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Abstract Tumor necrosis factor receptor-associated peri-
odic syndrome (TRAPS) is a dominantly inherited autoin-
flammatory syndrome that is characterized by recurrent
episodes of fever attacks associated with rashes, abdominal
pain, myalgia, conjunctivitis, chest pain, and arthralgia. Some
patients have severe abdominal pain leading to abdominal
surgery. Most reported cases of TRAPS involve patients of
European ancestry, but there have been nine reports of
patients with TRAPS in Japan. Here, we review these nine
case reports. Reported TNFRSFIA gene mutations in these
nine index patients were C70S, T611, C70G, C30Y, C30R,
N101K, and N25D. Fever (100 %) was seen in all 23 cases.
Most patients developed rash (erythema) (84.6 %) and
arthralgia (73.3 %), and half suffered from myalgia (54.5 %)
and abdominal pain (50.0 %). Although one-half of the
patients suffered from abdominal pain, none underwent sur-
gery. In contrast, only a small percentage of patients suffered
from chest pain (20.0 %), conjunctivitis (20.0 %), and
headache (10.0 %). Almost all cases (95.7 %) concerned
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patients whose relatives suffered from periodic fever. These
findings suggest that the clinical features of Japanese TRAPS
patients may be milder than those of patients in Western
countries.

Keywords TRAPS - Autoinflammatory disease -
TNFRSFIA gene mutation - Japan

Introduction

Tumor necrosis factor (TNF) receptor-associated periodic
syndrome (TRAPS), formerly known as Familial Hibernian
Fever [1], is an inherited autoinflammatory syndrome that
is caused by mutations in the TNF receptor type 1
(TNFRSFIA), the gene encoding for the 55-kDa receptor
for TNF [2-6]. The TNFRSFIA gene mutations were first
thought to be associated with a deregulation of the shed-
ding of TNFRSF1A [2], and in 2006 Lobito and colleagues
[7] reported that the mutations may spontaneously induce
alternative signaling, independent of binding TNF-a.
Recently, the concerted pro-inflammatory action of cell-
surface wild-type and accumulated intracellular mutant
TNF receptors has been reported [8]. Since TRAPS was
first proposed as a genetic diagnosis, only those patients
with demonstrable TNF receptor mutations should be
included as having TRAPS [2-6].

More than 100 different mutations have been reported
for patients with TRAPS in INFEVERS, a mutational
database accessible on the World Wide Web at
http://fmf.igh.cnrs.fr/infevers. However, a few TNFRSFIA
gene mutations are also found in about 1 % of the general
population [9]. The TNFRSFIA gene mutations that are
present in unaffected individuals are considered to be low-
penetrance gene mutations [10].
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TRAPS is characterized by recurrent episodes of fever
attacks associated with rash, abdominal pain, myalgia,
conjunctivitis, chest pain, and arthralgia [2-6]. Hull and
colleagues [3] reported the clinical characteristics of 50
genetically confirmed American TRAPS patients (i.e., 47
of European ancestry, 2 Puerto Ricans, and 1 African
American). Common symptoms associated with periodic
fever were myalgia (98.0 %), conjunctivitis/periorbital
edema (90.0 %), abdominal pain (88.0 %), rash (86.0 %),
arthralgia (84.0 %), and pleuritis (54.0 %). Among these
50 patients, 26 (52.0 %) had abdominal pain which led to
abdominal surgery. Pelagatti and colleagues [11] reported
the clinical profiles of 11 Italian patients with TRAPS,
noting that the recurrent fever attacks were associated with
abdominal pain (81.8 %), arthralgia (63.6 %), myalgia
(63.6 %), rash (54.4 %), headache (54.4 %), chest pain/
pleuritis (27.2 %), and conjunctivitis (9.0 %). Although
these authors reported that arthralgia (63.6 %) was fre-
quently associated with periodic fever, arthritis (27.2 %)
was less common [11].

TRAPS was originally described as occurring among
Irish and Scottish descendants [1], and most reported
patients with TRAPS are of Northern European ancestry
[2-6], although any ethnic group may be afflicted in this
disease [2-6].

