N
EBWH | e E L b Tt e O R TITL SRS | TE O
PREW | WEEETE - I/ WowE CSUSET | STEIYOE-RHEYDERES | WE °
LR SRR sl . Y T H
S Gy W E M
T T YL B T L Z X TSR

(B58) ¥H— LI L O LY




V. WSRO T - B



ARTHRITIS & RHEUMATISM

Vol. 60, No. 1. January 2009, pp 242-250
DOI 10.1002/art.24134

© 2009, American College of Rheumatology

Role of the NOD2 Genotype in the Clinical Phenotype
of Blau Syndrome and Early-Onset Sarcoidosis

Ikuo Okafuji,' Ryuta Nishikomori,' Nobuo Kanazawa,? Naotomo Kambe,® Akihiro Fujisawa,'
Shin Yamazaki,' Megumu Saito,! Takakazu Yoshioka,' Tomoki Kawai,' Hidemasa Sakai,’
Hideaki Tanizaki,! Toshio Heike,' Yoshiki Miyachi,' and Tatsutoshi Nakahata'

Objective. Blau syndrome and its sporadic coun-
terpart, early-onset sarcoidosis (EOS), share a pheno-
type featuring the symptom triad of skin rash, arthritis,
and uveitis. This systemic inflammatory granulomatosis
is associated with mutations in the NOD2 gene. The aim
of this study was to describe the clinical manifestations
of Blau syndrome/EOS in Japanese patients and to
determine whether the NOD2 genotype and its associ-
ated basal NF-kB activity predict the Blau syndrome/
EOQOS clinical phenotype.

Methods. Twenty Japanese patients with Blau
syndrome/EOS and NOD2 mutations were recruited.
Mutated NOD2 was categorized based on its basal
NF-kB activity, which was defined as the ratio of NF-xB
activity without a NOD2 ligand, muramyldipeptide, to
NF-kB activity with muramyldipeptide.

Results. All 9 mutations, including E383G, a novel
mutation that was identified in 20 patients with Blau
syndrome/EQOS, were detected in the centrally located
NOD region and were associated with ligand-
independent NF-xB activation. The median age of the
patients at disease onset was 14 months, although in 2
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patients in Blau syndrome families (with mutations
R334W and E383G, respectively) the age at onset was 5
years or older. Most patients with Blau syndrome/EOS
had the triad of skin, joint, and ocular symptoms, the
onset of which was in this order. Clinical manifestations
varied even among familial cases and patients with the
same mutations. There was no clear relationship be-
tween the clinical phenotype and basal NF-«kB activity
due to mutated NOD2. However, when attention was
focused on the 2 most frequent mutations, R334W and
R334Q, R334W tended to cause more obvious visual
impairment.

Conclusion. NOD2 genotyping may help predict
disease progression in patients with Blau syndrome/
EOS.

Sarcoidosis is a systemic inflammatory disease
with unknown etiology, but it can be clinically charac-
terized by swelling of the bilateral hilar lymph nodes and
histologically defined by the presence of noncaseating
epithelioid cell granulomas. A special subtype called
early-onset sarcoidosis (EOS; MIM no. 609464) occurs
in children younger than 4 years of age and is charac-
terized by a distinct triad of skin, joint, and eye disorders
without apparent pulmonary involvement (1). An
autosomal-dominant disease with clinical manifestations
similar to those of EOS has been recognized as Blau
syndrome (MIM no. 186580} (2,3). The gene responsible
for Blau syndrome has been mapped close to the inflam-
matory bowel disease 1 (/BDI) locus by linkage analysis
(4), and later the nucleotide-binding oligomerization
domain 2 gene (NOD2) was identified by Miceli-Richard
et al to be responsible for Blau syndrome (5). In the
study by Miceli-Richard et al, 2 European patients with
EOS had no mutation in NOD2; therefore, it remained
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controversial whether Blau syndrome and EOS have the
same etiology.

In 2004, we encountered a 27-year-old Japanese
man with multiple lichenoid papules. He was almost
blind, exhibited camptodactyly, and had a continuous
low-grade fever. This case of sporadic systemic granulo-
matosis with clinical features of EOS showed the same
NOD?2 mutation, the arginine-to-tryptophan substitution
at amino acid 334 (R334W), as that detected in Blau
syndrome (6). Therefore, we expanded this report (6)
and retrospectively examined cases of EOS in Japan and
observed that 9 of 10 patients with EOS had NOD2
mutations (7). Until recently, other investigators have
also confirmed that Blau syndrome and EOS are clini-
cally and genetically identical across various ethnic
groups (8-10).

NOD?2 activates NF-kB after recognizing a signal
from a bacterial cell wall component, muramyldipeptide,
in the cytoplasm of monocytes, and thus can work as an
intracellular sensor of bacteria (11,12). NOD2 has a
tripartite domain structure consisting of 2 amino-
terminal domains (termed caspase activation and re-
cruitment domains) that are composed of protein-
protein interaction cassettes, 1 centrally located NOD,
and carboxy-terminal leucine-rich repeats (LRRs) (13).
Using assays of NF-kB activity, an impaired ligand-
dependent response was demonstrated for 3 Crohn’s
disease-associated mutations located in NOD2 LRRs
(14,15), whereas enhanced ligand-independent NF-«B
activity was demonstrated for NOD2 alleles associated
with Blau syndrome and EOS (5,7,16). However, it
remains unknown how increased basal NF-kB activity
derived from gain-of-function mutations in NOD2 af-
fects the pathogenesis of Blau syndrome/EOS and
whether a genotype-phenotype correlation exists be-
tween the clinical manifestations or onset of Blau
syndrome/EOS and NOD2 mutations.

Because Blau syndrome/EOS is so rare, very few
reports are in the literature. Therefore, it was worth-
while to conduct a nationwide survey limited to patients
with a specific ethnic background, such as Japanese
patients. In this study, we precisely documented the
clinical manifestations in a cohort of Japanese patients
with Blau syndrome/EOS and NOD2 mutations, includ-
ing 9 previously reported cases (7), and explored the
genotype-phenotype correlation to the basal NF-«B
activity associated with each mutation, especially focus-
ing on the correlation of visual impairment with the most
frequent mutations, R334W and R334Q.

PATIENTS AND METHODS

Patients and clinical information. Among patients
with clinically diagnosed Blau syndrome/EOS, the 20 patients
with NOD2 mutations were included in this study (7,17-20).
None of these mutations were identical to the reported
single-nucleotide polymorphisms (SNPs) of NOD2, nor were
they detected in 100 Japanese healthy volunteers. Clinical
information and patient histories were collected from medical
records and by direct interviews of the patients and their
attending physicians. The presence of each symptom was
established as follows: a) persistent or repeated transient skin
lesions without definite cause were determined, b) persistent
or repeated transient arthritis without definite cause was
determined, c) uveitis was diagnosed by an ophthalmologist,
and d) remittent or intermittent fever without definite cause
was determined under close examination at the time of hospi-
tal admission. The age at disease onset was defined as the age
of the patient when any of the above-mentioned symptoms
appeared.

Clinical evaluation was performed primarily when in-
dividual symptoms first appeared that were hardly affected by
treatment or disease duration. The severity of visual impair-
ment was assessed in accordance with the World Health
Organization definition (21). Briefly, moderate visual impair-
ment was defined as visual acuity between 6/18 and 3/60, and
severe visual impairment was defined as acuity of 3/60 or less
in the better eye with best correction, as previously described
(9). Written informed consent was obtained from the patients
and their families, and the study protocol was in accordance
with the guidelines of the Institutional Review Board of Kyoto
University Hospital.

Genetics analysis. Genomic DNA was extracted from
the peripheral blood of the patients, and sequencing of all
exons and exon-intron junctions of NOD2 was performed as
previously described (7).

