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Figure 1. Pulmonary function test results and tricuspid regurgitation pressure gradient (TRPG)
changes in 9 patients with SSc-ILD during treatment with bosentan. Statistical analysis was per-
formed for the 7 patients who completed the 24-month study period. *Results from dropout
patients. FVC: forced vital capacity; TLC: total lung capacity; DLCO: diffusing capacity for car-
bon monoxide; NS: not significant.

Table 2. Serial measurements of high resolution computed tomography (HRCT) scores, and measurements of
skin thickening, peripheral vascular disease, and functional status in 7 patients who completed the entire study
period. Results are shown as the mean + SD.

Feature Pretreatment 12 Months 24 Months P
HRCT scores

Ground-glass opacity 54+40 6.1x39 57%35 02

Pulmonary fibrosis 83+24 93+28 9.1+£22 0.052

Honeycomb cysts 21+3.1 3.0=x3.1 45+37 0.02
Modified Rodnan skin score 139116 12698 127+98 09
Oral aperture, mm 409+ 136 389+ 121 43.1+10.8 0.6
FTP, right, mm 13+13 15+25 17x19 05
Raynaud’s condition score 26+23 35+28 33x25 0.6
No. digital ulcers 09+23 00+£00 0.1x04 04
SHAQ-DI 07x08 0709 08+038 04
SHAQ-VAS 13+05 12+038 14+06 0.7

FTP: finger tip-to-palm distance; SHAQ: Scleroderma Health Assessment Questionnaire; DI: disability index;

VAS: visual analog scale.
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Figure 2. Cumulative survival rates in 9 patients treated with bosentan and 17
historical controls. Comparison between the 2 groups by Cox-Mantel
log-rank test.

lier (Patient 9) with very long disease duration (338 months)
and preserved %FVC (107%) was excluded from the bosen-
tan-treated groups, disease duration and %FVC were 117 =
134 and 52.0 = 17 4, respectively, which were compatible to
those in the historical controls. The reasons we did not treat
ILD in 17 historical controls included severely impaired lung
function in 11, long disease duration in 3, relapse after CYC
treatment in 2, and recent malignancy in 1. Nine (53%) of the
historical controls died within 48 months, and causes of death
were all ILD-related, such as respiratory failure and respirato-
ry tract infection. Although there was a trend toward better
cumulative survival rates in the patients treated with bosentan,
the difference did not reach statistical significance (p = 0.3).
‘When an outlier (Patient 9) was excluded from the bosentan-
treated group, cumulative survival rates at 3 years were almost
concordant between bosentan-treated and control groups
(67% vs 58%, respectively; p = 0.6).

DISCUSSION
Since the BUILD-2 trial had shown that bosentan does not

reduce the frequency of clinically important worsening in SSc
patients with active and progressive ILD!”, this prospective
open-label study targeted the treatment of CYC-ineligible
SSc-ILD. We found that 2-year treatment with bosentan did
not have any beneficial effects on lung function or HRCT
findings in the target population. Although bosentan was safe
and well tolerated, all the outcome variables related to the
extent and degree of ILD tended to worsen in spite of bosen-
tan treatment. The relatively slow rate of progression in lung
function changes and the HRCT findings in patients treated
with bosentan were similar to the natural course of SSc-ILD?7.
Therefore, our data together with the BUILD-2 trial results do
not support the use of bosentan as therapy for any forms of
established ILD in patients with SSc, including the early dis-
ease with exertional dyspnea (SSc duration < 3 years), late
active disease (SSc duration > 3 years), or advanced or end-
stage disease.

The majority of the patients enrolled in our study had
extensive disease, above 20% on HRCT, and the predicted
4-year survival rate of this population was < 60%22. In addi-
tion, severely impaired lung function requiring oxygen sup-
plementation, ILD concomitant with PH, and relapse after
CYC treatment, which were observed in the majority of our
patients, are associated with poor prognosis?®:2930. Qur data
showed clearly that bosentan did not improve lung function,
but it is still possible that bosentan slowed the lung function
deterioration in a patient population highly likely to have poor
prognosis. Unfortunately, this issue cannot be evaluated in the
setting of a 24-month noncomparative study involving a small
number of patients. Our life-table analysis suggests that
bosentan may prolong survival in comparison with historical
controls, but we have to consider that historical controls might
have developed a greater amount of lung deterioration in a
shorter period of time in comparison with bosentan-treated
patients because of shorter disease duration and lower %FVC.
Moreover, historical controls included patients referred to our
hospital before 2000, and this may contribute to poor survival

Table 3. Baseline characteristics of bosentan-treated patients and historical controls.

Characteristic Bosentan-treated Controls, P
Patients,n =9 n=17

Years at study entry 2006-2007 1988-2006

Age at study entry, yrs* 55.1%190 543+11.8 09
Women, % 56 71 0.7
Disease duration, mo* 141+ 134 109 = 52 04
Diffuse cutaneous SSc, % 56 88 03
Extensive disease (ILD staging), % 89 100 0.7
% FVC* 582x244 508+63 03
% DLCO 312x125 31.1+65 1.0
Oxygen supplementation, % 44 41 0.8
Pulmonary hypertension, % 11 18 0.9
Antitopoisomerase ] antibody, % 56 82 03
Anti-U1RNP antibody, % 33 12 04

* Results are mean + SD.
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rates in historical controls because of outdated equipment and
supportive therapies. Larger randomized controlled trials are
needed to draw a final conclusion on whether bosentan treat-
ment has some degree of benefit in patients with advanced or
endstage ILD.

The potential benefit of ERA to suppress or prevent PH is
particularly relevant in patients with SSc-ILD, because these
agents have been confirmed to benefit SSc patients with
PAH!. In this regard, it has been reported that in spite of ERA
use, patients with ILD-associated PH have a 5-fold greater
risk of death than those with PAH?9, disfavoring the efficacy
of ERA in patients with PH owing to ILD. On the other hand,
in the subanalysis of the BUILD-2 study assessing bosentan’s
preventive effect on PH in patients with SSc-ILD, PH devel-
oped in 5 patients (5.8%) in the placebo group, but in only one
(1.3%) in the bosentan group during a 1-year study period,
although this difference did not reach statistical signifi-
cance!’. However, in our study, 2 patients (22%) developed
PH while being treated with bosentan. Thus, bosentan’s effi-
cacy for treating ILD-related PH is apparently inferior to its
efficacy for treating PAH.

ET-1 is involved in many pathologic processes, including
vasoconstriction, cell proliferation, and promotion of inflam-
mation and fibrosis, and thus blocking ET-1 signaling may
result in pleiotropic effects beyond vasodilation. These effects
are expected to be beneficial in various aspects of SSc patho-
genesis, making ERA attractive potential disease-modifying
agents for SSc3!. Two randomized, prospective, placebo-con-
trolled studies (RAPIDS-1 and -2) have demonstrated that
fewer digital ulcers develop in patients treated with bosentan
than in those receiving a placebo, although ulcers did not
appear to heal better with bosentan treatment’?3. Recent
open-label studies have shown that bosentan is potentially
effective for reducing skin thickening in patients with
SSc3#35 In contrast, we did not observe any improvement in
outcome measures associated with Raynaud’s phenomenon,
skin thickening, or functional status during bosentan treat-
ment. These negative findings were also reported in the
BUILD-2 trial'?. The lack of therapeutic responses to bosen-
tan may argue against a critical role for ET-1 in SSc patho-
genesis, but it is also possible that because of the established
and advanced stages of disease in our patient population any
effective timing of treatment (in terms of the reversibility of
the pathogenic process) might already have passed.

Treatment with bosentan did not improve or stabilize lung
function in SSc patients with advanced ILD. Currently, there
is no evidence to recommend the use of endothelin receptor
antagonists for treating SSc-ILD, even when the disease is
ineligible for CYC treatment.

REFERENCES
1. White B. Interstitial lung disease in scleroderma. Rheum Dis Clin
North Am 2003;29:371-90.
2. Steen VD, Medsger TA. Changes in causes of death in systemic
sclerosis, 1972-2002. Ann Rheum Dis 2007;66:940-4.

10.

11.

12.

13.

14.

16.

17.

18.

20.

. Tashkin DP, Elashoff R, Clements PJ, Goldin J, Roth MD, Furst

DE, et al. Cyclophosphamide versus placebo in scleroderma lung
disease. N Engl J Med 2006;354:2655-66.

Tashkin DP, Elashoff R, Clements PJ, Goldin J, Roth MD, Furst
DE, et al. Effects of 1-year treatment with cyclophosphamide on
outcomes at 2 years in scleroderma lung disease. Am J Respir Crit
Care Med 2007;176:1026-34.

Nannini C, West CP, Erwin PJ, Matteson EL. Effects of
cyclophosphamide on pulmonary function in patients with
scleroderma and interstitial lung disease: a systematic review and
meta-analysis of randomized controlled trials and observational
prospective cohort studies. Arthritis Res Ther 2008;10:R124.
Broad K, Pope JE. The efficacy of treatment for systemic sclerosis
interstitial lung disease: results from a meta-analysis. Med Sci
Monit 2010;16:RA187-90.

