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Introduction

Bardet-Biedl syndrome (BBS) is an autosomal
recessive disorder characterized by central obesity,
mental impairment, rod-cone dystrophy, polydactyly,
hypogonadism in males, and renal abnormalities.'?
The causative genes have been identified as
BBSI1-14 genes that encode proteins possibly linked
to cilia function, but more than 20% of patients have
no mutations found.® The diagnosis is made only by
the clinical phenotype with the presence of at least
three major symptoms, however, it is often difficult
partly because of age-dependent development of some
symptoms. In the Western countries, the prevalence
of this disease ranges from 1/13,500 to 1/160,000.}
By contrast, only a few Japanese patients have been
reported in the English-language literature.*

Renal fibrosis is one of the most devastating
symptoms, ultimately leading to chronic renal
failure requiring hemodialysis.” The incidence
of renal dysfunction or anomalies in previous
reports varies considerably ranging from ~20%
to universal occurrence.>” An early detection of
such abnormalities may be important for patients
and guardians to prepare them. It may also be use-
ful for prompt correct diagnosis of BBS, since the
diagnosis of this disease is based on the accumu-
lation of major symptoms as described above. We
now report that two Japanese patients with BBS had
normal BUN and creatinine level but elevated lev-
els of cystatin C, a sensitive marker of glomerular
filtration rate (GFR).

Patients

A 20-year-old man (patient 1) had mental retardation
(minimental state examination 23; normal > 24),
rod-cone dystrophy, central obesity (height 158 cm,
weight 63 kg, and BMI 25.2) and hypogonadism
since the age of 5 years. His waist circumference
was 83.5 cm. His blood pressure was 131/85 mmHg,
and his heart rate was 61 beats/min. He had normal
heart sounds with clear breath sounds. A 16-year-old
boy (patient 2), the younger brother of patient 1, had
polydactyly in addition to the symptoms described
above (height 165 cm, weight 93 kg, and BMI 34.2).
His waist circumference was 107 cm. His blood
pressure was 128/61 mmHg, and his heart rate was

77 beats/min. He had normal heart sounds with clear
breath sounds. Their non-consanguineous parents
were apparently healthy. The symptoms of patients
and probable autosomal recessive inheritance fulfilled
the diagnostic criteria for BBSS5. After obtaining
informed consent, a DNA chip study was performed
at Asper Biotech Ltd. (Tartu, Estonia). The DNA chip
(version 5) covered 305 mutations from 14 genes
causative for BBS and related diseases (BBS1, BBS2,
BBS3, BBS4, BBSS, BBS6, BBS7, BBS8, BBS9,
BBS10, BBS12, PHF6, ALMSI1, and GNASI1), but
identified no pathological alterations. Nevertheless,
because about one fifth of patients with clinically def-
inite BBS have no identifiable mutations as described
above and because the chip covered only mutations
previously reported to be pathogenic, these results
could not rule out the possibility of a diagnosis of
BBS in our family.

Tests for Renal Morphology and
Function, and Other Laboratory Tests
To detect morphological renal abnormalities,
the patients underwent abdominal CT scans and
abdominal sonography, with no apparent anomalies.
Blood and urine tests routinely performed in
Japan failed to identify any obvious abnormali-
ties (Table 1, upper rows). Other laboratory data
of the elder and younger patients included normal
blood sugar levels (78 mg/dl and 81 mg/dl, respec-
tively), normal total cholesterol levels (144 mg/dl
and 131 mg/dl, normal 120-220 mg/dl), unelevated
triglyceride levels (28 mg/dl and 72 mg/dl, normal
30-150 mg/dl), negative serum CRP, and negative
urine occult blood or glucose. Creatinine was mea-
sured by an enzymatic method. Serum cystatin C

Table 1. Results of sensitive renal function tests.

Patient # 1 2
BUN (mg/dl) 7 9
Cre (mg/dl) 0.6 0.8
Urine protein _ _
Urine albumin 248* 5.2

(with cre correction
normal = <10)
Cystation C (0.63-0.95 mg/l) 0.96* 0.97*

Note: *Abnormal values.

18

Clinical Medicine Insights: Case Reports 2011:4



Elevated cystatin C levels in BBS

and urine albumin were then examined. Cystatin C
was measured by a colloidal gold agglutination
method. The results showed elevated cystatin C
concentrations in both patients and microalbu-
minuria in the elder patient (Table 1, lower rows).
Cystatin C levels of the age- and sex-matched con-
trols were also examined, the result of which showed
0.86 mg/L for an elder control and 0.91 mg/L for a
younger control.

