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Prognostic Significance of HLA Class I Expression in
Ewing’s Sarcoma Family of Tumors
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Background: Ewing’s sarcoma family of tumors (BSFT) is one of the most malignant groups of tumors in young people. Human leukocyte antigen
(HLA) class I displays endogenously processed peptides to CD8+- T Iymphocytes and has a key role for host immune surveillance. In ESFT, the
investigation concerning both HLA class T expression and T-cell infiltration has yet to be reported.

Methods: Biopsy specimens from 28 ESFT patients were evaluated by immunohistochemistry with the anti-HLA class I monoclonal antibody
(mAb) EMRS8-5 and anti-CD8 mAb, respectively.

Results: Expression of HLA class I was negative in 10 tumors and down-regulated in 22 tumors. The status of CD8+ T cell infiltration was closely
associated with the expression levels of HLA class I. ESFT patients with down-regulated or negative expression of HLA class I showed significantly
poorer survival than the rest of the patients.

Conclusions: Our results suggested that CD8+ T cell-mediated immune response restricted by HLA class I might play an important role in immune
surveillance of ESFT, and we revealed for the first time that the status of HLA class I expression affects the survival of the patients with ESFT,
J. Surg. Oncol. 2011;103:380-385. © 2010 Wiley-Liss, Inc.

Key Worps: Ewing’s; sarcoma; ESFT; HLA class I; CD8; T lymphocyte

INTRODUCTION

Ewing’s sarcoma family of tumors (ESFT), consisting Ewing’s
sarcoma and primitive neuroectodermal tumor (PNET), represents a
subset of malignant small round blue cell tumors with characteristic
chromosomal translocation occuiring in bone and soft tissues with a
peak incidence in children and young adults [1]. Although systemic
adjuvant chemotherapy has significantly improved the prognosis of
patients with ESFT, disease presenting with metastatic spread or relap-
ses after primary treatment remains incurable in the majority of cases
[2,3]. This emphasizes the need for alternative treatments including
immunotherapy.

Recent clinical studies have shown efficacy of immunotherapeutic
strategies against various malignant tumors, where anti-tumor cytotoxic
T-lymphocytes (CTL) are induced by cancer vaccination [4,5]. As anti-
tumor CTL responses are elicited by the recognition of immunogenic
epitopes in the context of human leukocyte antigen (HLA) class I
molecules on the tumors, it is important to evaluate the status of
HLA class I molecules in the ESFT tissues [6,7]. However, there is
only a scarce literature available about HLA class I expression in ESFT
[8].

A monoclonal antibody (mAb) against HLA class I heavy chains,
EMRS8-5, has been confirmed to be valid for immunohistochemistry in
formalin-fixed paraffin-embedded tissues [9-12]. Using this mAb, we
investigated HLA class I expressionin primary lesions of ESFT patients.
Furthermore, we evaluated the correlation of HLA class I expression
with various clinical and histological parameters including treatment
outcomes of patients and infiltration of T lymphocytes in the tumor
tissues.

© 2010 Wiley-Liss, Inc.

MATERIALS AND METHODS

The present study was approved under institutional guidelines for
the use of human subjects in research and patients’ specimens were
analyzed after having informed written consent from the patients or their
families.

Patients and Samples

Twenty-eight patients with ESFT, who had been treated in Keio
university hospital between 1979 and 2009, were enrolled in this study.
Follow-up period after diagnosis is 76.5 months on average (range from
10 to 275 months). Demographic data of the patients are summarized in
Table I. There were 15 male and 13 female patients. The average age at
diagnosis was 26.3 years (range from 1 to 70 years). Nineteen of the
primary tumors arose in bone, and 9 arose in soft tissue. Fourteen tumors
were located in the trunk (spine or paraspinal region in 5, chest wall in 3,
and pelvis in 6 patients) and 14 tumors in the exiremity. Fusion genes
including EWS/FLI-1 or EWS/ERG were determined by RT-PCR in
12 out of 16 cases in which frozen biopsy specimens were available [13].
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TABLE 1. Clinical Characteristics of 28 ESFT Patients

Characteristics Number
Age
Range (average) 1-70 (26.3)
<30 Years 21
>30 Years 7
Gender
Male 15
Female 13
Tumor origin
Bone 19
Soft tissue 9
Tumor site
Extremity 14
Trunk 14
Spine or Paraspinal region 5
Chest wall 3
Pelvis 6
Tumor size
Range (average) 4-20 (9.4)
<10 cm 12
>10 cm 12
Stage
uB® 22
iy 6
Resectability of the tumor
Resectable 23
Unresectable 5
Treatment
Chemotherapy + surgery + radiotherapy 14
Chemotherapy -+ surgery 9
Chemotherapy + radiotherapy 5
Status of surgical margins
Adequate 17
Inadequate 11

%Stage 1IB: high-grade extracompartmental lesion, without metastasis.
bStage 1I: any grade, with metastasis.

Size of the tumors was measured by magnetic resonance imaging in
24 patients. According to the Enneking’s surgical stage [14], all the 28
patients were stratified into 22 stage ITB patients, and 6 stage Il patients.
Treatment consisted of chemotherapy, surgery, and radiotherapy in 14,
chemotherapy and surgery in 9, chemotherapy and radiotherapy in
5 patients. Chemotherapy regimens used are VAC [15], VACA [16],
CYVADIC [17], T11 [18], IFO-THP [19], VDC-IE [20,21], New Al
[22], A3 [22], and KS1 {21]. The chemotherapy regimens (KS1 and
VDC-IE) containing both ifosfamide and etoposide have been used
since 1995. Radiotherapy (30-65Gy) was implemented in 19 patients
with unresectable tumors or those with inadequate surgical margin. The
surgical margins were adequate (amputation or resection with wide
margin) in 17, and inadequate (biopsy only or resection with marginal
margin or intralesional margin) in 11 patients.

bnmunohistochemistry

Monoclonal antibodies used were anti-HLA class I heavy chain
antibody, EMRS8-5 [9-12], anti-CD4 mAb (Dako, Glostrup,
Denmark) and anti-CD8 mAb (Dako, Glostrup, Denmark).

Formalin-fixed paraffin-embedded sections of biopsy specimens
from 28 ESFTs were deparaffinized and then boiled for 20 min in a
microwave oven for antigen retrieval. The sections were blocked with
1% non-fat dry milk and stained with a streptavidin-biotin complex
(Nichirei, Tokyo, Japan) as previously described [23]. The sections were
then stained with hematoxylin. Positive reactivity of the EMRS8-5
antibody was confirmed by staining of vascular endothelial cells and
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lymphocytes in sections of tumor specimens. Sections of a normal testis
obtained from an autopsy specimen were used as an external negative
control for immunostaining.