Khanna D, Furst DE, Clements PJ, Tashkin DP, Eckman MH. Oral
cyclophosphamide for active scleroderma lung disease: a decision
analysis. Med Decis Making 2008;28:926-37.

Au K, Khanna D, Clements PJ, Furst DE, Tashkin DP. Current
concepts in disease-modifying therapy for systemic
sclerosis-associated interstitial lung disease: lessons from clinical
trials. Curr Rheumatol Rep 2009;11:111-9.

Peacock AJ, Dawes KE, Shock A, Gray AJ, Reeves JT, Laurent GJ.
Endothelin-1 and endothelin-3 induce chemotaxis and replication of
pulmonary artery fibroblasts. Am J Respir Cell Mol Biol
1992;7:492-9.

Rubin LJ, Badesch DB, Barst RJ, Galie N, Black CM, Keogh A, et
al. Bosentan therapy for pulmonary arterial hypertension. N Engl

J Med 2002;346:896-903.

Denton CP, Pope JE, Peter HH, Gabrielli A, Boonstra A, van den
Hoogen FH, et al. Long-term effects of bosentan on quality of life,
survival, safety and tolerability in pulmonary arterial hypertension
related to connective tissue diseases. Ann Rheum Dis
2008;67:1222-8.

Shi-Wen X, Denton CP, Dashwood MR, Holmes AM, Bou-Gharios
G, Pearson JD, et al. Fibroblast matrix gene expression and
connective tissue remodeling: role of endothelin-1. J Invest
Dermatol 2001;116:417-25.

Lagares D, Garcia-Ferndndez RA, Jiménez CL, Magédn-Marchal N,
Busnadiego O, Lamas S, et al. Endothelin-1 contributes to the
effect of transforming growth factor-81 on wound repair and skin
fibrosis. Arthritis Rheum 2010;62:878-89.

Reichenberger F, Schauer J, Kellner K, Sack U, Stiehl P, Winkler
J. Different expression of endothelin in the bronchoalveolar lavage
in patients with pulmonary diseases. Lung 2001;179:163-74.

Park SH, Saleh D, Giaid A, Michel RP. Increased endothelin-1 in
bleomycin-induced pulmonary fibrosis and the effect of an
endothelin receptor antagonist. Am J Respir Crit Care Med
1997;156:600-8. )

King TE Jr, Behr J, Brown KK, du Bois RM, Lancaster L, de
Andrade JA, et al. BUILD-1: a randomized placebo-controlled trial
of bosentan in idiopathic pulmonary fibrosis. Am J Respir Crit Care
Med 2008;177:75-81.

Seibold JR, Denton CP, Furst DE, Guillevin L, Rubin LJ, Wells A,
et al. Randomized, prospective, placebo-controlled trial of bosentan
in interstitial lung disease secondary to systemic sclerosis. Arthritis
Rheum 2010;62:2101-8.

Masi AT, Rodnan GP, Medsger TA Jr, Altman RD, D’ Angelo WA,
Fries JF, et al. Preliminary criteria for the classification of systemic
sclerosis (scleroderma). Arthritis Rheum 1980;23:581-90.
Medsger TA Jr. Systemic sclerosis (scleroderma): clinical aspects.
In: Koopman WJ, editor. Arthritis and allied conditions. 13th ed.
Baltimore: Williams & Wilkins; 1997:1433-64.

Galie N, Hoeper MM, Humbert M, Torbicki A, Vachiery JL,
Barbera JA, et al. Guidelines for the diagnosis and treatment of

—-—-—-—-—-———-] Personal non-commercial use only. The Journal of Rheumatology Copyright © 2011. All rights reserved. }——

Furuya and Kuwana: Bosentan for ILD

2191



21.

22.

23.

24.

25.

26.

27.

pulmonary hypertension: the Task Force for the Diagnosis and
Treatment of Pulmonary Hypertension of the European Society of
Cardiology (ESC) and the European Respiratory Society (ERS),
endorsed by the International Society of Heart and Lung
Transplantation (ISHLT). Eur Heart J 2009;30:2493-537.

Goldin JG, Lynch DA, Strollo DC, Suh RD, Schraufnagel DE,
Clements PJ, et al. High-resolution CT scan findings in patients
with symptomatic scleroderma-related interstitial lung disease.
Chest 2008;134:358-67.

Goh NS, Desai SR, Veeraraghavan S, Hansell DM, Copley SJ,
Maher TM, et al. Interstitial Jung disease in systemic sclerosis: a
simple staging system. Am J Respir Crit Care Med
2008;177:1248-54.

Merkel PA, Herlyn K, Martin RW, Anderson JJ, Mayes MD, Bell P,
et al. Measuring disease activity and functional status in patients
with scleroderma and Raynaud’s phenomenon. Arthritis Rheum
2002;46:2410-20.

Steen VD, Medsger TA Jr. The value of the Health Assessment
Questionnaire and special patient-generated scales to demonstrate
change in systemic sclerosis patients over time. Arthritis Rheum
1997;40:1984-91.

Kuwana M, Sato S, Kikuchi K, Kawaguchi Y, Fujisaku A, Misaki
Y, et al. Evaluation of functional disability using the Health
Assessment Questionnaire in Japanese patients with systemic
sclerosis. J Rheumatol 2003;30:1253-8.

Kuwana M, Kaburaki J, Okano Y, Tojo T, Homma M. Clinical and
prognostic associations based on serum antinuclear antibodies in
Japanese patients with systemic sclerosis. Arthritis Rheum
1994;37:75-83.

Wells AU, Cullinan P, Hansell DM, Rubens MB, Black CM,
Newman-Taylor AJ, et al. Fibrosing alveolitis associated with
systemic sclerosis has a better prognosis than lone cryptogenic
fibrosing alveolitis. Am J Respir Crit Care Med 1994;149:1583-90.

28.

29.

30.

31.

32.

33.

34,

35.

Medsger TA Jr, Silman AJ, Steen VD, Black CM, Akesson A,
Bacon PA, et al. A disease severity scale for systemic sclerosis:
development and testing. J Rheumatol 1999;26:2159-67.

Mathai SC, Hummers LK, Champion HC, Wigley FM, Zaiman A,
Hassoun PM, et al. Survival in pulmonary hypertension associated
with the scleroderma spectrum of diseases: impact of interstitial
lung disease. Arthritis Rheum 2009;60:569-77.

Furst DE, Khanna D, Clements PJ, Sullivan K, Tashkin DP. Serious
complications and mortality among 158 patients with systemic
sclerosis (SSc) in the Scleroderma Lung Study (SLS) followed for
up to 9 years [abstract]. Arthritis Rheum 2010;62 Suppl:2194.
Shetty N, Derk CT. Endothelin receptor antagonists as disease
modifiers in systemic sclerosis. Inflamm Allergy Drug Targets
2011;10:19-26.

Korn JH, Mayes M, Matucci-Cerinic M, Rainisio M, Pope

J, Hachulla E, et al. Digital ulcers in systemic sclerosis: prevention
by treatment with bosentan, an oral endothelin receptor antagonist.
Arthritis Rheum 2004;50:3985-93.

Matucci-Cerinic M, Denton CP, Furst DE, Mayes MD, Hsu VM,
Carpentier P, et al. Bosentan treatment of digital ulcers related to
systemic sclerosis: results from the RAPIDS-2 randomised,
double-blind, placebo-controlled trial. Ann Rheum Dis
2011;70:32-8.

Kuhn A, Haust M, Ruland V, Weber R, Verde P, Felder G, et al.
Effect of bosentan on skin fibrosis in patients with systemic
sclerosis: a prospective, open-label, non-comparative trial.
Rheumatology 2010;5:1-10.

Giordano N, Puccetti L, Papakostas P, Di Pietra N, Bruni F, Pasqui
AL, et al. Bosentan treatment for Raynauds phenomenon and skin
fibrosis in patients with systemic sclerosis and pulmonary arterial
hypertension: an open-label, observational, retrospective study. Int
J Immunopathol Pharmacol 2010;23:1185-94.

—————-—-——{ Personal non-commercial use only. The Journal of Rheumatology Copyright ® 2011. All rights reserved. }—-———-—-

2192

The Journal of Rheumatology 2011; 38:10; doi:10.3899/jrheum 110499



Rheumatology 2012;51:129-133
doi:10.1098/rheumatology/ker333
Advance Access publication 9 November 2011

RHEUMATOLOGY

Concise report

Investigation of prognostic factors for skin sclerosis
and lung function in Japanese patients with early
systemic sclerosis: a multicentre prospective
observational study
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Daisuke Goto*, Hironobu Ihn®, Katsumi Inoue®, Osamu Ishikawa’,
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Tetsuo Sasaki'?, Hiroki Takahashi'®, Sumiaki Tanaka'*, Kazuhiko Takehara' and
Shinichi Sato?

Abstract

Objective. To clarify the clinical course of SSc in Japanese patients with early-onset disease. It is well
known that ethnic variations exist in the clinical features and severity of SSc. However, neither the clinical
course nor prognostic factors have been thoroughly investigated in the Japanese population.