Generation of NOD2 mutants and NF-xB luciferase
assay. Expression plasmids of NOD2 and its mutants were
subcloned into the p3xFLAG-CMV vector, as previously de-
scribed (7). Blau syndrome/EOS-associated mutants were
generated using the QuikChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA), as described previously (7). The
ability of each construct to induce NF-«B activity was assessed
by dual luciferase reporter assay in HEK 293 human embry-
onic kidney cells, as previously described (7).

Other analyses. We determined the age at the time of
this survey, the age at onset of each symptom, and the NOD2
genotype for all patients as well as the distribution of age at
disease onset. Next, we analyzed the relationship between age
at disease/symptom onset and basal NF-«B activity due to
mutated NOD2. Basal NF-«B activity was defined as the ratio
of NF-kB reporter activity without muramyldipeptide to
NF-«B reporter activity with muramyldipeptide, as determined
using the in vitro NF-«B luciferase assay described above. The
activity was arbitrarily categorized as low (<0.3), moderate
(0.3-0.5), and high (>0.5). Finally, we analyzed the relation-
ship between visual impairment (normal, moderate, severe)
and basal NF-«B activity (low, moderate, high) due to individ-
ual mutated NOD2 genes, particularly the 2 most frequent
mutations, R334W and R334Q. We did not perform statistical
analysis because of the limited number of patients.
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Table 1. Demographic and clinical characteristics of the patients with Blau syndrome/early-onset sarcoidosis*
Fever Skin rash Arthritis Uveitis
Visual acuity

Patient/ Age at Age at Age at Age at

age/sex  Genotype onset Type onset Type onset Type onset Type oD (0N Ref.
1/15/F% E383G  2yr3Imo Int 8 mo LP/SE/EN 3 yr Poly 1lyr AP 20/50 20/67
2/48/FF E383G  Syr Per Syr LP/SE/EN  11yr Poly ityr A/P HM Nuli
3/36/F H496L - - 1 yr LP/SE 3yr Poly  Syr AP 20/20 20720 7
4/16/M R334Q I yr 8 mo Int 6 mo LP/SE lyr8mo Poly lyriOmo A/ 2022 20/22
5/19/M R334Q  2yr7mo Per lyrdmo LP/SE/EN 10 mo Poly Syr AP 20/50 20/20 17
6/8/F R334Q - - - - 3yr Poly - - 20720 20720
7/8/M T6OSP - - 7 mo LP/SE lyr6mo Poly 3yr3mo AP 20125 20/50 7
8/18/F D382E - -  3yr4dmo LP/SE 4yr Poly Syrd4mo AP 20/20 20725 7,18
9/13/M R334W 8 mo Per lyr3mo LP/SE/EN 8 mo Poly lyr8mo AP 20/29 20/33

10/32/M R334wW  2yr Int  2yr LP/SE lyr3mo Poly Oyr A/P  Blind, 20 yr Blind, 20yr 6,7
11/21/F R334W  2yrl1mo Per 2yrlmo LP/SE 6 yr Poly  4yr A/P - 20/670 20/330 7.19
12/33/M R334W - - 2yr LP/SE - - 13yr AP 20/29 20720 7
13/31/F R334W - -  2yr6mo LP/SE 8 yr Poly 3yr6mo  A/P  20/100 207200 7
14/10/F+  R334W  1yr Per lyr LP/SE Lyr Poly 2yr A/P 20/40 Null

15/46/F% R334W - - ddyr LP/SE 8 yr Poly 3yr A/P  Blind. 28 yr  Blind, 28 yr
16/16/MT  R334W - - byr SE lyr Oligo 6 yr AP 20/13 20/13 20
17/18/F+ R334W - - 12 yr SE 8yr Oligo 12yr AP 20/40 20725 20
18/8/M MSI3T  2yri0mo Int 2yr8mo SE 2yr9mo Poly 2yrilmo A 20/17 2017 7
19/15/F N670K 1 yr 8 mo Int 5 mo LP/SE/EN 1yr8mo Poly 3yr AP 20/200 20/200 7
20/7/M C495Y tyr Int  lyr LP/SE I yr Poly - 20720 20720

* Patient § also had left ventricular dysfunction and pulmonary hemorrhage due to bronchial granuloma. Patient 10 also had interstitial pneumonia.
Patient 11 also had hepatosplenomegaly and parotid swelling. Patient 18 also had renal calcification. OD = right eye; OS = left eye: yr = years, mo =
months; Int = intermittent; LP = multiple lichenoid papules; SE = scaly erythematous plaques; EN = erythema nodosum-like lesion; Poly =
polyarticular; A = anterior; P = posterior; Per = persistent; HM = hand motion; Oligo = oligoarticular.

T Familial case.

RESULTS

Genotype and basal NF-«B activity. The study
population comprised 9 male patients and 11 female
patients, with a median age of 17 years (range 7-48
years) and a median disease duration of 15 years (range
5-43 years). Fourteen of these 20 cases were sporadic
(EOS), and 6 were familial (Blau syndrome). The famil-
ial cases were in 3 unrelated families; 2 families (patients
14 and 15 and patients 16 and 17, respectively) had Blau
syndrome/EOS symptoms in 2 generations, and 1 family
(patients 1 and 2) had Blau syndrome/EOS symptoms in
3 generations. The most frequent heterozygous muta-
tion of NOD2 was R334W (1000C>T), which was
recognized in 2 familial and 5 sporadic cases (total of 9
cases), followed by R334Q (1001G>A) in 3 sporadic
cases, and E383G (1148A>@G, a novel amino acid sub-
stitution) in 2 familial cases (in 1 family). H496L
(1487A>T), T6OSP (1813A>C), D382E (1146C>G),
MSI3T (1538T>C), N670K (2010C>A), and C495Y
(1484G>A) were detected in 1 sporadic case each
(Table 1).

Nine mutations were identified in the centrally
located NOD region (Figure la) and were associated
with increased basal NF-«B activity in the absence of

muramyldipeptide (Figure 1b), which is consistent with
the finding of a previous study on Blau syndrome/EOS-
associated NOD2 mutations (16). We also confirmed
that 100 healthy control subjects and their genotyped
asymptomatic relatives did not have these amino acid
substitutions. Therefore, we concluded that these NOD2
mutations (amino acid substitutions) detected in pa-
tients with Blau syndrome/EOS were not SNPs but
rather were disease-causing mutations.

Disease onset. The defining characteristic of EOS
is its onset in children younger than age 4 years (1). In
the present study, despite the median age at disease
onsct of 14 months, the first clinical symptoms devel-
oped at age 5 years or older in 2 patients (patients 2 and
17, who were members of different Blau syndrome
families) with the E383G mutation and the R334W
mutation, respectively (Table 2). In patient 2, skin rash
developed at age 5 years; in patient 17, arthritis devel-
oped at age 8 years (Table 1).

The earliest presenting symptom was skin rash in
13 patients (65%), arthritis in 8 patients (40%), and
ocular symptoms in 1 patient (patient 15, who had
familial Blau syndrome with the R334W mutation)
(Table 1). Approximately 95%, 95%, and 90% of pa-
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Figure 1. Biologic effects of NOD2 mutants discovered in patients with Blau
syndrome/early-onset sarcoidosis (EOS). a, Schematic presentation of NOD-2
protein. Numbers indicate the positions of mutated amino acid residues identified in
our cohort. b, Increased basal NF-«B activity due to different mutated NOD2 genes
in patients with Blau syndrome/EOS. HEK 293T cells were cotransfected with a
NOD2 mutant together with the NF-«B reporter plasmid and internal controi
plasmid, and NF-«B reporter activity was measured after 12 hours of incubation with
or without muramyldipeptide (MDP: 5 ug/ml). Mock vector and wild-type (WT)
NOD2 were used as controls. Bars show the mean and SD of normalized data (mock
without muramyldipeptide = 1) from triplicate cultures. Results are representative
of 3 independent experiments. ¢, Busal NF-kB activity due to mutated NOD2 in
patients with Blau syndrome/EOS. Bars show the mean and SD results from 3
independent experiments. CARD = caspase activation and recruitment domain:
LRRs = leucine-rich repeats.