The reactivity of EMRS8-5 was determined by staining of the plasma
membranes of tumor cells. The expression status of HLA-class I was
graded semiquantitatively. We classified 28 cases into three groups, high
(positive cells >50%), low (50% > positive cells >5%) and negative
(5% > positive cells) (Fig. 1).

Infiltrations of T cells into tumor tissues were also evaluated by
semiquantitative scoring on a scale of ++- (diffuse infiltration),
-+ (moderate infiltration), + (scattered or mild infiltration), and
— (negative or rare) (Fig. 2).

Statistical Analysis

Disease-free survival and overall survival rates were estimated using
the Kaplan—Meier plots. Both survivals were calculated from the date of
initial treatment. A terminal point of disease-free survival was defined
at the time of disease recurrence or progression, onset of a secondary
neoplasm, death from disease, or the last review. A terminal point of
overall survival was defined as the time of death or the last review.
Prognostic significance of following variables on disease-free survival
and overall survival was determined by univariate analysis using log-
rank test [24]: age, gender, origin of tumor, tumor site, stage, surgical
margin, chemotherapy regimen, status of class I HLA expression, status

a b
High High
c d
Low Low
e
Negative

Fig. 1. Immunohistochemical grading of tumor specimens. Represen-
tative sections of ESFT specimens stained with the anti-HLA class I
mADb EMR-5 are shown. a,b: “High” indicates a positive cell number of
over 50%. ¢,d: “Low” indicates a positive cell number from 5% to 50%.
e: “Negative” indicates that <5% of tumor cells were stained positively.
Original magnification: (a), (b), (¢), and {(d), 200x; (e), 100x.
[Color figure can be viewed in the online issue, available at
wileyonlinelibrary.com.]
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+4

e

Fig. 2. Immunohistochemical grading of CD8+ T cell infiltration.
Representative sections of ESFT specimens stained with an anti-CD8
mADb are shown. Infiltrations of CD8+ T cells into tumor tissues were
evaluated by semiquantitative scoring. a: ++-+ (diffuse infiltration),
(b) ++ (moderate infiltration), (c,d) + (scattered or mild infiltration),
and (e) — (negative or rare). Original magnification: (a), (b), (c), and
(d), 200x; (e), 100x. [Color figure can be viewed in the online issue,
available at wileyonlinelibrary.com.]

of CD8+ T lymphocyte infiltration, and co-existence of HLA class I
expression and CD8+ T cell infiltration. Subsequently a multivariate
analysis was carried out for overall survival by using a Cox’s pro-
portional hazards model.

Relationship between HLA class I expression and infiltration of
CD8+ T cells was statistically analyzed using Fisher’s exact probability
test. Clinicopathological characteristics of the patients showing HLA
class 1 expression and CD8+4 T cell infiltration were compared
with those of the rest of the patients, and analyzed using Fisher’s exact
probability test.

All the statistical analyses were performed using JMP 8 software
(SAS Institute Inc., Cary, NC). A probability of <0.05 was considered
statistically significant.

RESULTS
Clinical Course of the Patients

Overall survival rate of whole 28 patients with ESFT was 53.1% in
5 years and 47.8% in 10 years, and disease-free survival rate was 38.5%
in both 5 years and 10 years (Fig. 3). Local disease recurrence was seen
in 11 cases. Distant metastasis was observed in 12 cases including
6 stage T cases. The sites of distant metastasis were lung in 9 patients,
bone in 3, lymph nodes in 2 and other visceral organs in 1.
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Fig. 3. Overall survival and disease-free survival of 28 patients with
ESFT. Survival rates were estimated using Kaplan—-Meier plots. The
date of histological diagnosis was used as time 0. [Color figure can be
viewed in the online issue, available at wileyonlinelibrary.com.]

Expression of HLA Class I in ESFT

To determine the phenotypic expression of HLA class I in ESFT,
we stained 28 biopsy specimens of ESFT with anti-HLA class I mAb
(EMR8-5). Of these, 18 specimens (64%) reacted positively with anti-
HLA class I mAb where the plasma membranes of tumor cells were
stained (Fig. 1). These positive cases were graded as high in 6 cases and
lowin 12 cases (Table II). Collectively the expression of HLA class I was
lost (negative-grade expression) in 10 specimens (36%) and down-
regulated (negative or low expression) in 22 specimens (79%) in ESFT.

Relationship Between HILA Class I Expression
and T-Cell Infiltration in ESFTs

We then stained 28 ESFT specimens with anti-CD4 and anti-CD8
mAb. The infiltration of CD4+ T cells was seen in only two ESFT
specimens (7%}, whereas the infiltration of CD 8- T cells was found in
20 specimens (71%) to various extents. Representative CD8+ T cell
infiltration are shown in Figure 2. CD8+ T cell infiltration was +-+-+
(diffuse) in 7, ++ (moderate) in 4, + (scattered or mild) in 9, and —
(negative or rare) in 8 cases (Table II). The status of CD8+ T cell
infiltration was closely associated with the expression levels of
HLA class I (P = 0.014) (Table III). In the ESFT tumor tissues with
positive expression of HLA class I, infiltrated CD8+ T cells tended to
localize with tumor cells showing strong class I expression (Figs. la~
¢, 2a—c).

TABLE IL HLA Class I Expression and T-Cell Infiltration in 28 ESFT
Specimens

High Low Negative
HLA class I expression
6 (21%) 12 (43%) 10 (36%)

+++ (Diffuse) -+ (Moderate) -+ (Scattered or mild) — (Negative or rare)

CD8+ T-cell infiltration

7(25%) 4 (14%) 9 (32%) 8 (29%)
CD4+ T-cell infiltration

0 1 (4%) 1 (4%) 26 (92%)




TABLE Il Correlation Between HLA Class I Expression and CD§+ T-Cell
Infiitration

CDB8+ T-cell infiltration
HLA class I expression (n = 28) - or 44+ —or+ P-value
High 5 1 0.014*
Low 5 7
Negative 1 9

P-value was calculated using Fisher’s exact test.
*A probability of <0.05 was considered statistically significant.

Prognostic Significance of HLA Class I
Expression in ESFT

Subsequently we analyzed the prognostic significance of 11 vari-
ables including expressions of HLA class I. As shown in Figure 4a, the
overall survival of 18 patients with positive HLA class I expression was
significantly better than that of the remaining 10 patients with negative
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Fig. 4. Survival curves of 28 patients with ESFT stratified by HLA class
I expression status. a: Overall survival curves. Patients were divided
according to HLA class I expression status into two groups (positive
(low or high) expression, n = 18; negative expression, n = 10).
Survivals were estimated using Kaplan-Meier plots. P-value was cal-
culated using log-rank test. b: Overall survival curves. Patients were
divided according to HL A class I expression status into two groups (high
expression, n = 6; down-regulated (negative or low) expression,
n = 22). [Color figure can be viewed in the online issue, available at
wileyonlinelibrary.com.]
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HLA class I (P = 0.037). Notably, 10-year survival rate of patients with
negative HLA class I was as low as 24%. In sharp contrast, all six
patients with high expression of HLA class I remained alive (Fig. 4b)
and continuous disease free. There were significant differences
between patients with high expression of HLA class I and those with
down-regulated HLA class I with respect to the overall survival
(Fig. 4b; P = 0.001) and the disease-free survival (P = 0.003).
Furthermore, 10 patients showing co-existence of positive HLA class
I expression and moderate or diffuse CD8+ T cell infiltration had a
better prognosis than the rest of the patients (P = 0.024) (Fig. 5). The
overall survival rates of those 10 patients were 78.8% at 5 years and 10
years.

