nogo-A, the longest
isoform, is the major neurite outgrowth inhibitor
expressed on oligodendrocytes and myelin sheath
and a subpopulation of neurons in the central
nervous system (CNS) (7, 8). Nogo-A has at least
two discrete regions with neuronal growth-inhibi-
tory activities. One is located in the Nogo-A-
specific region that restricts neurite outgrowth,
while another is Nogo-66 that induces growth cone
collapse, both of which assume different membrane
topologies depending on cell types (9). Nogo-66
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binds to the Nogo receptor (Nogo-66 receptor-1;
NgR), a glycosylphosphatidylinositol-anchored
membrane protein (10). In contrast to Nogo-A,
NgR is not identified on oligodendrocytes but
expressed in a subpopulation of neurons and their
axons, including cerebral cortical pyramidal neu-
rons and cerebellar Purkinje cells (10, 11). Signal
transduction mediated by NgR depends on its
association with a coreceptor p75NTR or TROY in
combination with an adaptor molecule LINGO-!
(12-14). Not only Nogo-66 but also myelin-asso-
clated glycoprotein and oligodendrocyte-myelin
glycoprotein bind to NgR and transduce neurite
growth-inhibitory signals via p75NTR by activating
RhoA and inhibiting Racl (15). In vivo blockade of
interaction between NgR and its ligands, by
neutralizing anti-Nogo-A antibodies, NgR antag-
onistic peptides, or soluble truncated NgR, induces
extensive axonal regeneration and enhances func-
tional recovery after injury in the CNS (16-18).
Furthermore, NgR-deficient mice exhibit an
enhanced axonal plasticity after ischemic stroke,
accompanied by improved functional recovery
(19).

Increasing evidence indicates that autoantibod-
ies against CNS antigens play a key role in the
immunopathogenesis of MS. The detection of
anti-myelin oligodendrocyte glycoprotein (MOG)
antibody in the patients with clinically isolated
syndrome (CIS) predicts the early conversion of
C1IS to clinically definite MS (20). The detection of
immunoglobulin G (IgG) autoantibody against
aquaporin-4 discriminates the patients with neuro-
myelitis optica from those with the conventional
MS (21). Recently, autoantibodies against the
Nogo-A segment spanning amino acid residues
1-979 are identified in the serum of relapsing-
remitting MS (RRMS) patients, although they
show no significant correlation to disease course,
duration, relapse rate and disability of the patients
(22). More recently, we found that Nogo-A
expression is enhanced in surviving oligodendro-
cytes, while NgR is upregulated in reactive astro-
cytes at the edge of chronic demyelinating lesions
of MS, suggesting that Nogo-A/NgR mediates
glial-glial interaction under demyelinating envi-
ronments (23). Inflammatory demyelination and
axonal damage are less severe in Nogo-A-deficient
mice affected with experimental autoimmune
encephalomyelitis, an animal model of MS (24).
These observations propose a possible scenario
that the Nogo-A/NgR interaction restricts axonal
regeneration in MS brain.

The present study is designed to investigate the
prevalence of autoantibodies against a panel of
Nogo and NgR fragments in the serum of MS and

154

controls by Western blot analysis, and to deter-
mine the possible association of these antibodies to
clinical profiles of MS.

Patients and methods
Study population

The serum samples were obtained from randomly
selected 30 MS patients, 22 patients with other
neurological diseases (OND) who visited the
National Center Hospital for Mental, Nervous
and Muscular Disorders, National Center of
Neurology and Psychiatry (NCNP), Tokyo,
Japan in 2004, and 22 healthy control (HC)
subjects. Written informed consent was obtained
from all the subjects. MS was diagnosed following
the established criteria (25) by qualified neurolo-
gists of the hospital. The MS population was
composed of 10 men and 20 women showing the
mean age of 41.5 & 12.2 years, the mean disease
duration of 7.1 £ 6.3 years, and the mean Expan-
ded Disability Status Scale (EDSS) score of
3.6 £ 2.0. The MS group included 17 patients
with RRMS during remission, nine with RRMS in
acute relapse, three with secondary progressive MS
(SPMS) and one with primary progressive MS
(PPMS). Among all MS patients, nine were under
IFNB weatment, 11 were treated with corticoster-
oids, and two with azathioprine at the time of
blood sampling. The patients received no other
immunosuppressive or immunomodulatory drugs.
The OND population included 13 men and nine
women with the mean age of 57.7 &+ 13.8 years,
composed of six patients with spinocerebellar
degeneration, five with Parkinson’s disease, three
with myopathy, two with neuropathy, one with
myasthenia gravis, Fisher syndrome, adrenoleuko-
dystrophy, spastic paraplegia, epilepsy, or cerebral
infarction. The HC population was composed of
nine men and 13 women presenting with the mean
age of 41.7 & 12.4 years. After sampling, the
serum samples were stored immediately at —30°C
before use.