tients, respectively, had skin, joint, and ocular symptoms. The triad of symptoms. All except 1 patient
Consistent with the previous report (1), a triad of skin, (patient 6 [with the R334Q mutation]) had skin mani-
joint, and ocular symptoms developed (in this order) in festations. Consistent with a previous report (22), the
many patients with Blau syndrome/EOS. The median most frequent skin symptom was scaly erythematous
age at onset of rash, arthritis, and uveitis was 24 months, plaques with multiple lichenoid papules. Several patients
33 months, and 4.5 years, respectively (Table 2). (patients 1 and 2 with the E383G mutation, patient 5
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Table 2. Age of the patients at the onset of disease and symptoms*

Symptom onset

Disease

Age. onset Fever Rash Arthritis Uveitis
years (n=20) {(n=11 (n = 19) (n=19) (n=18)

0 6(30) 1(9) 421 21 0(0)

1 5(25) 4 (36) 5(26) 7(37) 21

2 4(20) 5(45) 5(26) 1(5) 2(11)

3 3(15) 0(0) 1(5) 3(16) 4(22)

4 0 (0) 0 (0) 0(0) 1(5) 1 (6)
=5 2(10) 1(9) 4(21) 5(26) 8 (44)

* Values are the number (% ). The median age at disease onset was |
year 2 months; the median age at onset of fever and rash was 2 years:
the median age at onset of arthritis was 2 years 9 months; the median
age at onset of uveitis was 4 years 6 months.

with the R334Q mutation, patient 9 with the R334W
mutation, and patient 19 with the N670K mutation) had
erythema nodosum-like lesions on their lower limbs in
addition to solid lichenoid eruptions. Notably, 3 patients
(patients 16 and 17 with the R334W mutation and
patient 18 with the M513T mutation) showed only scaly
erythematous plaques without lichenoid papules (Table 1).

All except 1 patient (patient 12 with the R334W
mutation) had joint lesions (polyarticular arthritis in 17
patients and oligoarticular arthritis in 2 [patients 16 and
17]) (Table 1). Both patients with oligoarticular arthritis,
who had familial Blau syndrome with the R334W muta-
tion, had camptodactyly without obvious synovial cysts.
Camptodactyly with synovial cysts is frequently de-
scribed as a typical joint sign in patients with Blau
syndrome/EOS (10). A consequence of arthritis was the
use of a wheelchair for daily mobility in 2 patients
(patient 5 with the R334Q mutation and patient 10 with
the R334W mutation).

All except 2 patients (patient 6 with the R334Q
mutation who also lacked skin eruptions and patient 20
with the C495Y mutation) had ocular lesions. The
lesions were bilateral, although visual acuity was asym-
metric, as in previous studies (22,23). Moreover, 17
(89%) of all 18 patients with ocular lesions had panuve-
itis, while only 1 patient (patient 18 with mutation
MS13T) had anterior uveitis, which demonstrated the
predominance of panuveitis over anterior uveitis. Ocular
symptoms were the last of the triad to develop in 15 of
the 18 patients and the first to develop in only 1 patient
(patient 15 with mutation R334W).

Clinical features other than the triad of symp-
toms. It is noteworthy that 11 patients (55%) experi-
enced fever at a median age of 24 months, almost
simultaneously with skin and/or joint symptoms (Table
1). Five patients had persistent fever reaching 38-40°C,
and 6 patients had intermittent fever. In particular, in |
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patient (patient 9 with mutation R334W) the disease
developed with intermittent fever (which then became
persistent fever over the next 6 months) and finger joint
swelling. In only 1 previous report (10), fever is men-
tioned as a clinical symptom of Blau syndrome/EOS,
although there are some case reports in which fever was
present at disease onset (24).

Four patients had involvement of organs other
than the skin, joints, and eyes (Table 1). Two patients
had pulmonary lesions (interstitial pneumonitis in pa-
tient 10 with the R334W mutation and bronchial gran-
uloma in patient 5 with the R334Q mutation). Bilateral
hilar lymph nodes, which are identified by chest radiog-
raphy and/or computed tomographic scanning, were not
observed in any patient. Patient 11 with the R334W
mutation exhibited hepatosplenomegaly and parotid swell-
ing (19}, and patient 18 with the MS13T mutation exhibited
renal calcification. No cases of large-vessel vasculitis were
observed in this cohort, even though vasculitis has been
reported in patients with EOS (25-27).

Triggering factors, BCG vaccination was associ-
ated with the onset of disease (i.e., development of
multiple papules on the extremities) in 2 patients, al-
though no apparent infection or vaccination was clearly
documented in other patients of our cohort. In 1 patient
(patient 7 with mutation T605P) who had papules on the
extremities, the spread of papules was from the site of
BCG vaccination. In the other patient (patient 1 with
mutation E383G), Gianotti disease was initially diag-
nosed, but a close review of her medical history later
indicated that her multiple papules were a symptom of
Blau syndrome/EOS.

Relationship between the onset of disease/
symptoms and basal NF-«kB activity due to mutated
NOD?2. Because disease duration and treatment varied
among patients, we focused on the onset of disease and
of each clinical symptom (i.e., fever, rash, arthritis, and
uveitis). We evaluated the relationship between age at
the onset of disease/symptoms and basal NF-«B activity
due to mutated NOD2 (defined as the ratio of NF-xB
activity without a NOD2 ligand, muramyldipeptide, to
NF-«B activity with muramyldipeptide for each mutated
NOD?2). The calculated basal NF-«xB activity ranged
from 0.23 to 0.79 (mean 0.42) for mutated NOD2 and
was 0.05 for wild-type NOD2 (Figure Ic).

Because the number of patients with each NOD?2
mutation was limited, we arbitrarily categorized basal
NF-kB activity as low (<0.3), moderate (0.3-0.5), and
high (>0.5). According to these criteria, mutations
E383G and H496L were associated with low activity;
mutations R334Q, T605P, D382E, R334W, and M513T
were associated with moderate activity; and mutations
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Figure 2. Relationship between age at disease or symptom onset and basal NF-«kB activity due to mutated NOD2. Among the
9 patients without fever, 8 had moderate and 1 had low basal NF-«B activity. One patient without rash had moderate basal
NF-kB activity, and [ patient without arthritis had moderate basal NF-«B activity. Of 2 patients without uveitis, 1 had hlgh and

the other had moderate basal NF-«B activity.

N670K and C495Y were associated with high basal
NF-kB activity. Our limited number of patients was
insufficient to detect a correlation between the defined
basal NF-kB activity and the onset ofdiscase, fever,
rash, arthritis, and uveitis (Figure 2). Notably, the age at
onset of symptoms: varied: markedly between: patients
with the same R334W mutation, even in familial cases
(Table 1).

Relationship between visual impairment and
basal NF-kB activity due to mutated NOD2. The most
relevant morbidity associated with Blau syndrome/EOS
is- ocular. involvement, which is: usually refractory: to

Table 3. Correlation between visual impairment and basal NF-«B
activity™

Disease duration,
median (range)

Visual impairment

Normal ~'Moderate ~ Severe years
Basal NF-«xB
activity
Low 2 0 [ 35 (15-43)
Moderate 11 2 2 15 (5-43)
High 1 1 0 10.5 (6-15)

conventional treatment. Thus, we next explored the
relationship between visual impairment and basal
NF-«B-activity. There was no clear correlation when the
analysis included all recruited patients (Table 3). When
we focused on the most frequent genotypes R334Q and
R334W, between-genotype differences in visual impair-
ment were observed (Table 4). Basal NF-«B activity was
higher-in patients with the R334W mutation than in
those with the R334Q mutation (Figure Ic). None of the
3 patients with the R334Q mutation had visual impair-
ments, while 4 of 9 patients with the R334W mutation

Table: 4. . Correlation between visual impairment and the 2 most
frequent genotypes®

Disease duration,
median (range)

Visual impairment

Normal .. Moderate Severe years
Present study
R334Q 3 0 0 15(5-19)
R334W 5 2 2 19 (9-43)
Previous study (9)
R334Q 8 0 0 12 (3-26)
R334W 8 2 1 16 (5-44)

* Except where indicated otherwise, values are the number of patients.