Table IV summarizes the results of survivorship analysis. Tumor site
(trunk), tumor size (>10 cm), stage ITI, inadequate surgical margin, and
down-regulated expression of HLA class had significant association
with decreased disease-free survival. Soft tissue origin, tumor size
(>10 cm), stage II, and inadequate surgical margin, negative and
down-regulated expression of HLA class I, and lack of co-existence
of positive HLA class I expression and CD8+ T cell infilration were
significantly associated with decreased overall survival. None of other
variables including age, gender, chemotherapy regimen, and the levels
of CD8+ T cell expression showed significant association with disease-
free or overall survival.

Prognostic impact of co-existence of positive HLA class I expression
and CD8+ T cell infiltration was further examined by using a Cox’s
proportional hazards model. Given the limited sample size, the analysis
included three covariate parameters in total. As shown in Table V,
multivariate analysis revealed that stage IH and co-existence of positive
HLA class I expression and moderate or diffuse CD8+ T cell infiltration
were independent prognostic factors, respectively.

Clinicopathelogical Characteristics of ESFTs Showing
HLA Class I Expression and CD8+ T Cell Infiltration

Finally we assessed clinicopathological characteristics of 10 patients
showing co-existence of positive HLA class I expression and CD8+
T-cell infiltration (Table VI). Of nine characteristics examined, tumor
size (<10 cm) and absence of metastasis at the final follow-up were

Positive HLA class [ expression and
moderate or diffuse CD8+ T cell infiltration
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Fig. 5. Overall survival curves of 28 patients with ESFT. Patients were
divided into two groups (patients showing co-existence of positive (fow
or high) HLA class I expression and moderate or diffuse CD8+ T cell
infiltration, n = 10; patients with the other expression pattems,
n = 18). Survivals were estimated using Kaplan—-Meier plots. P-value
was calculated using log-rank test. [Color figure can be viewed in the
online issue, available at wileyonlinelibrary.com.]
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TABLE IV. Univariate Analysis of Potential Unfavorable Prognostic Factors

P-value
Variables Categories No. patients DFS [
Age (years old) >30 (vs. <30) 7 0.481 0.632
Gender Female (vs. male) 13 0.515 0.679
Tumor origin Soft tissue (vs. bone) 9 0.181 0.036™
Tumor site Trunk (vs. extremity) 14 0.028* 0.237
Tumor size (cm) >10 (vs. <10) 12 0.020* 0.042*
Stage Stage III (vs. stage IIB) 6 <0.001* <0.001*
Surgical margin Inadequate (vs. adequate) 11 0.008* 0.026*
Chemotherapy regimen Not including IE (vs. including IE) 13 0.263 0.143
HILA class I expression Negative (vs. positive) 10 0.132 0.037*
HLA class I expression Down-regulated (vs. high) 22 0.003* 0.001*
CD8+ T-cell infiltration — or + (vs. ++ or +++) 17 0.145 0.071
HLA class I/CD8+ T cell Lack of co-existence of positive HL.A class I expression 18 0.067 0.024*

and CD8+ T-cell infiltration (+-+ or +++)

DFS, disease-free survival; OS, overall survival; IE, ifosfamide and etoposide.

P-value was determined by univariate analysis using log-rank test.*A probability of <0.05 was considered statistically significant.

significantly associated with co-existence of positive HLA class I
expression and CD8+ T-cell infiltration. At the time of diagnosis,
22 patients were free from distant metastasis (Stage IIB). At the time
of the final follow-up (76.5 months on average), all 9-stage IIB patients
with co-existence of HLA class I expression and moderate or diffuse
CD8+ T-cell infiltration remained free from metastasis. In contrast, 6
out of 13 stage IIB patients with lack of the co-existence had distant
metastasis developed during the follow-up period.

DISCUSSION

By staining 28 biopsy specimens of ESFT treated in a single institute,
we found down-regulation of HLA class I molecules in 79%, infiltration
of CD4+ T cells in 7% and infiltration of CD8+ T cells in 74% of the
primary tumors. Subsequent clinicopathological analysis revealed that
down-regulation of HL.A class I molecules was significantly associated
with poor CD8+ T-cell infiltration, poor overall and event-free survival.
Furthermore co-existence of positive HLA class I expression and mod-
erate or diffuse CD8+ T-cell infiltration served as an independent
significant favorable prognostic factor, and was associated with small
tumor size and lack of having metastasis develop during follow-up.
These findings indicated the prognostic role of HLA class I molecules
in patients with ESFT, potentially through modulation of CD8+ T cell-
mediated immune surveillance.

Previously Berghuis et al. [8] investigated HLA class I expression
in 61 ESFT biopsy samples. Consistent with our findings, they found
down-regulated expression of HLA class I in 79% of the samples. The
frequency of absent HLA class I expression was as similar as 28% in
their study and 36% in the present study. In contrast, in the study by
Berghuis et al. [8], there is no significant impact of HLA class I

TABLE V. Multivariate Analysis for Overall Survival of 28 ESFT Patients

Variables Categories Risk ratio (95% CI) P-value

Stage Stage I1I 7.79 (2.09-33.18)  0.003*

Surgical margin Inadequate 2.51(0.83-3.48)  0.104

HLA class I/CD8+  Lack of co-existence of 4.81 (1.28-31.44) 0.018
T cell positive HLA class I

expression and CD8+ T cell
infiltration (-++ or +-+-+)

95% CI, 95% confidence interval,
P-value was determined by Cox regression analysis.
*A probability of <0.05 was considered statistically significant.
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expression levels on overall or event-free survival of the patients.
This analysis was made on 35 out of 61 patients with ESFT.
Therefore, the process of patient’s selection may have influenced the
prognostic significance of HLA class I expression, even though clinical
pictures of these 35 patients have not been documented. Another

TABLE VI Clinicopathological Characteristics of 10 Patients Showing
HLA Class I Expression and CD8+ T-Cell Infiltration

HLA class I
expression and
CD8+ T-cell
infiltration (- or -+-+-+)
Characteristics Yes (n = 10) No (n = 18) P-value
Age (years)
<30 7 14 0.491
>30 3 4
Gender
Male 6 9 0.456
Female 4 9
Tumor origin
Bone 8 11 0.278
Soft tissue 2 7
Tumor site
Extremity 5 9 0.653
Trunk 5 9
Tumor size (cm)*
<10 7 5 0.014*
>10 1 11
Stage
Stage IIB 9 13 0.277
Stage I 1 5
Surgical margin
Adequate 6 11 0.632
Inadequate 4 7
Chemotherapy regimen
Including IE 6 9 0.456
Not including IE 4 9
Metastasis at final follow-up
No 7 0.011*
Yes 1 11

IE, ifosfamide and etoposide.