We have reported Japanese TRAPS families with the
C70G mutation [12] and C30R mutation [13] of the
TNFRSF 1A gene. However, including our reports [12, 13],
there have been only nine reported cases of patients with
genetically confirmed TRAPS in Japan [12-20]. Moreover,
to our knowledge, no TRAPS patients have been reported
in East Asian countries, with the exception of Japan. In
order to clarify the characteristics of TRAPS in the East
Asian population, as well as to explore the modified
diagnostic criteria for Japanese TRAPS patients, we
reviewed the published case reports on Japanese patients
with genetically confirmed TRAPS.

Japanese patients with TRAPS

Table 1 presents a summary of the reported cases of Jap-
anese patients with TRAPS and information on their fam-
ilies [12—20]. Seven different mutations of the TNFRSFI1A
gene were reported in these nine Japanese patients with
TRAPS: C70S (T295A) [14], T611 (C269T) [15, 20], C70G
(T295G) [12], C30Y (G176A) [16, 19], C30R (T175C)
[13], N1OIK (C390G) [17], and N25D (A160G) [18].

All mutations reported among these Japanese patients
are located in the exon regions. Among the nine reports of
gene mutations of TNFRSFIA, six reports demonstrated
that family members also had gene mutations as well as
clinical symptoms [12-16, 20]. One report showed that

family members had episodes of periodic fever [18, 19],
but no genetic analysis was performed [18, 19]. Another
paper reported that a patient with TRAPS had no family
history of the disease [17].

Three of the nine index cases (30.0 %) and six of 23
patients (26.1 %) had been misdiagnosed as having juve-
nile idiopathic arthritis (JIA) or adult onset Still’s disease
prior to the diagnosis of TRAPS being established [13, 16,
19] (see remarks in Table [). All of these patients had a
family history of periodic fever [13, 16, 19].

As shown in Table 2, fever was observed in all Japanese
index cases [12-20]. Almost 90 % of all index patients
developed rash (erythema) [12-18, 20], and nearly 80 %
suffered from arthralgia [12, 14-19]; only half suffered
from myalgia (55.6 %) [15, 16, 18-20]. In contrast, only a
small percentage of Japanese index cases suffered from
abdominal pain (33.3 %) [16, 19, 20], chest pain (22.2 %)
[16, 19], conjunctivitis (22.2 %) [14, 15], and headache
(11.1 %) [18].

In almost 70 % of the Japanese index cases, fever and
rash improved after glucocorticoid therapy (66.7 %) [13—
17, 19]. With the exception of two index cases who had no
chance to use glucocorticoid [12, 18], fever and rash
improved after glucocorticoid therapy in 6 out of 9 Japa-
nese index cases with TRAPS (77.8 %) [13-17, 19]. All
Japanese index cases but one (88.9 %) had patients with
periodic fever occurring among their relatives [12-16, 18—
20].

Table 2 also presents the summary of the clinical
symptoms of Japanese index cases and TRAPS patients in
their families [12-20]. Fever was seen in all cases [12-20],
and most patients presented with rash (erythema) (84.6 %)
[12-18, 20] and arthralgia (73.3 %) [12-19], and half
suffered from myalgia (54.5 %) [15, 16, 18-20] and
abdominal pain (50.0 %) [15, 16, 19, 20]. Although half of
the Japanese TRAPS patients suffered from abdominal
pain, none underwent surgery [15, 16, 19, 20]. In contrast,
only a small percentage of patients suffered from chest pain
(20.0 %) [16, 19], conjunctivitis (20.0 %) [14, 15], and
headache (10.0 %) [17]. Among the ten patients who
received glucocorticoid therapy, 80 % were responsive
[13—-17, 19]. All cases but one (95.7 %) had relatives who
suffered from periodic fever attacks [12-16, 18-20].