Methods. Ninety-three Japanese patients of early-onset SSc (disease duration: <3 years) with diffuse skin
sclerosis and/or interstitial lung disease were registered in a multi-centre observational study. All patients
had a physical examination with laboratory tests at their first visit and at each of the three subsequent
years. Factors that could predict the severity of skin sclerosis and lung involvement were examined
statistically by multiple regression analysis.

Results. Two patients died from SSc-related myocardial involvement and four patients died from other
complications during the 3-year study. Among various clinical data assessed, the initial modified Rodnan
total skin thickness score (MRSS) and maximal oral aperture were associated positively and negatively
with MRSS at Year 3, respectively. Additionally, initial ESR tended to be associated with final MRSS.
Pulmonary vital capacity (VC) in the third year was significantly associated with initial %VC. Furthermore,
patients with anti-topo | antibody tended to show reduced %VC at Year 3.

Conclusions. Several possible prognostic factors for skin sclerosis and lung function were detected in

Japanese patients with early SSc. Further longitudinal studies of larger populations will be needed to
confirm these findings.

Key words: systemic sclerosis, scleroderma, prognostic factor, skin sclerosis, interstitial lung diseases,
treatment
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Introduction

SSc is a CTD characterized by tissue fibrosis in the skin
and internal organs. Interstitial lung diseases (ILDs) de-
velop in more than half of SSc patients and are one of
the major SSc-related causes of death [1, 2]. The natural
course of skin sclerosis and internal organ involvement
and identification of prognostic factors have been exten-
sively reported in Europe and the USA [3-6). However,
there are some racial differences in the clinical and labora-
tory features of SSc [7]. For example, the severity of skin
sclerosis is modest in Japanese patients [8]. Furthermore,
pulmonary arterial hypertension and renal crisis are rare in
Japanese SSc patients [9]. Furthermore, racial differences
are found in the distribution of SSc-related serum ANAs
[10]. The frequency of anti-RNA polymerases antibody
(Ab) is lower in the Japanese population than in US or
European patient populations [9]. However, there have
been no multiple-centre prospective studies concerning
the clinical features of SSc in Japanese individuals.

In most patients, severe organ involvement occurs
within the first 3 years of disease and skin sclerosis seldom
progresses after 5 or 6 years [3, 11]. Therefore, predicting
disease progression is particularly important for SSc pa-
tients at their first visit. In the present study, we aimed to
determine if any initial clinical or laboratory features were
associated with subsequent disease severity in Japanese
SSc patients with a short disease duration of <3 years.

Materials and methods

Patients

Patients were grouped according to the degree of skin
involvement, based on the classification system proposed
by LeRoy et al. (dcSSc vs 1¢SSc) [12]. In this study,
93 Japanese patients with early SSc (disease duration:
<3 years) who had dcSSc or ILD were registered at
12 major scleroderma centres in Japan (Atami Hospital,
International University of Health and Welfare; Gunma
University Hospital; Kanazawa University Hospital; Keio
University Hospital; Kitasato University Hospital;
Kumamoto University Hospital; Nagasaki University
Hospital; Nagoya University Hospital; Sapporo Medical
University Hospital; Tokyo University Hospital; Tokyo
Women’s  Medical  University Hospital;  Tsukuba
University Hospital).

Among these patients, two died from SSc-related myo-
cardial involvement and four died from complications
(ANCA-associated vasculitis, sepsis, thrombotic thrombo-
cytopenic purpura and uterine cancer, respectively)
during the 3-year study. Therefore, 87 patients (49 pa-
tients had dcSSc with ILD, 27 patients had dcSSc without
ILD and 11 patients had IcSSc with ILD) were followed for
3 years. Sixty-four were females and 23 were males; the
median (range) age was 50 (3-74) years. All patients ful-
filled the criteria for SSc proposed by the ACR [13]. The
median (range) disease duration (the period from the de-
velopment of any symptoms excluding RP to our first as-
sessment) of patients was 20 (1-35) months. With respect

130

to ANA, 56 patients were positive for anti-topo | Ab and
7 patients were positive for ACA. Medical ethics commit-
tee of Kanazawa University approved the study. In add-
ition, this study was approved by the ethics committees of
International University of Health and Welfare, Gunma
University, Keio University, Kitasato University, Kumamoto
University, Nagasaki University, Nagoya  University,
Sapporo  Medical University, Tokyo University, Tokyo
Women’s Medical University and Tsukuba University.
Informed consent was obtained from all patients.

Clinical assessments

Patients had a physical examination and laboratory tests
performed at their first visit and at each subsequent year
for 3 years. The degree of skin involvement was deter-
mined according to the modified Rodnan total skin thick-
ness score (MRSS), as described elsewhere [14]. Organ
systemn involvement was defined as described previously
[15] with some modifications: ILD = bibasilar interstitial fi-
brosis or ground-glass shadow on high-resolution CT
(HRCT); pulmonary arterial hypertension (PAH)= clinical
evidence of pulmonary hypertension and elevated right
ventricular systolic pressure (>45mmHg) documented
by echocardiography in the absence of severe pulmonary
interstitial fibrosis; oesophagus =apparent dysphasia,
reflux symptoms or hypomotility shown by barium radiog-
raphy; heart=pericarditis, congestive heart failure or
arrhythmias requiring treatment; kidney = malignant hyper-
tension and rapidly progressive renal failure unexplained
by certain diseases other than SSc; joint =inflammatory
polyarthralgias or arthritis; and muscle = proximal muscle
weakness and elevated serum creatine kinase. An HAQ
modified for Japanese patients [16], digital ulcer, pitting
scar, maximal oral aperture (the maximum vertical length
of opened mouth) and skin pigmentation/depigmentation
were also evaluated. ESR and pulmonary function, includ-
ing vital capacity (VC) and diffusion capacity for carbon
monoxide (DLgo) were also tested.

Statistical analysis

JMP Statistically Discovery Software (SAS institute, Cary,
NC, USA) was used for analysis. Potential prognostic fac-
tors for the severity of skin sclerosis and lung function
were statistically examined by multiple regression ana-
lysis. A P < 0.05 was considered to be statistically signifi-
cant. All values are expressed as the median (range).

Results

The clinical course of SSc in Japanese patients

To provide a comprehensive evaluation of the clinical fea-
tures of SSc in Japanese patients, we analysed clinical
data as well as laboratory test results from 87 patients
with short disease duration (Table 1). To assess the degree
of skin involvement in patients, MRSS values were calcu-
lated; VC and DlL¢o percentages were used to assess
lung involvement. For the patient population as a whole,
the median (range) MRSS decreased from 17 (2-42) to
12 (0-41) during the first year. The median (range) MRSS
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Prognostic factors in Japanese SSc

was 12 (0-41) at the end of Year 2 and 10 (0-47) at the end
Year 3. Median (range) values for %VC did not significantly
change during the 3-year evaluation period: 95 (49-144)
at first visit, 93 (26-137) at the end of the first year,
95 (49-144) at the end of the second year and 92 (51-137)
at the end of the third year. Similarly, median values for %
DLco did not significantly change during the 3 years.

The frequency of patients with ILD or PAH was stable
during the evaluation period. Similarly, the number of pa-
tients with oesophageal or joint involvement, pitting scar
or skin pigmentation/depigmentation did not vary signifi-
cantly over time. The value of HAQ and maximal oral aper-
ture did not significantly change during the course. The
median (range) value of ESR was 18 (2-95) mm/h at the
first visit, then it reduced to 16 (2-84), 13 (1-63) and
12 (0.5-122) mm/h, during the subsequent 3 years. Oral
prednisolone (~20 mg/day) use was common, with 56 pa-
tients starting to take this drug after the first visit and
70 patients having taken it by the end of Year 3. Two
patients developed renal crisis during the course of the
study (data not shown). Patients with digital ulcer or heart
or muscle involvement were rare during the course (fewer
than 10 patients, data not shown).

Prognostic factors of the progress of skin sclerosis

Next, we evaluated clinical or laboratory factors present-
ing at first visit that could predict the severity of skin scler-
osis of 3 years later. Investigated factors were as follows:

regression as 0.20 (Table 2). As a result, the multiple re-
gression equation predicting MRSS at the third year=
17.11+0.35 x MRSS at the first visit+ —0.26 x maximal
oral aperture +0.042 x ESR (R?=0.63, P < 0.0001). Thus,
MRSS at the third year was significantly associated with
MRSS at first visit (P <0.001) and was negatively asso-
ciated with initial maximal oral aperture at first visit
(P <0.01). Additionally, initial ESR tended to be asso-
ciated with final MRSS (P=0.17).