P-value was calculated using Fisher’s exact test.

*Tumor sizes were evaluated in 24 patients.

*A probability of «<0.05 was considered statistically significant.



possible explanation is the difference in the antibodies used. Berghuis
et al. [8] have used two mAbs, HC10, and HCA2. HC10 was shown to
react with HLA-B and C allele proteins, but barely with HLA-A [25]. In
contrast, HCA?2 preferentially reacts with HLA-A allele proteins except
for HLA-A24 [26]. EMR8-5mAD used in the present study reacts all
alleles of HLA-A, B, and C, including HLA-A24 [12,25]. Because
HLA-A24 is shared by nearly half of Japanese and 17% of
Caucasians [27], one analysis including HLA-A24 and the other
analysis excluding HLA-A24 could show different results. In addition,
differences in distribution of HLA types and fusion gene subtypes
between the study groups could also affect the prognostic impact of
HILA class I expression. In the present study, well-known prognostic
factors of ESFTs such as tumor size, stage, and surgical margin have also
shown significant prognostic impact, supporting the validity of our
patient population.

Down-regulation of HLA class I molecule in tumor cells serves as a
major mechanism of escaping from both natural immune surveillance
and T cell-based immunotherapy [25,28]. Nevertheless none of the
immunotherapy trials including those in patients with ESFT [29,30]
have yet examined the status of HLA class I in the corresponding
tumors. In the study by Mackall et al. [29] with translocation breakpoint
peptide vaccines in 20 patients with ESFT, immune responses to the
peptide vaccines were noted in 39% of the participants. The efficacy of
those therapeutic vaccines can be further improved by restoration of
HLA class I expression on tamor cells. In this regard, Berghuis et al.[8]
reported that stimulations with interferon gamma have increased HLA
class I expression in all six Ewing’s sarcoma cell lines examined.
Restoration of HLA class I expression can also be achieved with histone
deacetylation inhibitors such as fricostatin-A and valporoic acid, pro-
vided that loss of HLA class I is due to reduced DNA methylation [25].

In conclusion, we revealed for the first time that the status of HLA
class I expression affects the survival of patients with ESFT. This
emphasizes the importance of HLA class I molecules in natural and
therapeutic immune surveillance in patients with ESFT.
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requiring protein 1a (IRE1a), and its target transcription factor
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INTRODUCTION

To manage the burden of protein synthesis, cells augment
the folding and secretory capacity of the endoplasmic reticulum
(ER) in response to the accumulation of misfolded proteins.
This system, known as the unfolded protein response (UPR),
is a highly conserved cellular mechanism in eukaryotic cells.
In mammalian cells, there are three classes of ER stress trans-
ducers involved in the UPR including inositol-requiring protein
Ta (IRETa), activating transcription factor 6 (ATF6) and pancreatic
ER kinase (PERK), and their functions in the UPR have been
a subject of intensive study in the past decade (Rutkowski
& Kaufman, 2004; Xu et al, 2005; Ron & Walter, 2007; Hetz &
Glimcher, 2009).

The activation of the UPR is especially important in cells
specialized to secrete proteins including plasma cells, endocrine
cells and osteoblasts. Past studies have shown that PERK (Zhang
et al, 2002) and OASIS (old astrocyte specifically induced
substance), an ATF6 homologue (Murakami et al, 2009), are
involved in skeletal development. However, a potential role for
IRETa in osteoblast differentiation remains uninvestigated. IRE1a
is a type-1 transmembrane protein harbouring both a kinase
domain and an endoribonuclease domain. The former is involved
in the recruitment of tumour necrosis factor receptor-associated
factor 2 (TRAF2)—which in turn activates JUN amino-terminal
kinase (JINK)—and the latter is involved in the processing of X-box
binding protein 1 (XBP1) mRNA. The consequences of JNK
activation through IRE1a signalling are not fully understood;
however, it is probably involved in the initiation of autophagy
(Ogata et al, 2006) and in the promotion of apoptosis (Yoneda
et al, 2001). XBP1 derived from spliced Xbp7 mRNA (XBP1s)
translocates to the nucleus and binds to UPR elements to induce
the transcription of a variety of UPR genes that mainly function to
alleviate ER stress (Yoshida et al, 2001; Acosta-Alvear et al, 2007).
Mice lacking IRETa or XBP1 were embryonically lethal and died
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Fig 1| Xbpl and BiP transcripts are upregulated during BMP2-induced osteoblast differentiation. Wﬂd-type MEFs were incubsdted in the presence

of BMP2 (200 ng/ml) for the designated time period. The expression levels of the transcripts for (A) osteoblast differentiation markers and

(B) UPR-related genes were analysed by quantitative RT-PCR and western blot analysis (IREla). The expression level of each gene at baseline

was set to one. (C) Western blot analysis (left panel) and immunostaining (right panel) of XBP1 in BMP2-treated or untreated (—) MEFs.

Scale bar, 20 um. (D) Fluorescent activity in BMP2 (500 ng/ml)-treated calvariae collected from control and ERAI-transgenic (ERAI-tg) newborn mice.
Upper panel, light image; lower panel, fluorescence image. Scale bar, 3 mm. BMP2, bone morphogenic protéin 2; ERAI endoplasmic reticulum stress-
activated indicator; IREla, inositol-requiring protein lo; MEF, mouse embryonic fibroblast; RT, reverse transcription; UPR, unfolded protein response;

XBP1, X-box binding protein 1.

at around 9.5-11.5 or 11.5-14.5 days post-coitum (dpc),
respectively, supporting the idea that these genes are important
in vivo (Reimold et al, 2000; Urano et al, 2000).

We investigated the potential role of IRETa in osteoblast
differentiation and found that the IRE1a—XBP1 pathway is essential
for bone morphogenic protein 2 (BMP2)-induced osteoblast
differentiation. Moreover, we identified Osterix (Osx)—one of
the essential transcription factors for osteoblast differentiation
(Nakashima et af, 2002)—as a target gene for XBP1s. in addition,
we found that thapsigargin, a potent inducer of ER stress, can
promote Osx transcription in BMP2-treated fibroblasts and in an
osteoblast cell line—MC3T3-E1—in an IRETa~XBP1-dependent
manner. Taken together, these observations show a previously
unknown relationship between the IRE1Ta-XBP1 pathway and
Osx, and might provide new insights into the mechanisms
underlying UPR and skeletal development.