Discussion

Hereditary periodic fevers are a group of inherited systemic
disorders characterized by episodes of fever with localized
inflammation that often affects serosal membranes, joints,
and skin [4]. The clinical features of periodic fevers are
episodes of fever and localized inflammation, which can
include abdominal pain, pleuritic chest pain, arthritis or
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Table 1 Reported cases of Japanese patients with TRAPS and their families

References Age Kinship Age at TNFRSFIA  Fever Abdominal  Myalgia  Rash Conjunctivitis ~ Chest Arthralgia  Other Response to Remarks
(years) onset (years) gene pain (erythema) (periorbital pain symptoms  glucocorticoids
and sex mutation edema) (pleuritis)
Kusuhara etal. 14F Proband 0 (2 months) C708 Positive  Negative Negative  Positive Positive Megative  Positive Megative  Responder Her 17-year-old sister
[14] (T295A) was 4 mutation carrier
with CT0S (T295A)
48F Mother Childhood C708 Positive NA NA NA NA NA NA NA NA Similar symptoms were
(T295A) observed as the
proband
45M Maternal uncle NA Not NA NA NA NA NA NA NA NA NA Similar symptoms were
examined observed as the
proband
Deceased  Maternal great  NA Not NA NA NA NA NA NA NA NA NA Similar symptoms were
(85F) grandmother examined observed as the
proband
Deceased  Maternal NA MNot NA NA NA NA NA NA NA NA NA Similar symptoms were
(57TM) grandfather examined observed as the
proband
Ida et al. [15] 27F Proband Gor7 T611 Positive  Negative Positive  Positive Positive Negative  Positive Megative  Responder She was diagnosed with
(C269T) SLE at the age of
21 years. Mother, 3
sisters, 2 brothers, and
1 nephew were
mutation carriers with
Tl (C269T)
18F Niece NA T611 Positive  Positive NA Positive NA NA Negative  NA NA Established the diagnosis
(C269T) of TRAPS but did not
fulfil the criteria for
SLE
6M Nephew NA Toll Positive  Positive NA Negative NA NA Negative  NA NA Established the diagnosis
(C269T) of TRAPS but did not
fulfil the criteria for
SLE
4F Niece NA T611 Positive  Positive NA Positive NA NA Positive NA NA Established the diagnosis
(C269T) of TRAPS but did not
fulfil the criteria for
SLE
Horiuchi et al.  32M Proband Childhood C70G Positive  Negative Negative  Positive Negative Negative  Positive Megative  No chance to
[12] (T295G) i
8™ Grandfather NA CT0G MNA NA NA NA NA NA NA NA NA Similar symptoms were
(T295G) observed as the
proband
55M Father NA C70G NA NA NA NA NA NA NA NA NA Similar symptoms were
(T295G) abserved as the
proband
33M Brother NA Not NA NA NA NA NA NA NA NA NA Similar symptoms were

examined

observed as the
proband
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Table 1 continued

References

Age
(years)
and sex

Kinship Age at

onset (years)

TNFRSFIA
gene
mutation

Fever

Abdominal
pain

Myalgia

Rash
(erythema)

Conjunctivitis
(periorbital
edema)

Chest
pain
(pleuritis)

Arthralgia

Other
symptoms

Response to
glucocorticoids

Remarks

Manki et al.
[16]

Takagi et al.
[13]

Nakamura
etal. [17]

s@

10M

B

38M

36F

1M

9M

17F

Proband 0 (6 months)

e

Sister

Mother 28

Proband

2
[

Son 0 (7 months)

Son 3

Proband 17

C30Y
(G176A)

C30Y
(G176A)

Not
examined

C30R
(T175C)

C30R
(T175C)

C30R
(T175C)

NIOIK
(C390G)

Positive

Positive

Positive

Positive

Positive

Positive

Positive

Positive

Positive

NA

Negative

Negative

NA

Negative

Positive

NA

Positive

Negative

Megative

NA

Megative

Positive

NA

NA

Positive

Positive

NA

Positive

Negative

NA

NA

Negative

Negative

NA

Negative

Positive

NA

NA

Negative

Negative

NA

Megative

Positive

Paositive

Positive

Negative

Positive

NA

Positive

Negative

NA

NA

Negative

Negative

NA

Negative

Responder

Responder

NA

Responder

Responder

Non-responder

Responder

He was misdiagnosed as
systemic JIA based on
the ILAR criteria
(prolonged spike-fever,
skin rash, arthritis, and
pericarditis) at 3 years
of age