* Except where indicated otherwise, values are the number of patients.



had visual impairments. This result suggests that patients
with the R334W mutation were more likely to have
visual impairments than were those with the R334Q
mutation (Table 4).

DISCUSSION

Blau syndrome/EOS is a rare systemic granulo-
matosis that has been associated with NOD2. In this
study, patients with Blau syndrome/EOS and NOD2
mutations were retrospectively recruited nationwide in
Japan, to determine whether the NOD2 genotype and its
functional abnormality predict the Blau syndrome/EOS
clinical phenotype. This study is the first to investigate
the correlation between the NOD2 genotype and its
functional abnormality and the Blau syndrome/EOS
clinical phenotype. Our findings suggest that NOD2
genotyping may help predict disease progression in
patients with Blau syndrome/EOS, although the clinical
severity of Blau syndrome/EOS was not clearly associ-
ated with basal NF-«kB activity due to mutated NOD2
among the limited number of patients we studied.

The classic Blau syndrome/EQS symptom triad is
skin rash, arthritis, and uveitis. Corresponding clinical
manifestations include widespread erythematous pap-
ules, polyarthritis with boggy synovial swellings, and
panuveitis (1,9,10,23), which were also identified in the
present study. Rose et al described 2 patients who also
had 1 episode of erythema nodosum-like lesions during
the course of the disease (9). In our cohort, 5 patients
had erythema nodosum-like lesions, suggesting that this
should be recognized as one of the skin manifestations
associated with Blau syndrome/EOS.

In the current study, 55% of the patients had
fever, which always accompanied at least 1 symptom of
the classic triad. Arostegui et al also reported that 50%
of their cohort had recurrent or persistent fever (10).
These findings suggest that fever is one of the important
symptoms of Blau syndrome/EOS and is the reason why
Blau syndrome/EOS is misdiagnosed as systemic-onset
juvenile idiopathic arthritis (JIA). In fact, patient 11 in
our study (who had the R334W mutation) experienced
persistent fever reaching 40°C and received aggressive
immunosuppressive therapy, because systemic-onset JIA
was initially diagnosed. This case alerts us to the possi-
bility that patients with Blau syndrome/EOS can some-
times have fever, and that Blau syndrome/EOS can
resemble systemic-onset J1A.

Bilateral hilar lymph nodes, which are often seen
in adult sarcoidosis, are not observed in Blau syndrome/
EOS, but this does not mean that pulmonary lesions do
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not occur in patients with Blau syndrome/EOS. In fact, 2
patients (patient 5 [with the R334Q mutation] and
patient 10 [with the R334W mutation]) had pulmonary
lesions; in particular, patient 10 had the first reported
case of sporadic EOS in association with the NOD2
mutation (6). Another case of Blau syndrome/EOS with
pulmonary lesions and interstitial pneumonitis, but not
bilateral hilar lymph nodes, has also been reported (28).
These findings suggest the importance of following up
patients with Blau syndrome/EOS to check for not only
the classic triad of symptoms but also other abnormali-
ties, including pulmonary lesions.

Blau syndrome/EOS, which usually occurs in
children younger than age 4 years, developed at 5 years
and 8 years, respectively, in 2 patients in the present
study (patient 2 [with the E383G mutation] and patient
17 [with the R334W mutation}). Because both of these
patients had a family history of skin rash/arthritis/uveitis,
they had been closely monitored by their parents as well
as by their physicians. Therefore, it is unlikely that any
symptoms that occurred when the patients were younger
than 4 years of age were overlooked in these 2 cases. In
the literature, there is 1 case of Blau syndrome in which
skin rash, persistent fever, and camptodactyly started to
develop at age 18 years (10). These findings indicate that
the onset of Blau syndrome/EOS can be at age 5 years or
older, and that disease onset in a patient younger than 4
years should not be considered requisite for a diagnosis
of Blau syndrome/EOS.

In our cohort, the age at disease/symptom onset,
organ invelvement, and severity of Blau syndrome/EOS
varied substantially even within affected families and
between individuals with the same NOD2 mutation (e.g.,
R334W). In other genetic disorders, identical mutations
have been associated with phenotypic variation in unre-
lated individuals, within a family, and even in monozy-
gotic twins (29). Phenotypic variation in Blau syndrome/
EOS has been reported in monozygotic twins; therefore,
nongenetic factors such as environmental conditions
and/or infectious agents might be involved in phenotypic
variation (24). Interestingly, in 2 of our cases, BCG
vaccination was an obvious triggering factor. In addition,
a previous report noted that cutaneous lesions first arose
after BCG vaccination in a patient with Blau syndrome/
EOS (30). The BCG vaccine contains muramyldipep-
tide, a ligand for NOD-2 protein (11,12), which is
interesting from a pathophysiologic point of view. How-
ever, BCG vaccination did not always cause the onset of
disease in patients with Blau syndrome/EQOS, because
most patients in our cohort were vaccinated with BCG
according to the immunization protocol used in areas of
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Japan where the risk for tuberculosis was high. An
unknown endogenous ligand for NOD-2 could influence
disease onset and/or progression, similar to uric acid as
an endogenous cryopyrin/NLRP3 ligand (31). The po-
tential roles of endogenous ligands, pathogen-associated
molecular patterns, and/or danger-associated molecular
patterns in disease pathogenesis remain to be elucidated.

Although increased basal NF-kB activity due to
mutated NOD2 has been proposed as an etiology of Blau
syndrome/EQOS, how such activity causes the character-
istic symptoms remains unclear. We hypothesized that if
increased basal NF-«B activity is the key to the patho-
physiology of this disease, it should be related to disease
severity or disease progression. Unfortunately, there was
no clear correlation between basal NF-«kB activity and
the onset of disease/symptoms. However, patients with
mutated NOD2 and low basal NF-«B activity tended to
experience complications, e.g., arthritis and uveitis, at a
later age. This finding raises the possibility that basal
NF-«B activity may affect disease progression rather
than disease onset. Given that NOD-2 protein signals
through MAPK/ERK as well as the NF-«B pathway
(32), the possibility cannot be excluded that the MAPK/
ERK activation potential of each NOD2 genotype might
also be correlated with disease severity or progression.

From the perspective of quality of life, the ocular
manifestations of Blau syndrome/EOS require the clos-
est attention (33). In a previous study, one-third of
patients with Blau syndrome/EOS and NODZ2 mutations
had a poor or extremely poor visual outcome, and the
progression of visual field loss was independent of the
particular NOD2 mutant and was not associated with
disease duration (9). In our cohort, however, patients
with the R334W mutation cxperienced more visual
impairment than did patients with the R334Q mutation,
although 4 patients with the R334W mutation were from
2 families (patients 14 and 15 and patients 16 and 17,
respectively). Therefore, familial genetic and environ-
mental factors could easily influence the phenotype.
Thus, in order not to favor our hypothesis, we excluded
patients 15 and 17 from the analysis, and the trend was
still evident. This observation was consistent with the
findings of Rose et al (9), although those investigators
did not address this issue. These findings suggest that
NOD2 genotyping could help predict the course of
eye disease in patients with Blau syndrome/EOS, espe-
cially those with the R334Q mutation or the R334W
mutation.