Prognostic factors of lung function

We similarly assessed the prognostic factors of impaired
lung function to estimate ILD severity. Here, we used
%VC as representative markers of lung function. Cases
that have any missing data including %VC at the third year
were excluded and thereby 58 patients were analysed.
We performed multiple regression in a stepped manner
that specified the a-level for either adding or removing a
regression as 0.20 (Table 3). As a result, the multiple
regression equation predicting %VC at the third

TasLe 2 Factors predicting MRSS at the third year
determined by multiple regression analysis

Standard

! Estimate error  P-value

Intercept 17.11 4.88 <0.01

age, gender, disease duration, anti-topo | Ab, ACA, MRSS . "
at the first visit, %VC, %DL¢g, existence of each organ mi}ii:‘t;}:j ;‘;Sé;ﬁg _ggg gggg zg'ggn
involvement (ILD, PAH, oesophagus, joint), pitting scar, ESR 0.042 0.043 047

skin pigmentation/depigmentation, HAQ, maximal oral
aperture, ESR, CS treatment and cyclophosphamide
treatment. Cases that have any missing data were ex-
cluded and thereby 80 patients were analysed. We per-
formed multiple regression using stepwise way that
specified the a-level for either adding or removing a

The multiple regression equations predicting MRSS at the
third year are as follows; MRSS at the third year=17.11+
0.35x MRSS at the first visit+—0.26 x maximal oral
aperture +0.042 x ESR. R? (determination coefficient) = 0.63;
Root mean square error =4.73; P < 0.0001.

TasLe 1 The course of clinical and laboratory features in patients with SSc

. Firstyisit. _
MRSS 17 (2-42); n=87 12 (0-41); n=84 12 (0-41); n=84 10 (0-47); n=87
%VC 95 (49-144); n=70 93 (26-137); n=55 95 (49-144); n=57 92 (51-137); n=60
%Dlco 70 (11-113); n=70 68 (10-105); n=55 69 (11-96); n=57 68 (10-120); n=60
ILD 54 (62); n=87 47 (84); n=73 47 (64); n=73 46 63); n=73
PAH 9 (10); n=87 9 (12); n=76 8 (11);n=72 1(13); n=84
Oesophagus 33 (37); n=87 26 (34); n=77 35 (48); n=73 34 (40); n=85
Joint 20 (23); n=86 14 (18); n=77 9 (12); n=73 17 (20); n=84
Pitting scar 27 (33); n=87 29 (38); n=76 35 (48); n=73 33 (38); n=86
Pigmentation/depigmentation 54 (62); n=87 49 (64); n=77 41 (57, n=72 50 (60); n=84
HAQ 0.08 (0-2); n=83 0.125 (0-1.75); n=74  0.25 (0-2.5); n=73  0.125 (0-2.25); n=83
Maximal oral aperture 45 (18-70); n=87 45 (28-65); n=75 46 (25-67);, n=72 45 (10-87); n=83
ESR 18 (2-95); n=80 6 (2-84); n=61 13 (1-63); n=52 2 (0.5-122); n=57
CS 56 (64); n=87 (82); n=74 64 (86);, n=74 70 (80); n=87
Cyclophosphamide 11 (18); n=87 4(19);, n=75 8 (12); n=68 9 (10); n=87

Values are represented as median (range) or as number of positive cases with percentage within parentheses, in total patients
in whom those data are available.
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2102 ‘¥ ATenue uo (wnpIosuo) HINd) AISISAIUL 0193 J8 /810" s[rwnolpioyxo’ {Foforewumayyy:diy woyy papeoumo(



Minoru Hasegawa et al.

TasLe 3 Factors predicting %VC at the third year deter-
mined by multiple regression analysis

. ‘ Siéndafd : ‘

. Estimate = error P-value
Intercept 10.94 8.54 0.20
%VC at the first visit 0.85 0.09 <0.0001
Anti-topo | Ab (+) 2.32 1.64 0.19

The multiple regression equations predicting %VC at the
third year are as follows: %VC at the third year=10.94 +
0.85 x %VC at the first visit+anti-topo | Ab (‘+' — —2.32,

«

—~' — 2.32). R?=0.70; Root mean square error=12.00;
P <0.0001.

year=10.94 +0.85 x %VC at the first visit +anti-topo | Ab
(+ — =232, '~ — 2.32) (R?=0.70, P <0.0001). Thus,
%VC at the third year was significantly associated with
the value of %VC at first visit (P <0.0001). In addition,
%VC at the third year tended to be lower in patients
with anti-topoisomerase | Ab (P=0.19).

Discussion

To our knowledge, this study is the first multiple-centre,
longitudinal prospective study to investigate the clinical
course of Japanese patients. For this study, 87 patients
with early-onset SSc (<3 years) were followed over 3
years. Median MRSS was reduced 5 points during the
first year, and continued to decrease through the third
year. This trend was similar to that identified in our previous,
single-centre prospective observational study of Japanese
SSc patients [17]. Although the reason for the prominent
first-year reduction in MRSS in our current study is un-
known, our previous single-centre study [17] indicated
that the dose of oral CS was related to the decrease of
MRSS. However, in this multi-centre observational study
we could not perform a similar analysis of prednisolone
dose in patients at each centre. In addition, other thera-
pies including cyclophosphamide were also used in a part
of patients in our observational study. Previous large stu-
dies demonstrated that MRSS naturally reduced during the
disease course and time was a significant predictor of MRSS
[3-6]. Therefore, the effect of CS therapy for MRSS re-
mains unclear from our data. Since it has been suggested
that CS therapy can induce renal crisis, high doses of CSs
have not been recommended for the treatment of SSc
[18]. However, renal crisis is not as common in
Japanese patients [9], and only two patients (one had
been taking low-dose CS, whereas the other had not) de-
veloped renal crisis during the course of our study.

The main aim of this study was to define the prognostic
factors of skin sclerosis and ILD. The multiple regression
equation was defined to predict the MRSS at the third
year among multiple factors presenting at the first visit.
MRSS at the first visit was significantly correlated with
MRSS at the third year in all patients. Maximal oral
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aperture was correlated inversely with MRSS in the third
year. Thus, the current skin sclerosis likely reflects the
extent of skin sclerosis of 3 years later independent of
other organ’s involvement or treatment. Additionally,
ESR tended to be associated with final MRSS. The pres-
ence of autoantibodies such as anti-topo | Ab and ACA
was not shown to have value as a prognostic indicator of
MRSS. However, this may be due to population bias in our
study, since most patients were positive for anti-topo | Ab
and negative for ACA.

The current study revealed that %VC and %Dlcg re-
mained nearly constant or slightly reduced during the
3-year period. Since patients with progressive ILD
received immunosuppressive treatment, including cyclo-
phosphamide therapy in the participating facilities, this
may have affected the stabilization of lung function in
our cases. The frequency of ILD detected by HRCT was
not increased during the course of the study, indicating
ILD is usually detected early in the disease course and
rarely develops later. In consistent with generally stable
course of %VC, %VC at their first visit highly associated
with the %VC at the third year in all patients with or with-
out treatment. Patients with anti-topo | Ab tended to show
reduced %VC at the third year. Although these findings
are not surprising, we first confirmed them in Japanese
patients.

Our study has some limitations. The population is not
large and the follow-up period is not long. This is an ob-
servational study and therefore the treatment is heteroge-
neous. In addition, other parameters including CRP could
not be analysed due to the lack of data. We should also
include disease activity variables [19] and disease severity
scale [20] in our future study. Further longitudinal studies
in a larger population will be needed to clarify the natural
course and prognostic factors in Japanese SSc patients.

| Rheumatology key messages:

o Initial ESR tended to be associated with skin score
at Year 3 in Japanese scleroderma patients.

o Japanese scleroderma patients with anti-topo | Ab
tended to show reduced %VC at the third year.
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Intracranial Transplantation of
Monocyte-Derived Multipotential Cells
Enhances Recovery After Ischemic

Stroke in Rats

Hidenori Hattori, " Shigeaki Suzuki,! Yuka Okazaki,” Norihiro Suzuki,’

and Masataka Kuwana®”

"Department of Neurology, Keio University School of Medicine, Tokyo, Japan

Division of Rheumatology, Department of Internal Medicine,
Keio University School of Medicine, Tokyo, Japan

Cell transplantation has emerged as a potential therapy
to reduce the neurological deficits caused by ischemic
stroke. We previously reported a primitive cell popula-
tion, monocyte-derived multipotential cells (MOMCs),
which can differentiate into mesenchymal, neuronal, and
endothelial lineages. In this study, MOMCs and macro-
phages were prepared from rat peripheral blood
and transplanted intracranially into the ischemic core of
syngeneic rats that had undergone a left middle cerebral
artery occlusion procedure. Neurological deficits, as
evaluated by the corner test, were less severe in the
MOMC-transplanted rats than in macrophage-trans-
planted or mock-treated rats. Histological evaluations
revealed that the number of microvessels that had
formed in the ischemic boundary area by 4 weeks after
transplantation was significantly greater in the MOMC-
transplanted rats than in the control groups. The blood
vessel formation was preceded by the appearance
of round CD31* cells, which we confirmed were derived
from the transplanted MOMCs. Small numbers of
blood vessels incorporating MOMC-derived endothelial
cells expressing a mature endothelial marker RECA-1
were detected at 4 weeks after transplantation. In
addition, MOMCs expressed a series of angiogenic
factors, including vascular endothelial growth factor,
angiopoetin-1, and placenta growth factor (PIGF).
These findings provide evidence that the intracranial
delivery of MOMCs enhances functional recovery by
promoting neovascularization in a rat model for ischemic
stroke. © 2011 Wiley Periodicals, Inc.