She was suspected of
having systemic JIA at
3 years of age although
the clinical symptoms
did not fulfill the ILAR
criteria

She had recurrent fever,
arthralgia, and myalgia
after the delivery of a
daughter

She had experienced
periodic high-grade
fever after the birth of
her elder son. Fever
was often accompanied
with skin rash and
lymphadenopathy. She
was diagnosed as
having adult onset
Still’s disease before
the diagnosis of
TRAPS

Tentatively diagnosed as
having JIA before the
diagnosis of TRAPS

Tentatively diagnosed as
having JIA before the
diagnosis of TRAPS.
Fever did not respond
to either corticosteroid
or non-steroidal anti-
inflammatory drugs,
but disappeared for
several months
independent of
treatment

Sporadic case. No family

history of TRAPS was
described
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Table 1 continued

References Age Kinship Age at TNFRSFIA  Fever Abdominal Myalgia  Rash Conjunctivitis ~ Chest Arthralgia  Other Response to Remarks
(years) onset (years) gene pain (erythema) (periorbital pain symptoms  glucocorticoids
and sex mutation edema) (pleuritis)
Nakamura and ~ 29F Proband 29 N25D Positive  Negative Positive  Positive Negative Negative  Positive Positive”  No chance to Her son had fever one to
Tokura [18] (A160G™) use three times a month

since he was 2 months
old. Her grandfather
also had episodes of
periodic fever for a

long time
Kaietal. [19] 2IF Proband Childhood C30Y Positive  Positive Positive ~ Negative Negative Positive Positive Negative Responder She was misdiagnosed as
(G176A) systemic JIA at

11 years of age. Her
newborn baby had
unexplained fever and
the plan was to
examine gene
mutations related to
TRAPS. Her father had
died with amyloidosis

Ohmori et al. 16F Proband 15 T611 Positive  Positive Positive  Positive Negative Negative  Negative Positive® Non-responder  Oral prednisolone

[20] (C269T) (20 mg/day) could not

reduce inflammation
but anti-TNF antibody
and infliximab did so.
Her mother and
grandfather were
diagnosed as TRAPS
patients with similar
episodes of
inflammation and T611
mutation

TRAPS tumor necrosis factor receptor-associated periodic syndrome, F female, M male, NA not available, TNFRSFIA TNF receptor superfamily 1A, SLE systemic lupus erythematosus, JIA juvenile idiopathic arthritis, ILAR
International League Against Rheumatism

* Changed from A73G [14] to A160G according to a mutational database accessible on the World Wide Web at http://fmf.igh.cors fr/infevers
b
Headache

¢ Dyspnea, localized edema

¥1T
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Table 2 Summary of clinical symptoms of Japanese TRAPS patients

Family

Headache  Response to

Arthralgia

Chest pain

Conjunctivitis
(periorbital
edema)

Rash

Myalgia

Abdominal
pain

Fever

TNFRSFIA

Age at onset
gene

(years)

Female

Patients with
TRAPS

history of
periodic fever

(pleuritis) glucocorticoids

{erythema)

mutation (%)

sex (%)

n=29

n=29

L(IL1 %) 6 (66.7 %)"

n="9

=9
7(77.8 %)

n

Index cases [12-20]

8 (88.9 %)

7(77.8 %)

2(222 %)

9(100 %)  9(100%) 3(333%) 5(556%) 8(88.9%) 2(222%)

0 (2 months)

to 29
n=14

n=10

n=15

n=14 n=13 =10 n=10
11 11

n=17

17

n=23

Index cases and

patients in their

22 (95.7 %)

8 (66.7 %)°

1 (10.0 %)

2 (20.0 %)

2 (20.0 %)

6 (54.5 %)

7 (50.0 %)

18 (78.3 %)"

0 (2 months)

(73.3 %)

(84.6 %)