The relationship between visual impairment and
basal NF-«B activity also remains a matter for discus-
sion, Our data showed that visual impairments were

more severe in patients with the R334W mutation than
in those with the R334Q mutation, which seems to be
consistent with the hypothesis that higher basal NF-«xB
activity causes more severc disease or more disease
progression. However, no ocular symptoms have devel-
oped during the 6 years since disease onset in patient 20
(with the C495Y mutation and the highest basal NF-xB
activity in our cohort), although ocular symptoms devel-
oped in another patient with the same genotype (10).
Also, in patient 2, who had the E383G mutation and the
lowest basal NF-«B activity, severe visual impairment
occurred when she was in her late twenties. These
findings contradict our hypothesis that NODZ2 genotypes
with higher basal NF-«B activity are associated with
severe discase. However, Blau syndrome/EOS was
promptly diagnosed in patient 20 with the C495Y muta-
tion, who luckily was under the care of the same
pediatric rheumatologist who treated patient 19 (who
had the N670K mutation) and was treated with systemic
steroid therapy. Patient 2 (who had the E383G muta-
tion) subsequently received inappropriate immunosup-
pressive therapy, because the patient refused steroid
treatment. Furthermore, patient 10 (with the R334W
mutation), who had no obvious systemic inflammatory
findings and did not receive systemic steroid therapy,
became blind at 20 years of age. These findings raise the
possibility that the extent of visual impairment could be
modified by therapy.

Finally, we were not able to prove a link between
the clinical severity of Blau syndrome/EOS and basal
NF-kB activity in the whole cohort, possibly because of
the restricted number of patients and because of the
differences in treatment among patients. Therefore, a
prospective study involving a sufficient number of pa-
tients to allow analysis of each genotype—phenotype
correlation would be required to test our hypothesis.
Given that there is no standard treatment protocol for
Blau syndrome/EOS, some predictors of disease pro-
gression, especially progression of visual impairment,
would have great benefit for clinicians. We observed a
difference in the development of visual impairment only
between patients with the R334W mutation and those
with the R334Q mutation, which provides a clue that
predicts the development of visual impairment in pa-
tients with the R334W and R334Q mutations. We also
believe that understanding the mechanisms of how
NOD?2 acts in disease pathogenesis should help in dis-
covering therapeutic targets for the treatment of Blau
syndrome/EOS.
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Abstract

Thrombopoietin (TPO) is the principal physiologic regulator of platelet production. We have searched for
small molecule compounds that mimic the action of TPO by using human TPO receptor-expressed in
Ba/F3 cells, resulting in the discovery of AKR-501 (YM477). AKR-501 specifically targeted the TPO recep-
tor and stimulated megakaryocytopoiesis throughout the development and maturation of megakaryocytes
. just as rhTPO did. AKR-501, however, was shown to be effective only in humans and chimpanzees with
high species specificity. Therefore, we examined the in vivo platelet-increasing effect of AKR-601 in
human platelet producing non-obese diabetic/severe combined immunodeficiency (NOD/SCID) mice trans-
planted with human fetal liver CD34" cells. Daily oral administration of AKR-501 dose-dependently
increased the number of human platelets in these mice, with significance achieved at doses of 1 mg/kg
and above. The peak unbound plasma concentrations of AKR-501 after administration at 1 mg/kg in
NOD/SCID mice were similar to those observed following administration of an active oral dose in human
subjects. These results suggest that AKR-501 is an orally-active TPO receptor agonist that may be useful
in the treatment of patients with thrombocytopenia.
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While platelet development appears to be regulated by
a number of growth factors and cytokines, thrombo-
poietin (TPO) is the principal physiologic regulator of
platelet production (1, 2). TPO stimulates megakaryocy-
topoiesis throughout the development and maturation
of megakaryocytes leading to platelet production. The
TPO receptor is expressed on hematopoietic stem cells
(HSCs), a subfraction of hematopoietic precursors, and
on cells of the megakaryocytic lineage and platelets.
Two TPO receptor agonists, recombinant human TPO
(rhTPO) and pegylated recombinant megakaryocyte

© 2009 The Authors
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growth and development factor (PEG-rHuMGDF),
have previously undergone extensive clinical trials.
However, the clinical development of PEG-rHUMGDF
was terminated because of the development of neutraliz-
ing antibodies to PEG-rHUuMGDF that cross-reacted
with endogenous thrombopoietin, resulting in profound
hematological consequences in patients and volunteers
receiving multiple subcutaneous injections of the drug
(3, 4). The appearance of antibodies was reported in an
early trial of rhTPO, but the biological activity of these
antibodies has not been reported (5). Recombinant
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TPOs are therefore associated with risk of immuno-
genicity.

Recently, a number of screening methods have been
developed to identify small molecules that could mimic
the biological effects of hematopoietic growth factors.
Potential advantages of small molecule mimetics include
their putative lack of immunogenicity and non-parenteral
route of administration. Small molecules might also be
less expensive to produce. To identify small molecule mi-
metics of native proteins, high throughput assays of
either receptor binding or biological activity have been
devised. With respect to TPO, several small molecular
compounds were reported to mimic the effect of TPO
through the TPO receptor (6-10). Therefore, we screened
by using human TPO receptor transfected murine Ba/F3
cells to identify orally active small molecular TPO recep-
tor agonists (11), which led to the discovery of AKR-
501.

Here, we describe the pharmacological properties of
AKR-501. We showed that AKR-501 mimics the bio-
logical activities of TPO in vitro and in vivo. AKR-501,
however, was showed to have effect in humans and
chimpanzees only. Non-obese diabetic/severe combined
immunodeficiency  (NOD/SCID) mice were character-
ized as representing an efficient engraftment model for
human HSCs, which resulted in the production of
human platelets. Therefore, this model was used in this
study to examine the effect of AKR-501 on in vivo
“platelet production in human platelet producing
NOD/SCID mice in which human HSCs has been
transplanted. Further, we demonstrated that this model
is suitable to predict the effect of AKR-501 in
humans.

Materials and methods

Compounds

AKR-501, 1-(3-Chloro-5-{[4-(4-chloro-2-thienyl)-5-(4-cyclo-
hexylpiperazin-1-yl)-1,3-thiazol-2-yljcarbamoyl}-2-pyridyl)
piperidine-4-carboxylic acid was synthesized by Yama-
nouchi Pharmaceutical Co., Ltd. (Ibaraki, Japan) (12).
rhTPO was purchased from GT (Minneapolis, MN,
USA).

Human TPO receptor expressed Ba/F3 cells

The human full-length c-mpl ¢cDNA (c-mpl-p) derived
from HEL cells was subcloned into a pEF-BOS vector.
This plasmid pEF-BOS-c-mp/ (10 pg) and the selection
marker plasmid pSV2bsr (1 ug) (Kaken-Seiyaku, Tokyo,
Japan) were co-electroporated into murine IL-3 (mlL-3)
dependent murine Ba/F3 cells in a 0.4 cm cuvette at
1.5kV (25 uF). These cells were then cultured in
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RPMI 1640 medium (GIBCO, Grand Island, NY, USA)
supplemented with WEHI conditioned media (BD
Biosciences, Bedford, MA, USA) for 3d, and then
in selection medium containing 10 gg/mL blasticidin
(Funakoshi, Tokyo, Japan) for 1 month.

Assay for TPO receptor-dependent cell growth

The cells used in this study were maintained in RPMI
1640 medium supplemented with 10% FBS (JRH BIO-
SCIENCES, Lenexa, KS, USA), 50 units/mL penicil-
lin/streptomycin  (GIBCO), and WEHI conditioned
media. These cells were seeded in each well of a 96-well
plate and cultured in the medium at the concentration of
2% 10° cellsymL. Human TPO receptor expressing
Ba/F3 cells were incubated with AKR-501, dissolved in
dimethyl suifoxide (DMSO), or thTPO. Ba/F3 cells were
incubated with AKR-501, rhTPO or recombinant mIL-3
(rmIL-3; Pepro Tech EC, London, UK). WST-1/1-meth-
oxy PMS reagent (Cell counting kit, Dojin, Kumamoto,
Japan) was added to each well and then incubated.
A450/A655 was measured with a microplate reader
(Model 3350; BioRad, Hercules, CA, USA) immediately
and at 2 h after addition of WST-1/1-methoxy PMS
reagent. Proliferation activity of the compound was cal-
culated as the percentage of maximum proliferative activ-
ity of thTPO for TPO receptor expressing Ba/F3 cells.
The percentage of maximum proliferative activity of
rmIL-3 was used to calculate the proliferation activity
for Ba/F3 cells.