Key words: stroke; angiogenesis;
monocytes; macrophages

transplantation;

Cell transplantation is a potential therapy for
improving functional capacity in patients with cerebral
ischemia. Several cell types have been proposed as trans-
plantable cells, based on improved outcomes in a rodent
stroke model. For example, the intravenous administration
of cultured bone marrow stromal cells, which exhibit

© 2011 Wiley Periodicals, Inc.

the properties of multipotential stem cells, reduced neuro-
logical deficits in a rodent model of stroke (Chen et al..
2001a; Shen et al.,, 2007a,b). Bone marrow stromal cell
transplantation was reported to be effective and safe in
five stroke patients in Korea, although the preparation of a
sufficient quantity of autologous bone marrow stromal
cells required at least 1 month of ex vivo culture (Bang
et al., 2005). On the other hand, the intravenous adminis-
tration of cultured human endothelial progenitor cells
resulted in improved neurobehavioral outcomes in adulr
nude mice with experimentally induced cerebral ischemia
(Fan et al, 2010). Other proposed cell sources for
transplantation include human umbilical cord blood cells
(Chen et al., 2001b) and bone marrow mononuclear
cells (MINCs; Iihoshi et al., 2004; Kamiya et al., 2008:
Brenneman et al., 2010). One of the advantages of using
these freshly prepared cells is the feasibility of transplanta-
tion immediately after cerebral ischemia, but the optimal
route and timing of administration may differ among cell
sources.

We recently identified a human primitive cell pop-
ulation consisting of cells we termed monocyte-derived
multipotential cells (MOMGCs), which show a fibroblast-
like morphology in culture and have a unique molecular
phenotype: they are positive for a monocytic marker.
CD14; a hematopoietic marker, CD45; CD34 expressed
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by endothelial cells and hematopoietic progenitors; and
type [ collagen (Kuwana et al., 2003). This cell type is
generated by culturing peripheral blood MINCs on fibro-
nectin in the presence of fetal bovine serum as the only
source of exogenous growth factors. MOMCs are
derived from circulating CD14™ monocytes but can dif-
ferentiate into several distinct mesenchymal cell types,
including bone, cartilage, fat. and skeletal and cardiac
muscle, similarly to mesenchymal stem cells (Kuwana
et al., 2003; Kodama et al., 2005). In addition, human
MOMCs can differentiate into the endothelial and
neuronal lineages under the appropriate lineage-specific
culture conditions (Kuwana et al., 2006; Kodama et al.,
2006). Finally, MOMCs secrete a variety of cytokines
and growth factors that are involved in tissue repair
processes (Seta and Kuwana, 2010). This series of studies
suggested that MOMGs are a potential transplantable cell
source for use in tissue repair and regeneration.

In this study, we evaluated the beneficial effects of
the intracranial transplantation of MOMCs in a rat
model of ischemic stroke. We also examined the mecha-
nisms underlying the potential benefits of MOMC deliv-
ery to ischemic lesions in the brain.

MATERIALS AND METHODS
Preparation of Rat MOMCs

) Rat MOMUCs were prepared as described for human
MOMCs (Kuwana et al, 2003), with some modifications.
Briefly, peripheral blood was obtained from the portal vein of
male Sprague-Dawley (SD) rats (CLEA Japan, Tokyo, Japan)
and subjected to Lymphoprep (Nycomed Pharma AS, Oslo,
Norway) density gradient centrifugation. The MNGCs were
isolated and resuspended in low-glucose Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (JRH Bioscience, Lenexa, KS), 2 mM L-gluta-
mine, 50 U/ml penicillin, and 50 pg/ml streptomycin. The
cells were then spread at a density of 2 X 10°/ml on fibronec-
tn-coated plastic plates and cultured without any additional
growth factors at 37°C. After 7 days of culture, adherent cells
were collected as MOMCs and used for transplantation. In
some experiments, circulating MNCs were cultured on
uncoated plastic plates for 1 hr, and adherent and nonadherent
cells were recovered separately for mRNA expression analysis.
Macrophages were prepared by culturing adherent splenocytes
on plastic plates in Medium 199 supplemented with 20% fetal
bovine serum and 4 ng/ml macrophage colony-stimulating
factor (R&D Systems, Minneapolis, MIN} for 7 davs. In some
instances, MOMGCs and macrophages were also prepared from
transgenic male SD rats with an “enhanced” green fluorescent
protein (GFP) ¢cDINA, under the contol of a chicken B-actin
promoter and cytomegalovirus enhancer (Japan SLC,
Hamamatsu, Japan; Ikawa et al., 1999). The phenotypic char-
acteristics of rat MOMCs were evaluated by the following
procedures (Kuwana et al., 2003).

Flow cytometric analysis. The cells were stained
with fluorescein isothiocyanate-conjugated mouse anti-rat
CDI11b/Mac-Toe monoclonal antibody (mAb: clone OX-42;
Beckman Coulter, Fullerton, CA) or mouse anti-rat CD34

mAb (clone ICO115; Santa Cruz Biotechnology, Santa Cruz,
CA), in combination with biotin-conjugated goat polyclonal
antibodies to mouse IgG and strepravidin-PC5  (Beckman
Coulter). Negative controls were cells incubated with an iso-
type-matched mouse mAb to an irrelevant antigen. The cells
were analyzed on a FACSCalibur flow cytometer (BD Bio-
sciences, San Diego, CA) using CellQuest software. A

Uptake of acetylated low-density lipoprotein. The
cells were labeled with 1,1'-dioctadecyl-3,3,3,3'-tetramethy-
lindocarbocyanine  (Dil)-labeled  acetylated  low-density
lipoprotein (acLDL; Molecular Probes, Eugene. OR) for 1 hr
at 37°C and then analyzed by flow cytometry.

Immunocytochemistry. The cultured cells were
fixed with formalin and incubated with the following primary
antibodies: goat anti-rat CD45 polyclonal antibody (Santa
Cruz Biotechnology), mouse anti-rat CD34 mAb, rabbit anti-
rat collagen type 1 polyclonal antibody (Chemicon. Temecula.
CA), and mouse anti-rat collagen type Ul mAb (clone
FH-7A; Sigma, St. Louis, MO). Negative controls were cells
incubated with normal goat IgG. normal rabbit IgG, or
isotype-matched mouse mADb to an irrelevant antigen. instead
of the primary antibody. Biotin-labeled anti-goat, -rabbit,
or -mouse lgG antibodies combined with a streptavidin-
horseradish peroxidase complex (Nichirei, Tokyo, Japan) were
used for diaminobenzidine staining. Nuclei were counter-
stained with hematoxylin.

Analysis of mRINA expression. Total RNA was
extracted from freshly prepared circulating MINCs, adherent
MNCs, nonadherent MNCs, MOMC:s, or bone marrow cells
and subjected to cDNA synthesis using reverse transcriptase
(Takara, Kyoto, Japan) with oligo~-dT priming. The resulting
cDNA (50 ng total RNA equivalent) was subjected to poly-
merase chain reaction (PCR) amplification using the following
rat-specific primer pairs: CD14, 5-CATCTGTCTGACAA
CCCTGAGT-3' (sense) and 5-GTGCTCCTGCCCAGTG
AAAGAT-3 (antisense); collagen al type I, 5-CTGGTGCT
GCTGGTCGTGTT-3 (sense) and 5-TTGTTCGCCTGTC
TCACCCT-3 (antisense); and B-actin, 5-AGGCATCCT
GACCCTGAAGTAC-3 (sense) and 5'-TCTTCATGAGG
TAGTCTGTCAG-3 (antisense). The primer sets for vascular
endothelial growth factor (VEGEF), angiopoetin-1 (Ang-1).
placenta growth factor (PIGF), brain-derived neurotrophic fac-
tor (BDNF), and glial cell line-derived nerve growth factor
(GDNF) were as described previously (Yamamoto et al.,
2007; Torry et al., 2009; Zhao et al., 2011; Rodrigues et al.,
2011). The PCR. products were resolved by electrophoresis
on 2% agarose gels and visualized by staining with ethidium
bromide.

RAT MODEL FOR CEREBRAL ISCHEMIA

The model for cerebral ischemia was prepared by
1 hr of left middle cerebral artery occlusion (MCAQ),
followed by reperfusion, according to the method estab-
lished by Belayev et al. (1996), with some modifications.
Briefly, SD rats weighing 300-340 g were anesthetized
with 2% isoflurane in a nitrous oxide/oxygen mixture
(70%/30%) and maintained on this mixture during sur-
gery. A midline surgical incision was made to expose the
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left common, internal, and external carotid arteries. The
distal portion of the external carotid artery was ligated,
and the common and internal carotid arteries were
temporarily blocked. A small incision was made in the
proximal portion of the external carotid artery. A distal
segment of a 4-0 nylon monofilament suture (Matsuda
Ikakogyo, Tokyo, Japan) was coated with poly-L-lysine
(Sigma) and Xantopren (Heraeus Kulzer, South Bend,
IN) and inserted into the internal carotid artery to block
the origin of the left middle cerebral artery. After 1 hr
of MCAQ, the intraluminal suture was carefully
removed, and the neck incision was closed with silk
thread. The rectal temperature was maintained between
36.5“C and 37.5°C using a thermostat-controlled heating
pad during the surgical procedure. The animals were
allowed to recover, with free access to food and water.
This protocol was approved by the institutional Labora-
tory Animals Care and Use Committee, and all animal
experiments were performed in accordance with the
guidelines for animal experiments of Keio University
School of Medicine.