(100 %)

to 29

2.2 %)

family [12-20]

* 7 of 9 patients (77.8 %) who received glucocorticoids were responders

" 5 family members were diagnosed as having TRAPS with clinical symptoms and family histories

“ 8 of 10 patients (80.0 %) who received glucocorticoids were responders

arthralgia, myalgia, rashes (erythematous macular rash),
and conjunctivitis [3, 4]. Periodic fevers can be charac-
terized according to their mode of inheritance—recessively
or dominantly inherited [3, 4], with familial Mediterranean
fever (FMF) and hyperimmunoglobulinemia D with peri-
odic fever syndrome (HIDS) composing the group of
recessively inherited periodic fevers and TRAPS, familial
cold autoinflammatory syndrome (FCAS), Muckle-Wells
syndrome (MWS), and neonatal-onset multisystem
inflammatory disease [NOMID; which is also known as
chronic infantile neurological cutaneous and articular
syndrome (CINCA)] composing the group of dominantly
inherited periodic fevers [3, 4].

TRAPS, a dominantly inherited periodic fever [2-6],
can be clinically distinguished from other hereditary peri-
odic fevers by a number of characteristics: (1) recurrent
attacks that often last >5 days and sometimes several
weeks; (2) localized myalgia that is often associated with
an overlying macular rash, which together display a cen-
trifugal migratory pattern; (3) conjunctivitis and/or peri-
orbital edema; (4) attenuation of symptoms with
glucocorticoid but not with colchicine; (5) an autosomal-
dominant mode of inheritance [21].

More than 100 different mutations have been reported
for patients with TRAPS in INFEVERS, a mutational
database accessible on the World Wide Web at
http://fmf.igh.cnrs.fr/infevers. Of the seven mutations
identified in the reported cases of Japanese TRAPS, five
(C70S [14], T611 [15, 20], C70G [12], N101K [17], N25D
[18]) have been reported only in Japan, while the remain-
ing two (C30Y [16, 19], C30R [13]) have also been
reported in Western countries. Since there are only 18
genetically confirmed TRAPS patients in Japan [12-20],
further studies should be carried out to search for additional
mutations among Japanese patients with TRAPS.

In our review of the nine case reports on Japanese
TRAPS patients, eight index cases have family histories
with periodic fever [12—16, 18-20], while there is only one
sporadic case of TRAPS [17]. Ida and colleagues [15], who
reported the T61I variant in TRAPS patients associated
with systemic lupus erythematosus (SLE), reported that
this variant was detected in five of 60 SLE patients (8.3 %)
and five of the 120 healthy Japanese individuals in their
study (4.2 %). They could not detect any significant dif-
ference in the proportion of this variant between the SLE
patients and the healthy controls [15]. In addition, Horiuchi
and colleagues [12], who reported on TRAPS patients with
the C70G TNFRSFIA gene mutation, also reported that
they identified the T61I variant in one of the 100 healthy
Japanese volunteers in their study (1.0 %) [12]. In contrast,
Aksentijevich and colleagues [9] also reported the presence
of P46L and R92Q TNFRSFIA gene variants in TRAPS
patients, which were also found in about 1 % of the U.S.
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population. In particular, the R92Q mutation is supposed to
be a low-penetration mutation that is associated with a
milder disease course [11]. Assuming that these three
substitutions confer susceptibility to autoinflammatory
disease, the penetrance (i.e., the probability of having a
disease if a person has a mutation) must be low because the
frequency of TRAPS does not reach 1 % of the general
population. The T61I, P46L, and R92Q mutations are
generally considered to be low-penetrance TNFRSFIA
gene variants because they are present in symptomatic
patients as well as unaffected individuals [10].

The functional significance of T611 on TNFRSFIA,
which augments TNF signaling, has been reported in Japan.
The T61I variant has been associated with a defect in
TNFRSFIA shedding in peripheral blood mononuclear
cells [12]. However, other Japanese investigators did not
find any effect on TNFRSFIA shedding in the monocytes
collected from their patients carrying T611 [15]. In a spe-
cific cell population, such as lymphocytes, T611 may be
related to the pathogenesis of TRAPS. As the T61I varia-
tion has not been reported in Caucasian patients with
TRAPS, the clinical and functional importance of T611
variation needs to be clarified within the Japanese
population.