Discussion

We describe abnormal levels of serum cystatin C
in two patients with BBS (Table 1). Cystatin C
is a plasma protein with a molecular weight of
13.4 kDa and belongs to the cysteine protease
inhibitors.® It is constantly synthesized in all types
of cells, excreted into plasma, and filtered com-
pletely by the glomeruli. Consequently, increas-
ing serum levels of this marker indicate decreasing
GFR. Measurement of cystatin C more sensitively
detects mild GFR abnormalities than that of crea-
tinine, a more common but less sensitive marker
of GFR,® probably because the lower molecular
weight of creatinine (113 Da) facilitates its easier
filtration in the glomeruli. In addition to the sen-
sitivity, cystatin C is a more reliable marker than
creatinine for detection of chronic renal disease,
since creatinine levels are affected by many extra-
renal patient-related factors such as muscle mass
and consumption of cooked meat that is a source of
creatinine.® Our patients had only mild increases in
cystatin C. Nevertheless, because cystatin C levels
age-dependently increase with decreasing GFR,
the values of our young patients seem sufficiently
high for their ages.?

A urine albumin level increased only in the elder
patient. Patients with BBS occasionally manifest
proteinuria,” suggesting that patients had not only
decreased GFR but also increased protein leakage.
Urine albumin is used to detect early phases of
diabetic or hypertensive nephropathy.” Because
neither of our patients showed apparent proteinuria,
the elder patient may be in an early phase of protein
leakage. In diabetes mellitus, timely treatment
with an angiotensin-converting enzyme inhibitor,
independently of rise in arterial blood pressure, is

considered if improvement of glycaemic control
and moderate decrease of dietary protein intake
for 6-12 months have failed to reduce the albu-
min excretion rate” Screening programs for
microalbuminuria and early intervention can sub-
stantially modify the natural history of diabetic
renal involvement and disease and possibly reduce
the incidence of end-stage renal failure.’ In BBS,
although such intervention has not been tested yet,
we may consider similar protective methods for renal
dysfunction.

In conclusion, patients who have BBS with
apparently normal kidney functions may have
abnormal levels of cystatin C, facilitating an early
detection of kidney dysfunctions that might be helpful
for prompt correct diagnosis of BBS. However,
because our study is based on the results of the small
number of patients, conclusion must await further
studies.
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RGMa modulates T cell responses and is involved in
autoimmune encephalomyelitis

Rieko Muramatsu'-23, Takekazu Kubo®3, Masahiro Mori?, Yuka Nakamura!2, Yuki Fujital2, Tsugio Akutsu’,
Tatsusada Okuno®, Junko Taniguchi?, Atsushi Kumanogoh®, Mari Yoshida?, Hideki Mochizuki?>,
Satoshi Kuwabara* & Toshihide Yamashita!-3

In multiple sclerosis, activated CD4+ T cells initiate an immune response in the brain and spinal cord, resulting in demyelination,
degeneration and progressive paralysis. Repulsive guidance molecule-a (RGMa) is an axon guidance molecule that has a role in the
visual system and in neural tube closure. Our study shows that RGMa is expressed in bone marrow-derived dendritic cells (BMDCs)
and that CD4* T cells express neogenin, a receptor for RGMa. Binding of RGMa to CD4* T cells led to activation of the small GTPase
Rap1 and increased adhesion of T cells to intracellular adhesion molecule-1 (ICAM-1). Neutralizing antibodies to RGMa attenuated

clinical symptoms of mouse myelin oligodendrocyte glycoprotein (MOG)-induced experimental autoimmune encephalomyelitis

(EAE) and reduced invasion of inflammatory cells into the CNS. Silencing of RGMa in MOG-pulsed BMDCs reduced their capacity

to induce EAE following adoptive transfer to naive C57BL/6 mice. CD4* T cells isolated from mice treated with an RGMa-specific
antibody showed diminished proliferative responses and reduced interferon-y (IFN-v), interleukin-2 (IL-2), IL-4 and IL-17 secretion.
Incubation of PBMCs from patients with multiple sclerosis with an RGMa-specific antibody reduced proliferative responses and
pro-inflammatory cytokine expression. These results demonstrate that an RGMa-specific antibody suppresses T cell responses, and
suggest that RGMa could be a promising molecular target for the treatment of multiple sclerosis.