MOMUC Transplantation

Three groups of rats were given intracranial trans-
plantations. One group received syngeneic MOMCs
(10" cells/3 pl RPMIL1640), one received syngeneic
macrophages (107 cells/3 pl RPMI1640), and the con-
trol (mock-treated) group received 3 pl of RPMI1640
medivm  alone. For intracranial delivery, rats were
reanesthetized 7 days after the MCAO procedure and
subjected to stercotaxic injection of the cells into the
striatun, adjacent to the ischemic core, as described pre-
viously (Suzuki et al., 2005). Figure la shows the site of
mjection: 1.0 mm posterior to the bregma, 3.0 mm
lateral to the midline, and 7.0 mm ventral to the skull
bone (Paxinos and Watson, 1998). In some instances,
MOMUCs and macrophages prepared from transgenic
GFP-expressing syngeneic rats were used for the
transplantations.

Magnetic Resonance Imaging

Rats were anesthetized and placed in a horizontal
7-Tesla animal magnetic resonance imager (PharmaScan

70/16; Bruker BioSpin).

Behavioral Tests

Rats underwent behavioral tests 1 week after
MCAQO and immediately before cell transplantation. The
behavioral tests were repeated at 1, 2, 3, and 4 weeks af-
ter the transplantation. All rats were trained with three
consecutive trials to generate stable baseline values before
the MCAO procedure. All behavioral testing was per-
tormed and scored by the same experienced investigator
(H.H.), who was blinded to the identity of the experi-
mental group. The behavioral tests are described below.

Modified neurological severity score (mNSS).
The mNSS is a composite of motor, sensory, balance,
and reflex tests (Chen et al.. 2001a), and neurological
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Skull bone

Fig. 1. Schemartic diagram of the stereotaxic cell injection site and
magnetic resonance image taken 1 week after the MCAQ procedure
a: Schematic diagram of a rat coronal brain section at the level of the
striatum (1.0 mm posterior to the bregma). The vertical arrow indi-
cates the needle track and the site of cell transplantation or medium:
injection. b: Coronal brain section generated by T2-weighted mag-
netic resonance imaging of a rat 1 week after MCAQ. A representa-

tive image from one of five rats is shown. Scale bar = 5 mm.

function was graded on a scale of 0-18 (Table I).
Percentage severity in mNSS was calculated as the ratic
of the scores at 1, 2, 3, and 4 weeks after transplantatiorn:
divided by the score before transplantation.

Corner test. This procedure was performed as
described previously (L. Zhang et al., 2002). with some
modifications. The apparatus consists of two boards of
60 X 50 X 0.5 cm set at a 45° angle, so that the angle
is perpendicular to the testing surface. A l-cm opening
is left between the boards to encourage the rat to enter
the corner. A rat is placed between the two angled
boards facing and halfway to the corner. When a rar
attempts to enter the corner, the vibrissae on both sides
of the head are stimulated simultaneously. The rat react:
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TABLE I. Modified Neurological Severity Score (mNSS)*

I. Motor tests (total 6)
Raising rar by cail (sum all items satisfied) subroral 3
Flexion of forelimb 1
Flexion of hindlimb 1
Head moved >10° to vertical axis within 30 sec 1
Placing rat on foor (select one) subtotal 3
Normal walk 0
Inability to walk straighe 1
Circling toward paretic side 2
Falls down to paretic side 3
. Sensory tests (sum all items satisfied; toral 2)
Visual and tactile test 1
Deep sensation (pushing paw against table edge to
stimulate imb muscles) 1
3. Beam balance tests (select one; total 6)
Balances with steady posture
Grasps side of beam 1
Hugs beam and | limb falls down from: beam 2
Hugs beam and 2 limbs fall down from beam.
or spins on beam (>60 sec) 3
Atremprs to balance on beam out but falls off (>40 sec) 4
Attempts to balance on beam out but falls off (>20 sec) 5
Falls off: no attempt to balance or hang on to beam (<20 sec) 6
4. Relax absence and abnormal movements
(surn all items satisfied; total 4)
Pinua reflex (head shake when auditory meatus is touched) 1
Corneal reflex (eve blink when cornea is lightdy touched
with cotton) 1
Starde reflex (motor response to a brief noise from snapping) 1
Seizures, myoclonus, myodystony 1
Maximum points = 18

[2]

*13~18, severe injury: 7-12, moderate injury; -6, mild injury.

to the stimulation by rearing up (so that it can tumn in
the tight corner space) and turning, and it returns to all
four paws facing the open end of the apparatus. Rats
without ischemic injury turn either right or left with
equal frequency, but rats that received the left MCAO
procedure tended to turn toward the nonimpaired (left)
side. Only turns involving full rearing along either board
were recorded. Ten trials were performed for each rat,
and the percentage of left turns was recorded as a
measure of the severity of neurological damage.

Histological Assessments of the Brain

Sections of brain from the ischemic and contralat-
eral sides were obtained at 1, 2, 3, and 4 weeks after
transplantation. For sacrifice, the rats were transcardially
perfused with ice-cold 0.9% saline solution and then
with 4% paraformaldehyde/0.1 M phosphate-buffered
saline. Frozen sections (20 pm) were prepared and stored
at ~80°C until use. Some sections were used for hema-
toxylin and eosin staining to assess tissue damage. A
whole coronal brain section at the level of the striatum
was recorded as an image under a digital microscope
(VCR FRM20LZ; Omron, Kyoto, Japan), and infract
sizes were evaluated in NIH Image. After endogenous
peroxidases and nonspecific binding had been blocked
with 1.5% skim milk. the sections were incubated over-

night at 4°C with mouse anti-CD31 mAb (clone TLD-
3AR.: BD Biosciences). The slides were then reacted
with an avidin-biotinylated enzyme complex system
(DakoCytomation LSAB 2 system-HRP for use on rat
specimens; Dako), and the imununoreactive signals were
visualized with diaminobenzidine. To assess the specific-
ity of the immunoreactivity, the primary antibody was
omitted to provide a nonspecific control. The number
of vessel-like structures or CD317 cells in a 0.25-mm°
area was counted in 12 sections from four rats and is
shown as the mean * SD.

For fluorescent immunohistochemistry, the sections
were incubated with mouse anti-CD31, anti-RECA-1
(clone HIS52; Serotec, Diisseldorf, Germany) or anti-
NeulN mAb (clone A60; Chemicon), followed by
incubation with mouse-specific IgG conjugated to
AlexaFluor 568 and anti-GFP antibody conjugated to
AlexaFluor 488 (Molecular Probes). Nuclei were stained
with TO-PRO-3 (Molecular Probes). and the sections
were examined with a confocal laser fluorescence micro-
scope (Fluoview FV1000; Olympus, Tokyo, Japan).

Statistical Analysis

All variables are shown as the mean = SD, and dif-
ferences between two groups were examined by paired
t-test. Serial changes were analyzed by repeated-measures
analysis of variance (ANOVA). When a result reached
significance (P < 0.05). post hoc tests were then carried
out using Fisher’s PLSD method. All statistical analyses

were performed in Statview (version 5.0 for Windows;
SAS Institute).

RESULTS

Establishment of Rat MOMCs

When the method for generating human MOMCs
was applied to circulating MNCs from rats, the majority
of adherent cells were spindle shaped (Fig. 2a). The ma-
jority of these cells were positive for a monocytic
marker, CD11b/Mac-1a, and CD34 and were able to
take up acLDL (Fig. 2b). Immunocytochemical analysis
showed that the adherent cells expressed CDD45, CID34,
and type I and III collagens (Fig. 2¢). Cells derived from
five different rats showed the same characteristics.

We also prepared freshly isolated circulating
MNCs, adherent and nonadherent MNCs (the adherent
cells were obtained by the 7-day MOMC induction cul-
ture), and freshly isolated bone marrow cells from rats
and subjected them to reverse transcription followed by
PCR, to evaluate the expression of CD14 and type I
collagen (Fig. 2d). We found that CD14 was markedly
downregulated and that type 1 collagen was upregulated
in the adherent cells obtained by the MOMC induction
culture. Concordant findings were obtained in five inde-
pendent experiments. These morphologic and pheno-
typic profiles of rat circulating MNC-derived adherent
cells were unique and compatible with those of human
MOMCs (Kuwana et al., 2003).
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Fig. 2. Characterization of rat MOMCs. a: Phase-contrast images of
cultured MOMCs. b: Flow cytometric analysis of MOMGCs. Cells
were stained with anti-CD11b or anti-CD34 mAbs or were cultured
with Dil-acLDL and analyzed by flow cytometry. Expression or
uptake of the molecules of interest is shown as shaded histograms.
Open histograms represent staining with control antibody or mock
rrearment. ¢: Immunohistochemical analysis of MOMCs. Cells were

Functional Recovery After Intracranial
Transplantation of MOMCs

Rats that underwent left MCAQO consistently
showed right hemibody neurological deficits. Coronal
brain sections generated by T2- -weighted magnetic reso-
nance imaging in a representative rat showed a hyperin-
tense lesion in the middle cerebral artery territory
(Fig. 1b), indicating the successful induction of left middle
cerebral artery infraction. Only rats with severe neurologi-
cal deficits showing both an mNSS > 6 and consistent
turning to the left in the comer test 1 week after MCAQ
were used for the transplantation procedure.