There have been many sporadic cases of TRAPS in the
absence of the TNFRSFIA gene mutation in both Japan (5]
and Western countries [9]. However, we cannot eliminate
the possibility sporadic cases without any gene mutation,
which have been reported in the literature, had a novel gene
mutation, as Nakamura and colleagues reported [18]. Since
TRAPS was first proposed as a genetic diagnosis, only
those patients with demonstrable TNF receptor mutations
should have been included as being cases of TRAPS [2-6].
Further studies are recommended to argue this issue.

A review of the literature compiling 153 TRAPS patients
from all over the world demonstrated that the most frequent
symptom associated with fever is abdominal pain (77 %),
which can occasionally lead to surgery in 33 % of TRAPS
patients [10]. Other common clinical symptoms reported in
this review are myalgia (63.5 %), rash (55.2 %), arthralgia
(51 %), ocular involvement (48.8 %), and pleuritis (32 %)
[10]. Arthralgia is more frequent than arthritis in TRAPS
patients [4]. Chronic arthritis of the type seen in FMF has
not been observed in TRAPS [4], and characteristic
migratory myalgia and rashes, which distinguish TRAPS
from FMF, typically occur as a localized area of cramping
muscle pain with warmth and tenderness to palpation and an
overlying erythematous, blanchable rash [4].

In our review of nine reports on Japanese TRAPS
patients, the common clinical symptoms associated with
fever were rash (erythema) (84.6 %), arthralgia (73.3 %),
myalgia (54.5 %), and abdominal pain (50.0 %). Although
half of the Japanese TRAPS patients suffered from

@ Springer

abdominal pain, they had no history of abdominal surgery
[15, 16, 19, 20]. In contrast, only small percentage of
Japanese TRAPS patients suffered from chest pain
(20.0 %), conjunctivitis (20.0 %), and headache (10.0 %).
These findings suggest that the clinical symptoms of
TRAPS may be milder in Japanese patients than in Cau-
casian ones, which is similar to the presentation of other
inherited autoinflammatory syndromes, such as FMF [22

and HIDS [23]. The difference of the disease-causing
mutations, the genetics or environmental background may
be responsible for the discrepancies in the results. Further
research is required before definitive conclusions can be
drawn.

Since colchicine is ineffective in preventing the fever
attacks, glucocorticoid can be used to treat the attacks of
TRAPS, but patients will require escalating dosages over
time [4—-6]. Etanercept, an anti-TNF agent, is recommended
for chronic therapy to prevent attacks [4-6]. Interleukin 1/
blockade may be effective in cases resistant to anti-TNF
therapy [24]. In our review of the Japanese literature, fever
and rash improved after the administration of glucocorti-
coid in all patients [13-17, 19, 20], with the exception of
the two patients who did not receive corticosteroid therapy
[12, 18].

In our review of the Japanese literature, three of the nine
index cases (30.0 %) and six of the 23 patients (26.1 %)
had been misdiagnosed as having JIA or adult onset Still’s
disease prior to the diagnosis of TRAPS being established
[13, 16, 19]. All of these patients had a family history of
periodic fever [13, 16, 19]. Since glucocorticoid attenuates
the clinical symptoms of TRAPS patients [21], patients
misdiagnosed as having JIA or adult onset Still’s disease
may experience an improvement in their clinical symptoms
with glucocorticoid therapy. There may be more TRAPS
patients misdiagnosed as having JIA or adult Still’s disease
in Japan. Thus, an important issue should be whether
Japanese patients diagnosed with JIA or adult onset Still’s
disease are actually TRAPS patients, especially if there is a
family history of periodic fever.