Megakaryocyte colony formation

Human cord blood (CB) CD347 cells (AllCells, Berke-
ley, CA, USA) at a density of 2500 celis/0.75 mL were
suspended in MegaCult™-C (StemCell Technologies Inc.,
Vancouver, Canada) containing either AKR-501 dis-
solved in DMSO or rhTPO, and plated in two-well
chamber slides. After 10-12 d of incubation, human
CD4l1-positive megakaryocytes were identified. Colonies
that contained three or more human CD41-positive cells
were scored as human megakaryocyte colonies. Data
were expressed as the percentage of maximum differenti-
ation activity of rhTPO, and the ECs values were calcu-
lated for the drug.

Ploidy analysis

G-CSF-mobilized human peripheral blood CD34™ cells
(BioWhittaker Inc., Walkersville, MD, USA) were seeded
in a 24-well culture plate (Iwaki, Chiba, Japan) at 10 000
cells/0.5 mL/well in culture medium in the presence of
3 AKR-501 or 3 nm rthTPO. The culture medium
consisted of 100 uMm 2-mercaptoethanol, 7.5 ug/mL
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cholesterol, BIT9500 (StemCell Technologies Inc.), and
Iscove’s modified Dulbecco’s medium. The cells were cul-
tured for 12 d at 37°C. The cells were collected and stained
with anti-human CD41-FITC (BD PharMingen, San
Diego, CA, USA). After incubation for 20 min at 4°C,
cells were washed, made permeable by gradual addition of
methanol which was chilled at —40°C, and incubated for
30 min at 4°C. Then, cells were treated with 100 pg/mL
RNase (Nippon Gene, Toyama, Japan) for 30 min at 4°C,
and 50 ug/mL propidium iodide (PI) (Sigma, St. Louis,
MO, USA) was added. After incubation for 30 min under
darkness at 4°C, the cells were suspended in 500 pL of 2%
FBS-PBS and analyzed using a flow cytometry (EPICS
XL-MCL, Beckman-Coulter, Miami, FL, USA). Cells
expressing CD41 were regarded as megakaryocytes. Ploidy
distribution was analyzed by histogram. Events of each
peak were counted by setting markers. Each ploidy level
was expressed as event %. Event % at ploidy level of nN
was calculated by the followed equation; Events %
(nN) = [nN/(2N + 4N + 8N + 16N + 32N<)] x 100.

Western blot analysis of signal transduction through
TPO receptor

Human TPO receptor expressing Ba/F3 cells washed
free of growth factors by media, were incubated in
RPMI1640 supplemented with 10% FBS and
50 units/mL penicillin/streptomycin for 15h at 37°C.
After this depletion period, cells were resuspended in
RPMI1640 at a concentration of 1 x 10%/mL and were
stimulated with either AKR-501 or rhTPO at 37°C for
15 min. Cells were lysed in the same volume of a buf-
fer containing 15 mm HEPES (pH 7.4), 150 mm NaCl,
10 mM EGTA, 1 mM sodium orthovanadate, protease
inhibitor cocktail tablet (Roche Diagnostics, Indianapo-
lis, IN, USA), and 2% (w/v) Triton X-100. Insoluble
materials were removed by centrifugation at 10 000 x g
for 30 min at 4°C. Total lysates were separated by
electrophoresis using an SDS-PAGE gel under reducing
conditions and transferred to a sheet of polyvinylidene
difluoride membrane (Millipore, Bedford, MA, USA).
The membrane was then blocked with Block Ace
(Dainihon-Seiyaku, Osaka, Japan) at room temperature
for 30 min., Membranes were then incubated overnight
at 4°C in a hybridization buffer consisting of anti-
phospho-STAT3 (Tyr7095), anti-phospho-STATS
(Tyr694), and anti-phospho-ERK (Thr202, 204) anti-
bodies (Cell Signaling, Beverly, MA, USA) in Tris-buf-
fered saline with 0.05% Tween 20 (TBST), and 3%
FBS. These filters were stripped and reprobed with
anti-STAT3, anti-STATS (Santa Cruz Biotechnology,
CA, USA), and anti-ERK antibodies (Upstate Biotech-
nology, Lake Placid, NY, USA) to assure equal load-
ing in each lane of the gel. Blots were developed using
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an ECL kit (Amersham Pharmacia, Buckinghamshire,
UK).

Western blot analysis of tyrosine phosphorylation of
STAT 5 in the platelets

Human blood was drawn from healthy volunteers in the
presence of a 1/10th volume of 3.8% sodium citrate,
added as an anticoagulant, and centrifuged at 150 x g
for 10 min to obtain platelet-rich plasma (PRP). Animal
blood from various species (chimpanzee, olive baboon,
rhesus monkey, cynomolgus monkey, common marmo-
set, squirrel monkey, beagle dog, guinea pig, rabbit, rat,
and hamster) were drawn in the presence of 1/10th vol-
ume of 3.8% sodium citrate. PRP was prepared by cen-
trifugation of whole blood at 170 x g for 10 min. After
the addition of 5 nM PGE,; (Sigma), 5 mm EDTA (pH
8.05), and 3 U/mL apyrase (Sigma), the PRP was centri-
fuged at 1490 x g to form a platelet pellet. The pellet
was resuspended in 5 mL of a Tyrode’s-HEPES buffer
(137 mm NaCl, 2.68 mm KCl, 3.75mm NaH,PO,,
0.98 mMm MgCl,, 5.55 mM dextrose, 0.35% (w/v) BSA,
and 37.8 mm HEPES, pH 6.7) also containing 5 nMm
PGE,, 5 mm EDTA (pH 8.05), and 3 U/mL apyrase and
washed once. For western blot analysis, platelets were
resuspended at a concentration of 3 x 10% cells/mL in
the Tyrode’s-HEPES buffer (pH 7.35) and were stimu-
lated with either AKR-501 or rhTPO at 37°C for
15 min. The Western blot protocol was as described
above. In the incubation process, membranes were in a
hybridization buffer consisting of anti-phospho-STATS
antibody in TBST and 3% FBS.

Transplantation of human fetal liver CD34" cells into
NOD/SCID mice

Human fetal liver (FL) CD34% cells (approximately
1 00 000 cells/mouse, BioWhittaker Inc, Walkersville,
MD, USA) were injected into 9- to 12-wk-old NOD/
SCID mice through the tail vein after irradiation with
2.4 Gy as two divided doses at intervals of at least 4 h
by an X-ray apparatus (MBR-1520R-3, Hitachi Medi-
cal Corporation, Tokyo, Japan). The transplanted mice
were injected intraperitoneally with anti-asialo GMI
antiserum (Wako, Osaka, Japan) immediately before
cell transplantation and every 9-11 d after cell trans-
plantation, a total of six times in order to deplete nat-
ural killer cells. After transplantation, mice were given
sterile water containing prophylactic neomycin. Periph-
eral blood (PB) was obtained from the retro-orbital
plexus using heparinized calibrated pipets (Drummond
Scientific Co, Broomall, PA, USA), and transferred to
EDTA 2Na containing Capiject (Terumo Medical,
Somerset, NJ, USA). Blood celi counts were measured
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using an automatic cell counter (MEK-6258, Nihon
Kohden, Tokyo, Japan).

Flow cytometric analysis of peripheral blood in trans-
planted NOD/SCID mice

Human platelets from NOD/SCID mice were analyzed
by flow cytometry (EPICS XL-MCL). Human platelets
in PB were measured by staining with anti-human
CD41-PE and anti-murine CD41-FITC (BD PharMin-
gen). The percentage of human platelets was calculated
by dividing the number of hCD41" cells by the total
number of CD41™" cells (human and mouse). The num-
ber of human platelets in PB was calculated by multiply-
ing the percentage of human platelets by the total blood
platelet count in PB, as measured with an automatic cell
counter. The number of murine platelets in PB was cal-
culated by subtracting the number of human platelets
from the total platelet count.