RESULTS AND DISCUSSION
To examine the possible involvement of IRETa signalling in
osteoblast-differentiation, we performed in vitro osteoblast-

452 EMBO reports VOL 12 | NO 52011

differentiation experiments using mouse embryonic fibroblasts
(MEFs) and recombinant BMP2, which is known to stimulate
osteogenic differentiation processes in undifferentiated fibroblasts
in vitro. The expression levels of two transcription factors that are
essential for osteoblast differentiation, Runx2 and Osx (Komori
et al, 1997; Nakashima et al, 2002), and the bone extracellular
matrix proteins COL1AT and osteocalcin (OCN; markers for
early and late stages of osteoblast differentiation, respectively),
were evaluated to monitor the degree of differentiation. The
expression levels of these ostecoblastic markers in the MEFs—
which were almost undetectable when cultured in maintenance
medium—were significantly increased by the addition of BMP2
(Fig TA). By contrast, the expression level of IRF1a showed no
change during the course of the experiment (Fig 1B). However, we
found that mRNA expression levels of total Xbp1 (including both
unspliced (Xbp7u) and spliced XbpT (XbpTs) mRNA), Xbp1s and
BiP/GRP78 chaperone were significantly upregulated, indicating
that the UPR was induced by BMP2 in MEFs, probably to deal
with the increase in protein synthesis that is known to occur in
these conditions. There was also an increase in the expression
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Fig 2| The IRE1-XBP1, but not the IRE1-TRAF2, pathway is required for BMP2-induced osteoblast differentiation. (A) Wild-type and Irelo~/~
MEFs were incubated in the presence or absence of BMP2 (200 ng/ml) for 48 h. ALP activity was evaluated by cell staining with BCIP/NBT or by
colorimetry (right panel) as described in the supplementary methods online. Cell staining with crystal violet (CV) showed a similar amount of cells
in each well. (B) mRNA expressions of total XbpI and Xbpls in BMP2-treated wild-type and Irelo.™~ MEFs. (C) Quantitative analysis of the transcripts
of osteoblast markers in BMP2-treated wild-type and Irelo~"~ MEFs. The expression level of each gene in wild-type MEFs at baseline was set to one.
(D) wild-type MEFs treated with control (Ctrl) Irela- or XbpI-siRNA were incubated with or without BMP2 for 48 h. ALP activity was evaluated

by cell staining (left panel) and colorimetry (right panel). (E) Quantitative analysis of XbpIs in siRNA-introduced MEFs incubated with or without
BMP2. (F) Quantitative analysis of the transcripts of osteoblast markers in Xbp1-siRNA-treated wild-type MEFs incubated in the presence of BMP2
for 48 h. (G) No difference in ALP activity between control (Ctrl) and Traf2-siRNA-treated wild-type MEFs incubated with BMP2 for 48h (left panel)
was observed. Quantitative PCR analysis showed a significant decrease in Traf2 transcript levels in Traf2-siRNA-treated MEFs (right panel).

(H) Quantitative PCR analysis of osteoblast markers showed no difference between control (Ctrl) and Traf2-siRNA-treated wild-type MEFs
incubated with BMP2. The expression level of each gene in the control siRNA-transfected MEFs was set to one. *P<0. 05. ALP, alkaline phosphatase;
BMP2, bone morphogenic protein 2; Ctrl, control; IRE1c, inositol-requiring protein lo; MEF, mouse embryonic ﬁbroblast NS, not significant;

Ocn, Osteocalcin; Osx, Osterix; RT, reverse transcription; siRNA, small-interfering RNA; TRAF, tumour necrosis factor receptor-associated factor 2;

UPR, unfolded protein response; XBP1, X-box binding protein 1.

levels of other UPR-related genes, including Gadd34, Chop/
Gadd153, Erola and WfsT (data not shown). In addition, we found
that BMP2 treatment can upregulate the expression of genes in the
other branches of ER stress inducers (PERK-ATF4 and ATF6;
supplementary Fig S1 online). The increase in the level of XBP1

©2011 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

protein was also confirmed by western biot (Fig 1C, left panel),
and immunocytochemistry of XBP1 in BMP2-treated MEFs showed
an accumulation of XBP1 protein in the nucleus (Fig 1C, right
panel). The processing of Xbp1 in differentiating osteoblasts was also
evaluated by using ER stress-activated indicator (ERAD-transgenic

EMBO reports VOL 12 | NO 52011 453
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fibroblast cell line C3H10T1/2 was co-transfected with the indicated reporter constructs and an empty vector (—) or with an expression vector
bearing either XBP1s or XBPlu complementary DNA. *P<0.05. (B) Comparison of XBP1-binding sequence and UPR element-like sequence in

the promoter region of the Osx genome between species. (C) Schematic representations of the Osx reporter constructs and the mutants (left panel).
Reporter assays using the indicated reporter construct and an expression vector bearing XBP1s complementary DNA (right panel). Luciferase activity
of the empty reporter construct (—)-transfected cells was set to one. (D) Schematic representation of the Osx promoter region and the expected

PCR products (upper panel). Chromatin immunoprecipitation assays using a control rabbit IgG, XBP1 antibody or RUNX2 antibody (RX2, used

as a negative control; lower panels). A set of primers that amplifies the region outside the putative binding sites was used as a negative control

for the experiment. IgG, immunoglobulin G; IP, immunoprecipitation; mEF, mouse embryonic fibroblast; NS, not significant; Ocn, Osteocalcin;

Osx, Osterix; POB, primary osteoblasts; UPR, unfolded protein response; XBP1, X-box binding protein 1; XBP1s, spliced X-box binding protein 1;

XBP1u, unspliced X-box binding protein 1.

mice (lwawaki et al, 2004), in which fluorescent protein is induced
on activation of IRETa. As shown in Fig 1D, there was a significant
increase in fluorescence activity in the BMP2-treated calvarial bone
collected from newborn ERAl-transgenic mice, especially in the
junction of the sagittal and coronal sutures, where bone formation is
achieved through direct differentiation of mesenchymal cells to
osteoblasts. This observation illustrates that Xbp7 transcripts are
processed in the activated osteoblasts.