There are a number of limitations to our review. First,
the number of reported Japanese TRAPS patients is very
small. In addition, insufficient clinical information was
available for some of the family member patients of the
index cases. Second, although all index cases are geneti-
cally confirmed TRAPS patients, some family members of
index cases have been diagnosed as having TRAPS with
clinical symptoms and this has been identified in their
family history (i.e., kinship of index cases). Third, we
cannot provide the answer to whether the differences
between Japanese and Western TRAPS is dependent on the
difference in the disease-causing mutations, genetics, or
environmental background. Further studies are recom-
mended to provide this answer.
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The major strength of this review is that it demonstrates
that clinical symptoms are milder in Japanese TRAPS
patients than in TRAPS patients in Western countries.
Compared with their counterparts, Japanese patients are
less likely to suffer from severe abdominal pain, and none
of the patients in this review had a medical history of
abdominal surgery.

In conclusion, our review of the Japanese literature
possibly suggests that the clinical features of Japanese
patients with TRAPS are milder than those of TRAPS
patients in Western countries. We have launched a national
survey of TRAPS patients in Japan [6] and are investi-
gating the modified diagnostic criteria for Japanese patients
with TRAPS.
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Abstract

Introduction: Progranulin (PGRN) is the precursor of granulin (GRN), a soluble cofactor for toll-like receptor 9
(TLR9) signaling evoked by oligonucleotide (CpG)-DNA. Because TLR9 signaling plays an important role in systemic
lupus erythematosus (SLE), we investigated whether PGRN is involved in the pathogenesis of SLE.

Methods: We measured concentrations of serum PGRN and interleukin-6 (IL-6) with enzyme-linked
immunosorbent assay (ELISA) in patients with SLE (n = 68) and in healthy controls (n = 60). We assessed the
correlation between the serum PGRN levels and established disease-activity indexes. The sera from the patients
with high PGRN titers (>80 ng/ml) at the initial evaluation were reevaluated after the disease was ameliorated by
treatment. We also measured the IL-6 concentration secreted by peripheral blood mononuclear cells (PBMCs)
incubated with (a) oligonucleotide (CpG-B) in the presence or absence of recombinant human PGRN (rhPGRN); and
(b) lupus sera in the presence or absence of a neutralizing anti-PGRN antibody.

Results: Serum PGRN levels were significantly higher in SLE patients than healthy controls. Their levels were
significantly associated with activity of clinical symptoms. They also significantly correlated with values of clinical
parameters, including the SLE Disease Activity Index and anti-double-stranded DNA antibody titers, and inversely
with CH50, C3, and C4 levels. Moreover, serum PGRN levels significantly decreased after successful treatment of
SLE. The rhPGRN significantly upregulated the production of IL-6 by PBMCs stimulated with CpG-B. Patients’ sera
stimulated production of IL-6 from PBMCs, which was significantly impaired by neutralization of PGRN. The serum
PGRN levels significantly correlated with the serum IL-6 levels.

Conclusions; Serum PGRN could be a useful biomarker for disease activity of SLE. PGRN may be involved in the
pathogenesis of SLE partly by enhancing the TLR9 signaling.

Introduction
Systemic lupus erythematosus (SLE) is a systemic auto-
immune and inflammatory disease characterized by the
polyclonal activation of T and B lymphocytes, produc-
tion of autoantibodies, and formation of immune com-
plexes that result in tissue and organ damage [1,2].
Toll-like receptor (TLR) signaling contributes to
innate and adaptive immune responses [3]. TLR9 is a
receptor for microbial CpG-DNA [4] and is expressed in
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plasmacytoid dendritic cells (pDCs), macrophages, and
B-lymphocytes [5]. TLR9 recognizes unmethylated CpG
oligonucleotides (CpG-ODNSs), which are generally not
present in mammalian cells [6]. However, in SLE,
nucleic acid-containing autoantigens can be generated
from apoptotic or necrotic cells [7] because of increased
apoptosis, reduced clearance of apoptotic cells [8], and
decreased methylation of DNA [9]. Patients with active
SLE have increased TLR9 expression in peripheral blood
memory and plasma B lymphocytes [10], and TLR9 sig-
naling controls anti-DNA autoantibody production from
these B cells in murine [11] and human lupus [12]. A
genetic variation of TLR9 is associated with an increased

© 2012 Tanaka et al; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited
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risk of SLE [13]. These lines of evidence suggest that
TLRY signaling may play an important role in the
pathogenesis of SLE.