Recombinant human Nogo and NgR fragments

The human Nogo-A gene encoding the Nogo-A-
specific segment (NAS; amino acids 186-1004), the
segment shared between Nogo-A and Nogo-B
(NAB; amino acids 1-185), and the Nogo-66
segment (N66; amino acids 1053-1118), the
human NgR gene encoding the full-length NgR
following a cleavage of the N-terminal signal
peptide (amino acids 27-473), and the human
MOG gene encoding the full-length MOG
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Table 1 Primers utilized for PCR-based cloning

Anti-Nogo receptor autoantibody in multiple sclerosis

Sense primers Antisense primers

Genes Proteins {symbol, amino acid residues) GenBank accession no.

RTN4 Nogo-A-specific segment (NAS, 186-1044) NM_020532

RTN4 Nogo-A/B-shared segment (NAB, 1-185) NM_020532

RTN4 Nogo-66 segment (N66. 1053-1118) NM_020532

RTN4R Nogo receptor without an N-terminal NM_023004
signal peptide (NgR, 27-473)

MOG Myelin oligodendrocyte glycoprotein without NM_206809

an N-terminal signal peptide (MOG, 30-247)

5'-gatgagacccttttigeicticet-3°
5'-atggeagaactggaccagtetect-3’
5'-agctttaggatatacaaggglgty-3
5'-tgeceaggtgectgegtatgetacaat-37

5'-tcatgaagtitiactcageictgetga-3
5'-tcacactgageeegaggagecect-3
5'-{caagaatcaactasatcatcaactaa-3’
5-tcagcagggeccaageactgiccacag-3’

5'-gggeagticagagigataggaccaaga-3’ 5'-tcagaagggatticgtageicticaagg-3’

The PCR praduct was cloned into a prokaryotic expression vector pTrcHis-TOPO 1o produce a fusion protein with an N-terminal Xpress tag in £. coli

following a cleavage of the N-terminal signal
peptide (amino acids 30-247) were amplified by
PCR using PfuTurbo DNA polymerase (Strata-
gene, La Jolla, CA, USA) from cDNA of NTera2-
derived human neurons (26) or human brain using
a panel of sense and antisense primer sets listed
in Table 1. The PCR product was cloned into a
prokaryotic expression vector pTrcHis-TOPO
(Invitrogen, Carlsbad, CA, USA). After transfor-
mation of the vector into Escherichia coli, the
expression of recombinant proteins was induced
by exposing the culture of E. coli to isopropyl
B-thiogalactoside. All recombinant proteins having
an N-terminal Xpress tag for detection were
purified from the E. ¢oli lysate by isolating the
specific bands immunoreactive with monoclonal
anti-Xpress antibody (Invitrogen) separated on an
8%, 12% or 15% SDS-PAGE gel. The recombin-
ant proteins were eluted from the gels, precipitated
by cold acetone, and dissolved in distilled water
containing 0.1% SDS. The protein concentration
was determined by a Bradford assay kit (BioRad,
Hercules, CA, USA). For control, the pTrcHis-
TOPO vector containing a JacZ gene fragment
(Invitrogen) was transformed into E. coli in paral-
lel. Recombinant human NgR (Metl-Serd47)-1gG
Fc (Prol00-Lys330) fusion protein (95 kDa), a
glycosylated form expressed in a mouse myeloma
cell line, was obtained from R&D Systems
(Minneapolis, MN, USA).

Western blot analysis

Six different recombinant proteins, including
NAS, NgR, LacZ, NAB, MOG and N66, were
separated on a single 12% SDS-PAGE gel. After
gel electrophoresis, they were transferred onto a
nitrocellulose membrane. This membrane is des-
ignated the miniarray. Then, the array was incu-
bated at room temperature (RT) overnight with
the serum diluted at a concentration of 1:1000 in
phosphate-buffered saline containing 5% skim
milk. It was followed by incubation at RT for

60 min with horseradish peroxidase (HRP)-conju-
gated anti-human IgG (160 ng/ml; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) or with an
HRP-conjugated antibody specific for human
IgM Fes, fragment (8 ng/ml; Jackson Immuno-
Research, West Grove, PA, USA). To identify
autoantibodies against NgR-Fc, the serum was
diluted at a concentration of 1:15,000, and either
an HRP-conjugated antibody specific for human
I1gG F(ab’), fragment (20 ng/ml; Jackson Immu-
noResearch) or a HRP-conjugated antibody
against human IgM Fcs, fragment (120 ng/ml;
Jackson ImmunoResearch) was utilized as a
secondary antibody. The specific reaction was
visualized at 15 min after incubating the array for
5 min with a chemiluminescent substrate (Pierce,
Rockford, IL, USA). The optimal concentration
of the serum, secondary antibodies, and incuba-
tion time prior to development was determined to
obtain the maximum signal/background intensity
by preliminary experiments that include varying
combinations of serially diluted sera and secon-
dary antibodies, and incubation periods. The
signal intensity was graded as (=) none, (+).
weak, (+ +) strong, and (+ + +) extremely
strong.

Statistical analysis

The statistical difference in clinical profiles between
the serum autoantibody-positive and negative
groups of MS patients was evaluated by Mann-
Whitney U-test. A P value of <0.05 was consid-
ered statistically significant.

Results
Miniarray of Nogo and NgR fragments

A panel of recombinant proteins, such as NAS,
NgR, LacZ, NAB, MOG and N66, all of which
have an N-terminal Xpress tag, were separated on
a single 12% SDS-PAGE gel and transblotted onto
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