Next, we used MEFs lacking IRE1a to investigate how the
absence of IRE1a in MEFs would affect their osteoblast-differ-
entiation capacity and the production of extracellular matrix
proteins. As shown in Fig 2A, the addition of BMP2 significantly
increased alkaline phosphatase (ALP) activity in wild-type MEFs,
compared with minimal or no increase in freTa~~ MEFs. These
results indicate that BMP2-induced osteoblast differentiation is
hampered by the absence of IRE1a. The absence of XbpTs mRNA
expression in freTo—~ MEFs was confirmed by reverse transcrip-
tion (RT)-PCR (Fig 2B). A time course expression analysis of the
aforementioned osteoblast markers by quantitative RT-PCR in

454 EMBO reports VOL 12| NO 52011

BMP2-treated MEFs showed reduced expression in IreToa—/~ MEFs,
compared with control MEFs (Fig 2C). The expression levels of
other osteoblast markers—including bone sialoprotein, osteopon-
tin and osteonectin—were also significantly reduced in lrela—"-
MEFs, compared with control MEFs (supplementary Fig S2 online).
As it is also conceivable that the hampered osteoblast differentia-
tion in frela/~ MEFs was derived from an increase in apoptosis,
we evaluated the apoptosis in BMP2-treated IreTa~~ and wild-
type MEFs. As expected, there was an increase in the apoptosis
rate in Irelo~~ MEFs compared with wild-type MEFs; however,
the overall ratio of the apoptotic cell rate was low
(1.7% and 3.5% in wild-type and Irefa~"~ MEFs, respectively),
suggesting that the increased apoptosis in the absence of IRETa
was not the primary cause for the defect in differentiation
(supplementary Fig S3 online). Notably, even in the absence of
IRETq, there was a transient increase (peaking at around 48 h) in
the expression levels of Runx2 and Col7aT after BMP2 treatment,
whereas the expression levels of Osx and Ocn (late-stage markers
of osteoblast differentiation) remained almost unchanged. Taken
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together, these observations indicate that the maturation of
osteoblasts is inhibited in the absence of IRE1a, whereas the
initial stage of differentiation—in which undifferentiated me-
senchymal cells commit to the osteoblast lineage—is not affected.

It has been shown previously that IRETa not only processes
XbpT mRNA, but can also activate stress-induced JNK through
recruitment of TRAF2 (Urano et al, 2000). Next, we asked which
of these pathways is more involved in BMP2-induced osteoblast
differentiation. We used small interfering RNA (siRNA)-mediated
gene silencing to suppress the expression of XBP1 and TRAF2 in
wild-type MEFs and subjected these cells to in vitro osteoblast-
differentiation experiments. In frela- and XbpT-siRNA-transfected
MEFs, the increase in ALP activity after BMP2 treatment was
reduced to a level comparable to that observed in freTa~~ MEFs
(Fig 2D). The reduction in the amount of Xbp7s mRNA was
confirmed by quantitative RT-PCR (Fig 2E). In addition, we found
that the mRNA expression levels of Col7al and Osx were
significantly reduced, whereas that of Runx2 remained unaltered
(Fig 2F). Conversely, introduction of Traf2-siRNA into MEFs had
little effect on their potential to induce ALP after BMP2 treatment
(Fig 2G, left panel). The suppression of the transcript level of Traf2
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in siRNA-transfected MEFs was confirmed by quantitative RT-PCR
(Fig 2G, right panel). Consistently, there was no change in mRNA
expression levels in any of the osteoblast markers in Traf2-siRNA-
treated cells (Fig 2H). Taken together, these observations suggest
that the IRE1a~XBP1, but not the IRETo~TRAF2, pathway is
essential for BMP2-induced osteoblast differentiation.

To gain insight into the regulatory mechanism underlying
IRE1a~XBP1 and osteoblast differentiation, we performed a
reporter assay using reporter constructs carrying the promoter of
Runx2, Osx, Collal and Ocn. Unexpectedly, we found that
reporter activity was highly induced in cells transfected with an
Osx-reporter vector and XBP1s expression vector, and to a lesser
extent in the cells transfected with a Col7al-reporter vector
(Fig 3A). By contrast, there was no change in reporter activity
in the cells transfected with a Runx2- or Ocn-reporter vector.
Introduction of the unspliced version of XBP1—which could
potentially interfere with the activity of XBP1s (Yoshida et al,
2006)—had no effect on reporter activity in the cells transfected
with any of the four reporter constructs. In addition, co-transfection
of ATF4 (which functions downstream of PERK) or ATF6 expression
vector with the Osx-reporter construct did not show any change
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in reporter activity (data not shown). Interestingly, comparative
genomic sequence analysis revealed that the promoter region
of Osx encodes a UPR element (TGACGTGG/A)-like sequence
(TGAGCTGG; Yoshida et al, 2001) and an XBP1-binding sequence
(ACGT; Acosta-Alvear et al, 2007), which are highly conserved
among species (Fig 3B). On the basis of these sequence data,
we generated several mutant reporter constructs and performed
a luciferase assay. As shown in Fig 3C, the shorter reporter
constructs—which lack one (Osx —786) or both (Osx —355) of
the aforementioned putative binding motifs—showed a decrease
in luciferase activity, compared with the full-length construct (Osx
—1269). Furthermore, the mutant constructs—which lack either
one (Osx 1269 A504-491 and Osx —1269 A—~830-821) or both
(Osx —1269 A—830-821, 504-491) binding motifs—also showed
a significant decrease in the XBP1s-driven luciferase activity.
Chromatin immunoprecipitation assays confirmed that XBP1 binds to
the promoter region of Osx containing either one of the putative
binding motifs in MEFs, MC3T3-E1 cells and primary osteoblasts
from wild-type newborn mice (Fig 3D).

The observations that XBP1s promotes Osx transcription in the
reporter assay led us to ask whether ER stress alone is capable of
inducing Osx transcription. We repeated the reporter assays using
the aforementioned Osx reporter constructs and found that ER
stress induced by thapsigargin is able to promote Osx reporter
activity (supplementary Fig S4 online). Furthermore, this activity
was abolished in irela~/~ MEFs, in which no Xbp7s mRNA is
expressed (Fig 2B), indicating that ER stress-induced Osx reporter
activity is dependent on IRETa, presumably involving IRET1a-
mediated induction of XBP1s. Next, we incubated wild-type and
IreTa~"~ MEFs with thapsigargin for 3 or 6h and then examined
the transcript level of Osx by quantitative RT-PCR. As shown in
Fig 4A, there was no change in Osx transcripts in either wild-type
or IreTa~~ MEFs; however, when the cells were preincubated
with BMP2 for 16h, the addition of thapsigargin significantly
induced the Osx transcripts in wild-type, but not in freTa=",
MEFs. Furthermore, we found that treatment with thapsigargin
alone was sufficient to promote Osx transcripts in a preosteo-
blastic cell-line, MC3T3-E1 (Fig 4B). The thapsigargin-induced
Osx transcripts were abolished by gene silencing of Xbp1 (Fig 4C),
indicating that upregulation of Osx transcripts by thapsigargin is
XBP1s-dependent. Consistently, overexpression of XBP1s was also
capable of inducing Osx transcripts, but not those of Runx2, in
MC3T3-E1 cells (Fig 4D). These observations suggest that after a
cell differentiates into a preosteoblast, Osx becomes inducible by
XBP1-dependent UPR signalling.

Finally, to consolidate our observations, we examined whether
the introduction of Osx to IreTo~/~ MEFs could rescue the defect
in BMP2-induced osteoblastic differentiation. As shown in Fig 4E,
we found that enhanced expression of Osx can partly restore ALP
activity in the BMP-treated Irefoa~~ MEFs, further supporting a
functional link between the IRE1o~XBP1 pathway and Osx.