Administration of AKR-501 to transplanted NOD/SCID
mice

Various doses of AKR-501 (0, 0.3, 1, and 3 mg/kg/d),
suspended in 0.5% methylcellulose, were orally adminis-
tered for 14 d to NOD/SCID mice transplanted with
human FL CD347 cells. PB was collected on days 7, 14,
21, and 28 after the start of AKR-501 administration,
and blood cell counts and the number of human platelets
were measured. The time course of changes in human
and murine platelets number is expressed in terms of the
rate of increase after administration of AKR-501 relative
to the value at predosing. Statistical analysis was per-
formed by Dunnett’s test.

Results

AKR-501 is a TPO receptor agonist

We screened for small molecule compounds that mimic
the action of TPO using a method that measured the
proliferative activity of human TPO receptor-expressing
Ba/F3 cells, resulting in the discovery of an orally active
TPO receptor agonist, AKR-501. AKR-501 supported
the proliferation of TPO receptor expressing Ba/F3 cell
in a concentration-dependent fashion (Fig. 1A). The
compound demonstrated an ECsp value of 3.3 £+ 0.2 nM
in this assay with the maximum proliferative activity
equivalent to maximum activity of thTPO. The activity
of the compound was dependent on the TPO receptor,
because parental Ba/F3 cells did not respond to either
AKR-501 or rhTPO (Fig. 1A, B). Further, AKR-501
induced tyrosine phosphorylation of STAT3 and STATS,
and threonine phosphorylation of ERK in the cells, as
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Figure 1 AKR-501 specifically acts on human Thrombopoietin {TPO)
receptor. {A, B) Proliferative response of human TPO receptor
expressed Ba/F3 cells (A) and Ba/F3 cells (B) to AKR-501 (@), rhTPO
(¢), and rmiL-3 (A). Data are presented as mean + SE (n = 5). (C) Sig-
nal induction in TPO receptor expressed Ba/F3 cells. Human TPO
receptor expressed Ba/F3 cells were stimulated by AKR-501 or
rhTPO. Immunoblots were probed with anti-phospho-STAT3, anti-
phospho-STATS, and anti-phospho-ERK antibodies. These filters were
stripped and reprobed with anti-STAT3, anti-STATS5, and anti-ERK
antibodies.

did rhTPO. Thus, AKR-501 activates signal transduction
in TPO receptor expressing Ba/F3 celis through the TPO
receptor, and supports the proliferation of these cells
(Fig. 1C).

TPO  specifically  stimulates  megakaryocytopo-
iesis throughout the development and maturation of
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megakaryocytes. Therefore, we examined the effect of
AKR-501 on the differentiation to megakaryocytes from
hematopoietic progenitor cells. AKR-501 promoted
megakaryocyte colony formation from human CB CD34™
cells in a concentration-dependent fashion (Fig. 2A). The
ECso value was 25.0 £ 7.8 nm for AKR-501 and the
maximum activity of AKR-501 was similar to that of
rhTPO. Human megakaryocyte colonies generated with
AKR-501 and rhTPO had similar morphologic features
(Fig. 2B, C). Further, AKR-501 and rhTPO induced
polyploidization of megakaryocytes from G-CSF mobi-
lized peripheral blood CD34™ cells in liquid culture
(Fig. 3A, B). There was no apparent difference between
AKR-501 and rhTPO at each ploidy level (Fig. 3C).
These results suggest that AKR-501 mimics the effect of
TPO in vitro.

Species specificity of AKR-501

TPO receptor is expressed on the surface of platelets,
and TPO induces signal transduction including STATS.
The species specificity of AKR-501 for the TPO receptor
was demonstrated by STATS activation in platelets of
various species (Fig. 4). AKR-501 induced tyrosine phos-

AKR-501 is a novel TPO receptor agonist

phorylation of STATS in human blood platelets and
chimpanzee blood platelets, as did rhTPO. In contrast,
rhTPO induced tyrosine phosphorylation of STATS in
olive baboon, cynomolgus monkey, rhesus monkey,
common marmoset, squirrel monkey, beagie dog, guinea
pig, rabbit, rat, and hamster platelets (data not shown),
but AKR-501 did not induce phosphorylation in these
species.

Evaluation of AKR-501 on human platelet production
in NOD/SCID mice

AKR-501 was shown to have strict species-specificity and
to be effective only in humans and chimpanzees. To exam-
ine the in vivo pharmacological effects of AKR-501 on
human platelet production, we used NOD/SCID mice
transplanted with FL CD34 7 cells. NOD/SCID mice were
characterized as an efficient engraftment model for HSCs.
It had been reported that the multilineages of human
hematopoiesis, including the production of human plate-
lets, could be reconstituted over a long period of time in
NOD/SCID mice transplanted with human HSCs (13, 14).
In this study, we used commercially available cryopre-
served human FL CD34" cells as a source of HSCs.

A Megakaryocyte colony formation
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Figure 2 AKR-501 promotes megakaryocyte
differentiation from human CD34" cells.

{A) Megakaryocyte colony formation was
measured in serum-free collagen-based medium
cultures of human cord blood CD34* cells in
the presence of increasing concentrations of
AKR-501 (@), and recombinant human TPO
{rhTPOY} (#}). Data are presented as mean = SE
{n = B). (B, C} Immunohistochemical identifica-
tion of typical human megakaryocyte colonies
generated with 3 um AKR-501 (B} and 10 nm

>
rhTPO (C) x 100 objectives. &
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G-CSF-mobilized human peripheral blood CD34" cells were cuitured
for 12 d in serum-free fiquid medium in the presence of 3 um AKR-
501 or 3 nm recombinant human TPO (rhTPO). Following surface mar-
ker staining, DNA analysis was performed by staining with propidium
iodide. The piots show the typical ploidy distribution after gating on
CD41* cells (A: 3 vt AKR-501, B: 3 nv rhTPO). (C) Ploidy analysis of
megakaryocytes generated by 3 um AKR-501 (open columns) or 3 nv
thTPO (filled columns). The data represent the mean = SE of five
independent experiments. Statistical analysis was performed in each
DNA content group using Student's ttest.
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Human platelets started to appear in the PB of these mice
4 wk after transplantation. The production of human
platelets continued for more than 6 months post-trans-
plant.

Doses of 0.3, 1, and 3 mg/kg/d of AKR-501 were
orally administered once per day for 14 d to NOD/SCID
mice that stably produced human platelets. Oral adminis-
tration of AKR-501 dose-dependently increased the
number of human platelets, resulting in approximately a
2.7-fold increase at 1 mg/kg/d (P < 0.05) and a 3.0-fold
increase (P < 0.01) at 3 mg/kg/d on day 14 after the
start of administration (Fig. 5A). The minimum effective
dose was 1 mg/kg/d. Withdrawal of AKR-501 adminis-
tration caused the human platelet count to return nearly
to pretreatment levels. As was expected given the species
selective activity of AKR-501, the murine platelet count
did not change after oral administration of AKR-501 at
any dosage (Fig. 5B). Further, WBC, RBC, and body
weight did not significantly change during the study per-
iod (data not shown).

Discussion

We successfully employed high throughput screening tech-
niques based on proliferation of human TPO receptor-
expressing Ba/F3 cells to identify a series of 2-acylamino-
thiazole derivatives as a potent novel series of TPO recep-
tor agonists. The lead agent in the series, AKR-501,
caused dose-dependent proliferation of human TPO recep-
tor-expressing Ba/F3 cells and promoted differentiation
to human megakaryocytes. This agent was efficacious fol-
lowing oral administration, producing a dose-dependent
increase of human platelet numbers in NOD/SCID mice
transplanted with human FL CD34 ™ cells.