In multiple sclerosis, activated CD4* T cells specific for components of
the myelin sheath initiate an immune response in the white matter of the
brain and spinal cord!, resulting in demyelination, degeneration and
progressive paralysis. Dendritic cells in the peripheral tissues and the
central nervous system (CNS) are responsible for T cell activation and
helper cell differentiation. T cell activation depends on the interaction of
T cell receptors (TCRs) with their cognate antigen peptide presented
on the surface of antigen-presenting cells (APCs), including dendritic
cells and macrophages. Regulated adhesion of T cells to APCs through
leukocyte function-associated antigen-1 (LFA-1) is a crucial step in
the generation of a sustained TCR-mediated signal. The binding of
integrins, including LFA-1, is also important for T cell trafficking into
the brain®. The small GTPase Rapl, which is activated by antigens
and chemokines, is a potent stimulator of integrins, including LFA-1
(refs. 3,4), and promotes immunological synapse formation and leuko-
cyte migration®.

RGMa is a membrane-bound protein that was originally identified
as an axon guidance molecule in the visual system®. RGMa also has a
role in laminar patterning in Xenopus laevis and chick embryos and
in cephalic neural tube closure in mouse embryos”. Although RGMa
is recognized as havinga crucial role in the nervous system, we found
that RGMa was expressed in dendritic cells by expression analysis in
mice. This finding prompted us to investigate the role of RGMa in the

immune system. This study describes a previously unknown role of
RGMa in modulating T cell-mediated immune responses.

RESULTS

RGMa regulates CD4* T cell adhesion

We first examined whether RGMa is expressed in dendritic cells.
Following stimulation with lipopolysaccharide (LPS), the level of
mRNA encoding RGMa was increased in the BMDCs (Fig. 1a).
Western blot analysis confirmed that full-length RGMa (50-kDa
bands) and the proteolytically cleaved mature form of RGMa
(35-kDa bands) were upregulated in LPS-stimulated BDMCs
(Fig. 1b). We then assessed whether CD4* T cells express receptors
for RGMa. Human RGMa-Fc bound to splenic CD4* T cells in a
concentration-dependent manner (Fig. 1c). Therefore, RGMa is
induced in activated BMDCs and CD4* T cells express receptors
for RGMa.

Next, we explored the effects of RGMa on CD4* T cell adhesion.
In T lymphocytes, TCR ligation results in the transient activation of
Rapl and an increase in the GTP-bound form of Rap] at the interface
of T cells and APCs, which potentiates subsequent T cell activation®>.
Rap1 was activated 5 min after stimulation of splenocytes and CD4*
T cells with RGMa (Fig. 1d). As TCR-induced adhesion requires
Rapl activation**8, we determined whether the RGMa-induced
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Rapl activation alters T cell adhesion. RGMa-stimulated CD4" T cells
showed stronger adhesion to ICAM-1 when compared with the control
CD4* T cells (Fig. 1e). Moreover, a selective inhibitor of Rapl, GGTI-
298, abolished RGMa-induced adhesive activity in CD4" T cells. These
results suggest that RGMa enhances the adhesive activity of CD4*
T cells through Rapl activation.

Expression of RGMa and neogenin in EAE and multiple sclerosis
To assess the role of RGMa in vivo, we examined the expression of
RGMa and neogenin, a receptor for RGMa, in the spleens, lymph
nodes and spinal cord sections of C57BL/6 mice with EAE induced
by MOG. Immunohistochemical analyses reveal that the major-
ity of the CD11c* cells in these tissues expressed RGMa weakly
(Fig. 2a and Supplementary Fig. 1a). RGMa expression increased in
CD11c* cells after the induction of EAE (Fig. 2a and Supplementary
Fig. 1a). Although RGMa was also expressed in mouse plasmacytoid
dendritic cell antigen-1 (mPDCA-1)-positive cells in these tissues,
its expression was unchanged after the induction of EAE (Fig. 2b
and Supplementary Fig. 1b). Furthermore, CD4* T cells in these
tissues expressed neogenin. Expression of neogenin did not change
during the observation period after the induction of EAE (Fig. 2¢
and Supplementary Fig. 1c). Next, we assessed Rapl activity
in situ to determine whether Rap1 is activated in CD4* T cells in the
CNS after induction of EAE. Activated Rapl was present in CD4*
T cells in the cervical spinal cords of EAE mice but not in control
mice (Fig. 2d).