In summary, this study indicates that UPR has two functions
during osteoblast differentiation: (i) to expand the capacity of the
ER to cope with the increase in the production of extracellular
matrix proteins, and to avoid the cells producing matrix proteins
from apoptosis induced by ER overload (Hino et al, 2010); (ii) to
stimulate Osx expression through the IREToa—XBP1 pathway
to promote the maturation of preosteoblasts into osteoblasts
(Fig 4F). In comparison to Runx2, the functions and the molecular
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regulation of Osx are poorly understood, although both genes are
equally indispensible for skeletogenesis (Komori, 2006; Karsenty,
2008). Therefore, the unexpected link between the IRETa~XBP1
pathway and Osx identified here might shed new light on the
understanding of the UPR and osteoblast differentiation.

METHODS

Cells and reagents. The generation of lreTa™~ and wild-type
MEFs was described previously (Urano et al, 2000). Primary
osteoblasts were collected from the calvaria from 18.5dpc
wild-type embryos. Recombinant human BMP2 was purchased
from Wako (Osaka, Japan). IRE1o antibody (14C10), XBP1 antibody
(M-186), RUNX2 antibody (M-70) and actin antisera were from
Cell Signaling, Santa Cruz (M-186 and M-70) and Sigma-Aldrich,
respectively. IreTa, Xbp1, Traf2 and non-targeting control siRNA
were purchased from Sigma Genosys.

Luciferase assay. Luciferase assay was performed using a dual
luciferase assay system (Promega). pRL-SV40 (Promega) was used
as a transfection efficiency control. The assays were performed
16 h after the transfection of reporter constructs and expression
vectors. Transcriptional activity was expressed as a ratio of
firefly:Renilla luciferase activity.

Chromatin immunoprecipitation assay. MC3T3-E1 cells, MEFs
and primary osteoblasts were cultured in BMP2-supplemented
medium for 72 h. The cells were fixed by 1% paraformaldehyde/
phosphate-buffered saline for 10min at 23 °C. Chromatin shearing
and immunoprecipitation were performed using ChiP-IT Express
Chromatin Immunoprecipitation Kits (Active Motif), as instructed
by the manufacturer. The isolated DNA fragments were used as
templates for PCR amplification (see Fig 3D for a schema showing
the target region for PCR and supplementary Table S1 online for
the PCR primers used in this study).

Statistical analysis. A student’s ttest for two samples assuming
equal variances was used to calculate P-values. P-values <0.05
were considered statistically significant. All experiments, including
the reporter assay, quantitative RT-PCR and chromatin immuno-
precipitation assay, were repeated at least three times. Error bars
indicate standard deviation.

Detailed description of the constructs and the protocols for
immunostaining, evaluation for ALP activity, ex vivo culture
of calvariae and quantitative RT-PCR are provided in the
supplementary information online.

Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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Abstract

Background We have previously reported that recombi-
nant human plasminogen-related protein B (tPRP-B), a
putative 9-kDa protein that closely resembles the activation
peptide of plasminogen, has shown significant inhibition of
tumor growth through inhibition of angiogenesis. Based on
recent reports suggesting a close relationship between
rheumatoid arthritis (RA) and angiogenesis, we hypothe-
sized that this compound would regulate inflammatory
conditions in RA. The present study therefore tested the
effects of rPRP-B in the treatment of collagen-induced
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arthritis (CIA) to elucidate the mechanisms underlying
these effects.

Methods DBA/1] mice immunized with type II colla-
gen to induce CIA were monitored to assess the effects
of TPRP-B on clinical severity of the disease. Patholog-
ical changes in joints, including vessel formation and
vascular endothelial growth factor (VEGF) production,
were examined histologically. Bone destruction was
radiologically evaluated. In vitro studies on the effects of
rPRP-B on cell proliferation and production of VEGF in
interleukin (IL)-15 or basic fibroblast growth factor
(bFGF)-stimulated human synoviocytes were also
performed.

Results  Development of CIA was effectively inhibited by
rPRP-B. Radiological examinations revealed that the pro-
tein reduced bone destruction in CIA. CIA-induced vessel
formation and VEGF expression in vivo were also reduced.
In vitro mechanistic studies demonstrated that rPRP-B
affected human synoviocyte proliferation and VEGF pro-
duction stimulated by IL-1f and bFGF.

Conclusions Given the ability to effectively promote
multistep anti-angiogenic activities, including cell growth
inhibition and cytokine regulation, rPRP-B represents
a promising candidate for a novel therapeutic agent
against RA.

Introduction

Plasminogen-related gene B (PRG-B) encodes a putative
9-kDa protein [plasminogen-related protein (PRP)-B] that
closely resembles the activation peptide of plasminogen
[1]. Messenger ribonucleic acid (mRNA) for PRG-B was
originally discovered in cultured articular chondrocytes
derived from human cartilage, one of the least vascular
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tissues in the body [1]. We have previously analyzed the
biological activity of recombinant PRP-B (rPRP-B) and
have shown significant inhibition of tumor growth through
inhibition of angiogenesis [2, 3]. Moreover, an in vitro
model revealed a potential role of this protein in inhibiting
angiogenesis by inhibiting endothelial cell proliferation,
migration, and vessel formation through interaction with
the cell surface avf; integrin in vitro [4]. Upregulated
expression of this gene in several malignancies and
inflammatory conditions has been confirmed, suggesting a
role in the pathogenesis or regulation of both neoplastic
and inflammatory conditions [3, 5].

Rheumatoid arthritis (RA) is a chronic inflammatory
disease characterized by severe synovial inflammation,
resulting in destruction of bone and cartilage and loss of
structural integrity and normal joint function. Upregula-
tion of pro-angiogenic mediators in RA patients suggests
that angiogenesis is closely related to the progression of
RA [6]. Although dramatic effects of biological agents,
such as tumor necrosis factor (TNF)-alpha blockers, have
recently been reported, criticisms of serious side effects,
such as predispositions to tuberculosis, lymphoma, and
progressive multifocal leukoencephalopathy and high
cost, have been raised [7], indicating the need for sub-
stitute modalities for the treatment of RA. Anti-angio-
genic therapy thus offers a promising candidate for the
treatment of RA. The present study confirmed the bio-
logical activity of rPRP-B in inhibiting inflammatory
conditions in the collagen-induced arthritis (CIA) mouse
based on the hypothesis that anti-angiogenic activity of
rPRP-B could regulate RA activity. In addition, analyses
of biological activity of rPRP-B in an in vitro inflam-
matory model were performed to clarify the underlying
mechanisms.