In total 72 rats were assigned to one of three groups:
the MOMC-transplanted group (n 24), the macro-
phage-transplanted group (n = 24), and the mock-treated
group (n = 24). The medium with or without cells was
transplanted into the center of the ischemic site, All the
animals survived to the planned endpoint and underwent
serial neurological testing throughout the study.

The serial mNSSs demonstrated minimal functional
recovery in all three groups 1 week after the transplanta-
tion (Fig. 3a). In the MOMC-transplanted rats. the
mNSS severity tended to improve gradually until the
4-week endpoint, but the difference among the three
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CD14, type | collagen (Collljal). and B-actin in freshly prepared
MNCGs, adherent MNCs, nonadherent MNCs. MOMCs. and bone
marrow cells. Results shown are representative of five independen:
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groups never reached significance. The behavioral
evaluation by the corner test also showed a trend toward
functional recovery in all three groups (Fig. 3b). How-
ever, the MOMC-transplanted rats showed clear
improvement at 3 weeks after the transplantation, which
was greater than in the other two groups (P = (.02).
The post hoc analysis revealed a statistically significant
difference in the peuentace severity at 4 weeks after the
transplantation: 70% = 15% in the MOMC-transplanted
group vs. 85% * 11% in the macrophage-transplanted
g oup or 89% £ 13% in the mock-treated group
(P = 0.04 for both comparisons).

MOMC Transplantation Promoted
Neovascularization in Ischemic Brain

The hematoxylin-eosin staining of brain sections
showed massive necrosis in the ischemic core, and there
was no difference in the infarct size among the threc
groups (Fig. 4). In the infarcted area of the cerebral cor-
tex, especially in the ischemic boundary area, microves-
sel-like structures had appeared by 3 weeks after the
transplantation. and their number increased dramatically
thereatter in the MOMC-transplanted group (Fig. 5a).
but almost none of these structures was detected in the
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Fig. 3. Serial evaluations of rats after the MCAQ procedure by
mNSS (a) and the corner test (b) at 0 (pretransplantation). 1, 2. 3,
and 4 weeks after cell transplantation. The mean value obtained from
24 rats in the MOMC-transplanted, macrophage-transplanted. and
mock-treated groups is shown. The percentage severity in mNSS was
calculated as the ratio of the scores at 1. 2, 3. and 4 weeks after trans-
plantation divided by the score before transplantation. The percent-
age of left turns was recorded as the measure of severity in the corner
test. An asterisk indicates a statistically significant difference by post
hoc analysis.

macrophage-transplanted or mock-treated group. At 4
weeks. the number of microvessel-like structures was
significantly greater in the MOMC-transplanted group
than in the macrophage-transplanted or mock-treated
group (7.5 £ 1.6 vs. 3.1 £ 15 0r 3.0 £ 1.3, P < 0.01
for both comparisons; Fig. 5b). When expression of
CD31, also termed platelet endothelial cell adhesion mole-
cule-1, was evaluated on the brain sections. large, round
cells positive for CD31 were found in the ischemic
boundary area of the MOMC-transplanted rats (Fig. 5¢).
These cells began to appear by 1 week after the trans-
plantation; their numbers peaked at 2 weeks and
decreased thereafter. Interestingly, these round CD31°

%Infract area

Mock

O
2
o
=

Macrophage

id

Fig. 4. Infarct sizes of whole coronal sections of MCAQ rats after
cell ransplantation. a: Representative brain images of MOMC-trans-
planted, macrophage-transplanted and mock-treated rats at 4 weeks
after transplantation. A dotted line denotes the ischemic boundary. b:
Percentage infarct area in the whole-brain sections of MOMC-trans-
planted, macrophage-transplanted. and mock-treated rats at 4 weeks
after transplantation. In total six sections were assessed for each
group. The whole brain area and infract area were measured individ-
ually, and percentage infarct area was calculated based on a formula:
infarct area divided by the whole brain area X 100. There was no
statistical difference among three groups.

cells were undetectable in the infarct lesions of mock-
treated rats, but a small number was found at 2 and 3
weeks in the macrophage-transplanted rats. The number
of round CD31" cells was significantly greater in the
MOMC-transplanted group, compared with the macro-
phage-transplanted or mock-treated group, at 2 and 3
weeks after transplantation (P < 0.01 for all comparisons;
Fig. 5d).

To evaluate further the fate of the wansplanted cells
in the ischemic brain, we used MOMOCs and macro-
phages derived from syngeneic GFP-transgenic rats for
cell wansplantation (Fig. 6a). At 2 weeks after the tans-
plantadon, GFP-positive round cells were detected
within the ischemic boundary of MOMC- and macro-
phage-transplanted rats, but their number was clearly
greater in the MOMC-transplanted rats. The majority of
GFP-positive cells were confirmed to express CD31,
indicating that the round CD317 cells were derived
from the transplanted MOMCs or macrophages. At 4
weeks  posttransplantation, these GFP-positive  trans-
planted cells had greatly decreased in number both in
the MOMC-transplanted rats (Fig 6a, left). suggesting
that the majority of these transplanted cells did not sur-
vive for 4 weeks. At high power, the cells surrounding
the vascular structures clearly expressed both GFP and a
mature endothelial marker, RECA-1 (Fig. 6a, right

Joumal of Neuroscience Research
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Fig. 5. Histological findings in brain sections of MCAO rats after
cell transplantation. a: Representative hematoxylin-eosin-stained
images i the infarcted cortex of MOMC- and macrophage-
cansplanted rats at 2 and 4 weeks after wansplantation. Arrows
indicate a blood vessel structure. b: The number of blood vessel
structures in the infarcted cortex of MOMC-transplanted. macro-
phage-transplanted. and mock-treated rats at 2 and 4 weeks after
transplantation. In total 12 sections from four rats were assessed for

lower panel). Incorporation of GFP-positive cells into
the endothelium was detected only in the MOMC-
transplanted  rats,  suggesting  that  the transplanted
MOMCs differentiated into mature endothelial cells.
However, in sections derived from four MOMC-trans-
planted rats at 4 weeks, the proportion of endothelial
cells expressing both GFP and RECA-1 in total GFP-
positive cells was only 8%, and the majority of GFP-pos-
wve cells in the infarcted cortex remained the round
CD317 cells. Moreover, only nine (18%) of 50 blood
vessel-containing  sections included GFP™  endothelial
cells, indicating that MOMC differentiation into endo-
thelial cells was not a common event. Finally, none of
the GFP-positive cells in  the ischemic lesion of
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each group. *P < 0.01. ¢: Representative images of CD31 inunu-
nostaining in the brain of MOMC- and macrophage-transplanted
rats. Arrows indicate CD317 round cells. d: The number of
CD317 round cells in the infarcted cortex of MOMC-transplanted.
macrophage-transplanted. and mock-treated rats at 1, 2. 3, and
4 weeks after transplantation. In rtotal 12 sections from four rats
were assessed for each group. *P < 0.01. Scale bars 100 pm in
a; 50 wm in c.

MOMC- or macrophage-transplanted rats  expressed
NeuN, a marker for mature neurons.

To examine further whether MOMGCs were &
source of anglogenic and neuroprotective factors.
MOMGCs, macrophages, and circulating MNCs were
subjected to PCR. to evaluate mRNA expression of
selected factors associated with functional recovery in
the brain (Johanson et al., 2011; Fig. 6b). MOMCs
expressed a series of angiogenic factors, including VEGF.
Ang-1, and PIGF. Especially strong expression of VEGF
was relatively specific to MOMUGCs. On the other hand.
expression of BDNF and GDNF was prominent in cir-
culating MNCs, whereas expression of GDNF was alsc
found in MOMC:s but not in macrophages.
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Fig. 6. Mechanisms of MOMC-mediated functional recovery in
MCAQO rats. a: Double immunostaining of brain sections of
MCAQ rats after the wvansplantation of GFP-transgenic rat-derived
MOMCs. Representative immunofluorescent images in the ische-
mic boundary of MOMC-transplanted rats at 2 and 4 weeks after
transplantation. Left panels are low-magnification images of immu-
nostaining for GFP. Right panels show high-magnification images

DISCUSSION

In the present study, we successfully prepared a rat
counterpart to human MOMCs. These cells showed a
fibroblast-like morphology in culture and a unique mo-
lecular phenotype, positive for both hematologic and
mesenchymal markers as well as CD34. In addition. in-
tracranial transplantation of MOMGCs | week after stroke
reduced neurological deficits measured by the corner test
in rats. The reduction in the functional impairment of

GFP/CD31/To-Pro-3

Circulating
MNC

with double immunostaining for GFP and CD31 (top) or RECA-
1 (bottom). Nuclei were counterstained with TO-PRO-3. An as-
terisk denotes a vascular lumen. b: PCR analysis to evaluate
mRNA expression of VEGF. Ang-1, PIGE. BDNF, GDNF. and
B-actin in MOMCs, macrophages, and circulating MNCs. Results
shown are representative of five independent experiments. Scale
bars = 25 pm in a, left: 100 um in a, right

the MOMC-transplanted rats could be explained by de
novo vascularization in the infarct area, which was pre-
ceded by the appearance of MOMC-derived round
CD317 cells. These findings provided evidence that
MOMC-based cell therapy has potential efficacy for the
treatment of ischemic stroke.