—p PhosphoSTATS
—p STATS

Figure 4 AKR-501 activates STATS in human
and chimpanzee platelets, but not in baboon,
rhesus, and cynomolgus monkey platelets.
Human and non-human primate platelets were
stimulated by AKR-501 or recorbinant human
TPO (thTPO). Immunoblots were probed with
anti-phospho-STATS antibody. These filters
were stripped and reprobed with anti-STATS
antibody.
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A Increase of human platelet count

Increase of human platelet count
(fold of predose)
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B 4 Increase of murine platelet count
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o
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Figure 5 Oral administration of AKR-501 increases the number of human platelets in NOD/SCID mice transplanted with human FL CD34" celis.
AKR-501 (vehicle (¢}, 0.3 @), 1 (4). and 3 (o) mg/kg/d) was orally administered for 14 d to human platelet-producing NOD/SCID mice. PB was
collected on the indicated days, and blood cell counts were measured. The percentage of human platelets was measured by flow cytometry, and
the number of human (A) and murine platelets (B) was calculated as described in ‘Materials and methods’. The time course of changes in human
and murine platelet count is expressed in terms of the fold increase after administration of AKR-501 relative to the value at predosing. Data are
presented as mean = SE (n = 10, on day 28; n = 9 for vehicle, 0.3, 3 mg/kg/d groups). *P < 0.05, **P < 0.01 vs. vehicle group by Dunnett's

test.

Other small molecules such as TM41 (15), SB-497115
(eltrombopag) (16), SB-394725 (17), and NIP-004 (18)
have been reported as TPO receptor agonists. Some com-
pounds including eltrombopag, SB-394725, and NIP-004
display species specificities (17-19) as did the compounds
in our series. In order to identify an orally active TPO
receptor agonist, we utilized NOD/SCID mice trans-
planted with human FL CD34™ cells to evaluate hema-
topoietic stem cells (20-22) and human platelet
production (13, 14). Previously we reported that subcuta-
neous injection of TPO to NOD/SCID mice transplanted
with human cord blood CD34™ cells dose-dependently
increased the number of human platelets (14), and subcu-
taneous injection of NIP-004 has been shown to induce
human platelet production in a xenotransplatation model
(18). Herein we report that oral administration of AKR-
501 to the NOD/SCID mice model increased the number
of human platelets. To our knowledge, no other TPO
agonists have been reported to be orally administered to
the NOD/SCID mice model. Therefore, AKR-501 is the
first TPO receptor agonist whose platelet increasing
effect was proven by oral administration to NOD/SCID
mice transplanted with human hematopoietic stem cells.

The efficacy of AKR-501 seen in the non-clinical model
has also been demonstrated in the clinic. In a phase I
study, once daily oral administration of AKR-501 at
10 mg to healthy volunteers for 14 d increased the number

© 2009 The Authors
Journal compilation 82 (247-254} ©® 2009 Blackwell Munksgaard

of platelets, resulting in a >50% increase over baseline
platelet count (23). This result is consistent with the in vivo
result using NOD/SCID mice transplanted with human
FL CD34% cells. Furthermore, similar peak unbound
plasma concentrations of AKR-501 were observed in both
the non-clinical model and in this phase I clinical trial. The
peak unbound plasma concentrations of AKR-501 after
administration at 1 mg/kg in the NOD/SCID mice study
and after 14 d dosing at 10 mg/d in human study were 3.3
and 3.4 ng/mL, respectively. The observed pharmacody-
namic responses at comparable exposures demonstrate
that the NOD/SCID model is suitable for predicting the
concentration-effect relationship of orally-active TPO
receptor agonists in man,

In conclusion, we identified a novel orally-active TPO
receptor agonist, AKR-501, which mimics the biological
activity of TPO both in vitro and in vivo. These non-clini-
cal results and early results from clinical investigations
suggest that AKR-501 is an orally active TPO receptor
agonist that may prove useful for treating patients with
thrombocytopenia.
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Macrophages act to protect the body against inflammation
and infection by engaging in chemotaxis and phagocytosis. In
chemotaxis, macrophages use an actin-based membrane struc-
ture, the podosome, to migrate to inflamed tissues. In phagocy-
tosis, macrophages form another type of actin-based membrane
structure, the phagocytic cup, to ingest foreign materials such as
bacteria. The formation of these membrane structures is
severely affected in macrophages from patients with Wiskott-
Aldrich syndrome (WAS), an X chromosome-linked immunod-
eficiency disorder. WAS patients lack WAS protein (WASP),
suggesting that WASP is required for the formation of podo-
somes and phagocytic cups. Here we have demonstrated that
formin-binding protein 17 (FBP17) recruits WASP, WASP-in-
teracting protein (WIP), and dynamin-2 to the plasma mem-
brane and that this recruitment is necessary for the formation
of podosomes and phagocytic cups. The N-terminal EFC
(extended FER-CIP4 homology)/F-BAR (FER-CIP4 homology
and Bin-amphiphysin-Rvs) domain of FBP17 was previously
shown to have membrane binding and deformation activities.
Our results suggest that FBP17 facilitates membrane deforma-
tion and actin polymerization to occur simultaneously at the
same membrane sites, which mediates a common molecular
step in the formation of podosomes and phagocytic cups. These
results provide a potential mechanism underlying the recurrent
infections in WAS patients.

Podosomes (see Fig. 14) are micron-scale, dynamic, actin-
based protrusions observed in motile cells such as macro-
phages, dendritic cells, osteoclasts, certain transformed fibro-
blasts, and carcinoma cells (1). Podosomes play an important
role in macrophage chemotactic migration, which is critical for
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recruitment of leukocytes to inflamed tissues. Podosomes are
both adhesion structures and the sites of extracellular matrix
degradation (2). Adhesion to and degradation of the extracel-
lular matrix are essential processes for the successful migration
of macrophages in tissues. Podosomes occur in most macro-
phages and can be observed by differentiating human primary
monocytes into macrophages with macrophage-colony stimu-
lating factor-1 (M-CSF-1)? and staining the F-actin using phal-
loidin (3, 4). Podosomes labeled in this way appear as F-actin-
rich dots (see Fig. 1C). Podosome formation has recently been
directly observed in vitro and in vivo in leukocyte migration
through the endothelium, diapedesis (5).

Phagocytosis of bacterial pathogens is one of the most impor-
tant primary host defense mechanisms against infections. The
phagocytic cup (see Fig. 1B) is an actin-based membrane struc-
ture formed at the plasma membrane of phagocytes, including
macrophages, upon stimulation with foreign materials such as
bacteria. The phagocytic cup captures and ingests foreign
materials, and its formation is an essential first step in phago-
cytosis leading to the digestion of foreign materials (6, 7). When
macrophages are stimulated by foreign materials, podosomes
disappear, and phagocytic cups, which are also rich in F-actin,
are formed to ingest the foreign materials (see Fig. 1D).

Wiskott-Aldrich syndrome (WAS) is an X chromosome-
linked immunodeficiency disorder. Patients with WAS suffer
from severe bleeding, eczema, recurrent infection, autoim-
mune diseases, and an increased risk of lymphoreticular malig-
nancy {8-10). The causative gene underlying WAS encodes
Wiskott-Aldrich syndrome protein (WASP) (11). WASP defi-
ciency due to the mutation or deletion causes defects in adhe-
sion, chemotaxis, phagocytosis, and the development of hema-
topoietic cells in WAS patients (10).

? The abbreviations used are: M-CSF-1, macrophage-colony stimulating fac-
tor-1; FBP17, formin-binding protein 17; WAS, Wiskott-Aldrich syndrome;
WASP, Wiskott-Aldrich syndrome protein; N-WASP, neuronal WASP; WIP,
WASP interacting-protein; EFC domain, extended FER-CIP4 homology
domain; F-BAR domain, FER-CIP4 homology and Bin-amphiphysin-Rvs
domain; PMA, phorbol 12-myristate 13-acetate; GFP, green fluorescence
protein; siRNA, short interfering RNA; FITC, fluorescein isothiocyanate;
PDZ-GEF, PDZ-guanine nucleotide exchange factor; HEK293 cells, human
embryonic kidney 293 cells; HA, hemagglutinin; SH3, src homology 3 domain;
dSH3, SH3 domain deletion; GST, glutathione S-transferase; , Pi(4,5)P,, phos-
phatidylinositol 4,5-bisphosphate; siFBP, siRNA for FBP17; siC, scrambled
control siRNA.
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