Materials and methods
Purification of recombinant protein

The cloning of PRG-B and characterization of a recombi-
nant form of the bacterial-derived recombinant polyhisti-
dine-tagged PRP-B have been described previously [2]. In
brief, a human fetal liver cDNA library (kindly supplied
by A. Bernards, Massachusetts General Hospital Cancer
Center) constructed in Agtl0 was screened by a standard
procedure for PRG-B ¢cDNA using a probe encompassing
the Pgn intron D-homologous region in PRG-B. A
recombinant fusion protein comprising recombinant PRG-
B fused to an N-terminal hexahistidine tag was constructed,
as described previously [8]. The endotoxin level in the
rPRP-B preparation was determined using an Endosafe
system (Charles River, Charleston, SC) [9].

@ Springer

Cell culture

Human fibroblast-like synoviocytes (HFLSs) were pur-
chased from Cell Applications (San Diego, CA). Cells
between passages 3 and 5 were used for experiments.

Cell proliferation assay

Proliferation of HFLSs with inflammatory cytokine stim-
ulation and the effects of rPRP-B were monitored as
described previously with some modifications [4, 10].
Concentration of rPRP-B was determined according to a
previous study [4]. HFLSs were harvested for 24 h. After
adding rPRP-B (5 pg/ml), cultures were treated with 5 ng/
ml of bFGF (Oncogene Research Products, San Diego, CA)
or IL-1 (PeproTech EC, London, UK). Following incu-
bation, viable cells were detected using a CellTiter 96
AQueous spectrophotometric cell proliferation assay
(Promega, Madison, WI).

Real-time polymerase chain reaction (real-time PCR)

We investigated the expression of vascular endothelial
growth factor (VEGF) mRNA in HFLSs with or without
rPRP-B treatment by real-time PCR using a Light Cycler
system (Roche Diagnostic, Basel, Switzerland). The
mRNA expression levels were normalized to GAPDH
mRNA levels.

Enzyme-linked immunosorbent assay (ELISA)

We plated HFLSs, and cultures were treated with bFGF or
IL-15 with or without rPRP-B. Levels of VEGF in cell
culture supernatants were measured using a Quantikine
immunoassay kit for human VEGF (R&D Systems, Min-
neapolis, MN).

CIA mice

CIA was induced as described previously [I1]. Briefly,
male DBA/1J mice were injected intradermally at the base
of the tail with chicken type II collagen (Chondrex, Red-
mond, WA) in acetic acid emulsified in Freund’s complete
adjuvant (Difco, Detroit, MI). At 21 days after primary
immunization, mice were administered a booster injection
of type II collagen. At 24 days after the first immunization,
mice were divided into two groups (n = 7 each): a control
group and a rPRP-B treatment group. Each group received
subcutaneous injections of either control PBS or rPRP-B
(§ mg/kg/day) once daily on days 24-34 after the first
immunization. An immunization-free group (n = 7) was
also included as a control. To evaluate the severity of
arthritis, thickness of the hind paw was measured every
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3 days using Vermier calipers by two investigators blinded
to experimental groups. All mice were maintained under
specific pathogen-free conditions. All animal experiments
were approved by the Institutional Animal Care and Use
Committee of the Keio University School of Medicine, and
all experiments were conducted in accordance with the
institutional ethical guidelines.

Histological assessment of arthritis

Mice with CIA from different groups were killed on day 43
after immunization. The hind paws of each mouse were
removed and fixed in 10% formalin. Samples were decalci-
fied, then embedded in paraffin. Tissues were divided into
4-um sections and stained with hematoxylin and eosin.
Histopathological grading of joint lesions was performed
semiquantitatively on a scale from 0 to 3, as previously
described [12]. The following criteria were examined:
inflammatory infiltrate (0, none; 1, mild; 2, moderate; 3,
severe infiltrate); synovial lesion (0, no lesion; 1, mild
alteration; 2, moderate alteration; 3, severe/complete
destruction of the synovia); cartilage destruction (0, none; 1,
mild; 2, moderate; 3, severe destruction with loss or complete
fragmentation of cartilage); and bone destruction (0, none; 1,
mild destruction of subchondral bone; 2, moderate destruc-
tion; 3, severe destruction with loss of large areas of bone).

Immunohistochemistry

Primary antibodies comprised anti-mouse CD31 antibody
(x400) (BD Biosciences Pharmingen) and anti-mouse
VEGF antibody (x200) (Calbiochem). As a secondary
antibody for CD31 staining, anti-rat biotin-labeled mouse
antibody (x100) (DakoCytomation) was used. For VEGF
staining, Histofine® Simple Stain MAX PO (Nichirei
Biosciences, Tokyo, Japan) was used. Finally, the reactant
was visualized using 3,3’-diaminobenzidine (DakoCyto-
mation). The number of positive cells was counted in eight
randomly selected high-power fields (x200) and plotted.

Radiological evaluation

Bone destruction near joints was evaluated using micro-
computed tomography (CT) (Micro-focus 2D/3DX-ray CT
scanning device, ScanXmate-E090S40, Iwaken, Tokyo,
Japan): 32 kV; 151 uA; 4.7 W. The amputated hind paw
including tarsal bones and metatarsal bones was used for
this examination.

Statistical analysis

Representative values were determined as means of values
obtained from each mouse in a group, and all values in the

experimental groups were compared to untreated CIA
mice. All results and measurements are expressed as
mean = standard deviation. Statistical comparisons
between two groups were evaluated using the Mann-
Whitney U test and the Kruskal-Wallis test. Values of
P < 0.05 were considered statistically significant. All
analyses were performed using JMP version 7.0.1 software
(SAS Institute Japan, Tokyo, Japan).

Results

Human synoviocyte proliferation by bFGF
or IL-1§ was inhibited by PRP-B

We have previously confirmed the inhibitory effects of
rPRP-B on bFGF-stimulated endothelial cell proliferation
[4]. We thus speculated on the possible biological effects
of the rPRP-B on bFGF-driven cell activity in synovio-
cytes. IL-15 is known as a cytokine that promotes synovitis
under inflammatory conditions [13] and was used for
stimulation of HFLS growth in the present study. rPRP-B
significantly inhibited the cell proliferation of HFLSs under
stimulation by both bFGF and IL-14 (Fig. 1).

rPRP-B significantly decreased the VEGF expression
of bFGF or IL-1§ stimulated HFLSs

The anti-angiogenic activity of rPRP-B [2] led to specu-
lating about possible activity of the protein on VEGF
expression in target cells. Expression levels of VEGF were
found to be reduced by rPRP-B in the culture supernatants
of both bFGF- and IL-1f-stimulated FLSs (Fig. 2).

% O.D.
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0

Control bFGF BFGF/rPRP-B fL-1 IL-1/rPRP-B
Fig. 1 HFLS proliferation with inflammatory cytokine stimulation
and effects of tPRP-B. Significant reductions in cell proliferation
were induced by administration of rPRP-B with both bFGF and IL-1

stimulation (*P < 0.05)
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