We detected the beneficial effect of MOMC trans-
plantation on functional recovery by the corner test but
not by the mNSS. This discrepancy may be attributable
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to the different aspects of neurologic deficits evaluated
by these behavioral tests. Specifically, the mNSS is com-
posed of tests for a variety of neurological parameters,
uicluding alertness, motor functions, sensory functions,
and reflexes (Chen et al.,, 2001a), and it is widely used
for evaluating the most severe stroke conditions. In con-
trast, the comer test reflects sensory and motor asymme-
tries associated with cortical and striatal dysfunction and
is often used to evaluate long-term functional deficits
(L. Zhang et al,, 2002). In fact, neurological recovery af-
ter bone marrow MNC transplantation was previously
demonstrated in a rat model of cerebral ischemia by
using the corner test (Brenneman et al., 2010).

In our protocol, MOMC s were transplanted 1 week
after MCAO. This experimental protocol was designed to
build in relevance to clinical application, because the prep-
aration of MOMGC:s requires 1 week of culture. The
administration of MOMCs immediately after cerebral is-
chemia may result in a more prominent reduction of is-
chemic brain injury, as reported in many rodent models
for evaluating the effects of cell transplantation therapy
(Chen et al., 2001a,b; Kamiya et al., 2008; Brenneman
et al., 2010; Fan et al,, 2010). However, other authors
have reported that the therapeutic window for cell trans-
plantation therapy is up to 1 month after stroke (Iihoshi
et al., 2004; Shen et al., 2007b). Our study also differs
from some others in that we chose an intracranial
approach, to deliver cells directly into the ischemic lesion,
because MOMCs administered via the circulation may
not reach the lesion in sufficient numbers to repair massive
injuries to the brain, owing to the damaged blood-supply-
ing vessels. In addition, the intravenous delivery of bone
marrow-derived cells was reported to result in loss of the
cells from trapping by first-pass filters, such as the liver and
lung (Chen et al., 2001a; Fischer et al., 2008). An intracar-
otid injection of MOMC:s is another potential approach,
but it was reported that the intraarterial delivery of bone
marrow MNCs led to immediate deposition of the cells in
the periinfarct area, but the majority of cells entered apo-
ptosis immediately after migrating to the area of injury
(Brenneman et al., 2010).

The mechanism underlying the MOMC-mediated
functional recovery remains unclear. In this regard,
MOMC transplantation did not decrease the infarct size,
although this might have been due to the late timing of
the transplantation. Moreover, we did not obtain any
evidence that the transplanted MOMCs differentiated
into neural cells, as described by Iihoshi et al. (2004) and
Shyu et al. (2006). Instead, remarkable microvessel for-
mation was observed in the ischemic boundary area at 4
weeks after the transplantation in the MOMOC-trans-
planted rats; however, we did not confirm blood flow in
these structures. Neovessel formation was preceded by
an accumulation of MOMC-derived round CD317" cells
in the infract area, which peaked 2 weeks after the trans-
plantation, indicating that these MOMC-derived cells
are likely to be involved in microvessel formation
through at least two different processes. One possible
mechanism is in vivo differentiation into mature endo-
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thelial cells and integration into the newly formed vascu-
lature, because human MOMCs could differentiate into
the endothelial cell lineage and contribute to vascular
formation in vitro and in vivo (Kuwana et al., 2006). In
this regard, vasculogenesis mediated by transplanted
endothelial progenitor cells or neural stem cells was
reported in several experimental ischemia models (Z.G.
Zhang et al., 2002; Ii et al., 2009; Fan et al., 2010).
However, our experiments using GFP-expressing
MOMC:s for transplantation revealed that the integration
of MOMC-derived endothelial cells into the vascular
wall was not a common event, suggesting that this
mechanism does not solely play a role in the MOMC-
mediated functional recovery.

On the other hand, human MOMCs produce a
large variety of cytokines and growth factors that pro-
mote angiogenesis and tissue repair (Kuwana et al.,
2006; Seta and Kuwana, 2010). In this study, we showed
that rat MOMGC:s expressed a series of angiogenic factors,
such as VEGF, Ang-1, and PIGF, which were shown to
promote angiogenesis and functional recovery in an
experimental stroke model (Liu et al., 2006; Onda et al.,
2008 Hermann and Zechariah, 2009). Thus, transplanted
MOMC s are likely to play a critical role in promoting
the local angiogenesis governed by residential endothelial
cells and progenitors through the secretion of a wide
array of anglogenic factors. Especially the ability of
MOMC s to express VEGF was greatly superior to mac-
rophages, suggesting that this is partially responsible for
the observed difference in functional recovery between
rats receiving transplantation of MOMCs and rats receiv-
ing macrophages. Furthermore, GDNF produced by
MOMCs may promote neuroregenerative and neuropro-
tective actions in the injured brain (Johanson et al..
2011). It is also possible that increased production of
cytokines and growth factors in parallel to promotion of
neovascularization can influence plasticity of stroke-
damaged brain, insofar as GDINF has been shown to
increase stroke-induced neurogenesis in an experimental
stroke model (Kobayashi et al., 2006). Therefore,
neovascularization through production of a large array of
angiogenic factors in combination with in vivo differen-
tiation into mature endothelial cells appears to be a
primary mechanism for MOMC-mediated functional
recovery in rat MCAQO model.

In summary, our results with this clinically relevant
rodent model indicate that MOMCs are a potentially
effective candidate for use in cell transplantation therapy
for cerebral ischemia. The ready collection of MOMCs
from the peripheral blood makes them a safe and abun-
dant source of autologous cells. Further studies are nec-
essary to determine the optimal therapeutic timing and
dose as well as method for delivery for MOMCs to be
used clinically to treat ischemic stroke.
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Abstract Shwachman-Diamond syndrome (SDS) is an
autosomal-recessive disorder characterized by exocrine
pancreatic insufficiency and bone marrow failure. Muta-
tions in the SBDS gene are identified in most patients with
SDS. Recent studies have shown that SBDS is involved in
ribosome biogenesis and is localized to the nucleolus. The
significance of cellular localization in SBDS is unknown,
particularly as SBDS does not exhibit canonical nuclear
localization signals. In this study, we have constructed
wild-type deletion mutants of the critical domains and
disease-associated mutants of the SBDS gene. These
constructs were expressed in Hela cells to explore the
subcellular distribution of normal and mutant proteins.
Wild-type SBDS was detected in the nucleus. However,
constructs lacking N-terminal Domain I and two disease-
associated mutants (C31W and N34I) failed to localize
SBDS to the nucleus. Moreover, the amount of mutated
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SBDS protein was decreased. When N-terminal Domain I
was overexpressed in Hela cells, the localization of
endogenous SBDS protein was changed from nuclei to
cytosolic fraction. These data indicate that the N-terminal
Domain I is responsible for nuclear localization. Further-
more, low expression of SBDS, as exhibited in some of the
disease-associated mutants, may be associated with the
pathogenesis of SDS.

Keywords Bone marrow failure - Neutrophil -
Neutropenia - Maturation - SBDS

1 Introduction

Shwachman-~Diamond syndrome (SDS) is a rare autoso-
mal-recessive disorder characterized by short stature,
exocrine pancreatic insufficiency and bone marrow failure
[1]. Neutropenia is the most common hematological mani-
festation in patients with SDS, although a subset of
patients develops aplastic anemia and leukemia [2]. SDS is
associated with mutations in the SBDS gene, which is a
member of a highly conserved protein family in diverse
species ranging from Archaea and yeast to vertebrate ani-
mals [3]. The SBDS gene is mapped to chromosome 7q11
and composed of five exons and encodes 250 amino acid
residues [3]. The SBDS mRNA is widely expressed
throughout in both human and murine tissue. In mice,
SBDS protein has ubiquitous tissue expression [3, 4].
Taken together with multiorgan involvement in patients
with SDS, the SBDS protein is likely to function in a
variety of cellular processes. SBDS does not have any
known sequence similarities, although orthologs are con-
served across a number of species [3]. The structure of the
Archaeoglobus  fulgidus SBDS ortholog was solved,