We performed immunohistochemical analyses on autopsied sam-
ples of brain and spinal cord obtained from eight individuals with
multiple sclerosis. We evaluated the presence of mature and immature
dendritic cells in these tissues by using antibodies to CD83 and
CD209 (also known as DC-SIGN), respectively’. CD83* and
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Figure 1 RGMa activates Rapl and regulates CD4* T cell adhesion.

(a) Quantitative RT-PCR showing relative expression level of mMRNA encoding
RGMa in LPS-stimulated BMDCs at the indicated concentrations for 24 h.
(b) Western blot analysis of RGMa (50-kDa and 35-kDa bands; top

rows) and a-tubulin (bottom row). Relative expression of RGMa in the
BMDCs. (c) Binding of human RGMa-Fc to splenic CD4* T cells. (d) Top,
representative western blot images obtained with a Rap1 pull-down assay.
The bottom graph shows the relative Rapl activity, as determined by the
band intensity of RalGDS-bound Rapl normalized to that of total Rapl

in the lysates. (e) CD4* T cell adhesion to ICAM-1 in the presence and
absence of GGTI-298, a selective Rapl inhibitor. Error bars are the

mean + s.e.m. of three or four independent experiments. *P < 0.05

and **P < 0.01 by one-way analysis of variance followed by Tukey's test
for a,b and e and by Student's ¢t test for d.

CD209" dendritic cells were immunoreactive for RGMa in the
brain and spinal cord sections of individuals with multiple sclerosis
(Fig. 2e), but not in sections from control brains (data not shown).
To examine the expression of neogenin in human cells, we puri-
fied peripheral blood mononuclear cells (PBMCs) from individuals
with relapsing-remitting multiple sclerosis. CD3* T cells from these
samples expressed neogenin at the time of relapse and during the
remission phase (Fig. 2f). Neogenin expression did not differ in
PBMCs from individuals with multiple sclerosis or healthy controls
(Fig. 2g). Furthermore, neogenin was expressed in CD3* T cells
in brain and spinal cord sections from individuals with multiple
sclerosis (Supplementary Fig. 1d).

RGMa-specific antibodies attenuate clinical signs in EAE

To determine whether RGMa inhibition alters the clinical severity
of EAE, we intraperitoneally administered RGMa-specific antibod-
ies'% or control rabbit IgGs to mice on days 7 and 10 after immuni-
zation with MOG. The antibody was detectable in the spleen and
lymph nodes at day 7 after administration (Supplementary Fig. 2a).
RGMa-specific antibody treatment reduced the clinical severity of
the disease (Fig. 3a) and the percentage of mice that presented with
clinical signs of EAE (Fig. 3b), but did not delay the day of onset of
EAE clinical symptoms (Fig. 3c). However, the mean maximum EAE
score (Fig. 3d) and the cumulative EAE scores (Fig. 3e) were lower
in RGMa-specific antibody-treated mice as compared with control
IgG-treated mice. These data show that RGMa-specific antibody
treatment attenuates the severity of EAE.

RGMa-specific antibody treatment reduced the infiltration of
cells in the spinal cord at day 21 after the induction of EAE in mice
(Fig. 3f,g). The accumulation of CD4*, CD11b*, F4/80%, B220%,
CD11ct and mPDCA-1* cells in the spinal cord (Fig. 3h) of EAE
mice decreased as a result of treatment with the RGMa-specific anti-
body. Myelin loss and axonal damage in EAE mice was also reduced
following treatment with the RGMa-specific antibody (Fig. 3i,j) Thus,
RGMa-specific antibody treatment reduces inflammatory cell accu-
mulation and histological damage following the induction of EAE.

A role for RGMa in T cell activation in EAE

To confirm whether RGMa expressed on dendritic cells modu-
lates EAE, we carried out adoptive transfer experiments with
MOG-pulsed BMDCs following RGMa knockdown. Transfection
of BMDCs with RGMa siRNA downregulated RGMa expression
(Supplementary Fig. 2b). Recipient C57BL/6 mice injected intra-
venously with RGMa siRNA-transfected, MOG-pulsed BMDCs had
moderately reduced clinical disease scores as compared with mice
injected with control siRNA-transfected, MOG-pulsed BMDCs
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