Progranulin (PGRN; GenBank: NC_000017) is an
extracellular glycoprotein, containing seven and a half
repeats of cysteine-rich motifs. PGRN is proteolytically
cleaved by extracellular proteases, such as proteinase 3
(PR3) and elastase, into granulin (GRN) [14], which
ranges from 6 to 25 kDa. PGRN is abundantly expressed
in rapidly cycling epithelial cells, leukocytes, chondro-
cytes, and neurons [15], and its expression level is at
steady state [16]. PGRN plays a critical role in early
embryogenesis [16], wound healing [17], maintenance of
neuronal survival [18], and tumorigenesis [15]. Recent
mouse studies show that mice unable to convert PGRN
into GRN because of lack of both elastase and PR3 can-
not show inflammation in response to injection of
immune complexes [19]. These data indicate that PGRN
is rapidly cleaved into GRNs in tissues by elastase to
enhance inflammation. Moreover, GRN acts as a soluble
cofactor for TLRY signaling by binding to both CpG-
ODNs and TLRY, thereby acting as a cross-linker for
their interaction. GRN also promotes the delivery of
CpG-ODNs to the endolysosomal compartments where
TLR9 is localized [20].

Here, we show that serum PGRN levels are signifi-
cantly elevated in SLE patients in parallel with disease
activities and that PGRN may have a role in the patho-
genesis of SLE partly by enhancing the TLR9 signaling
and IL-6 production.

Materials and methods
Patients
We performed a cross-sectional study of patients who
were treated for SLE at the Kyushu University hospital
between the years of 2005 and 2011. In total, 68 Japa-
nese patients with SLE were enrolled, and sera were
obtained from these patients. All of the patients fulfilled
at least four of the American College of Rheumatology
(ACR) revised criteria for SLE. SLE disease activity was
measured by using the SLE Disease Activity Index (SLE-
DAI) [21]. Active SLE was defined as a SLEDAI score
>6 [21]. We excluded other autoimmune and infectious
diseases. Each patient completed a standardized medical
history, including drug use, and was given a physical
examination. Serologic profiling of each patient was per-
formed by using the standard immunoassays described
later. The serum samples from the active SLE patients
were acquired before the initiation or reinforcement of
treatment, and the samples from the inactive SLE
patients were acquired during regular hospital visits and
then stored at -20°C.

The active SLE patients were treated with corticoster-
oids or immunosuppressive drugs after the completion
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of these evaluations. The sera obtained from the patients
with high PGRN titers (>80 ng/ml) at the initial evalua-
tion were reevaluated after the disease was ameliorated
by treatment (1 = 15). Control sera were obtained from
healthy staff members (#n = 60) in our hospital. This
study was approved by the ethics committee of our
institution, and the principles of the Helsinki Declara-
tion were followed throughout the study. Informed con-
sent was obtained from all participants.

Data collection

The information obtained from the medical records of
the patients included demographic data, such as age, sex,
clinical manifestations of SLE, and laboratory values.
Each SLE-related feature except anemia was defined
according to the SLEDAI Clinical features checked were
malar rash/discoid rash, alopecia, oral or nasal ulcers,
serositis, arthritis, active nephritis, CNS (central nervous
system) lupus, vasculitis, fever >38°C, thrombocytopenia,
leukopenia, and anemia. For example, thrombocytopenia
was defined as a decrease in the number of platelets to
<100,000/mm?. Leukopenia was defined as a decrease in
the number of white blood cells to <3,000/mm?. Anemia
was defined as a decrease in the concentration of hemo-
globin to <10.0 g/dl for any cause. The data for the
serum anti-Smith (anti-Sm), anti-ribonucleoprotein (anti-
nRNP), anti-Ro/SS-A (anti-Ro), and anti-cardiolipin
(anti-CL) antibodies were collected only from active SLE
patients in whom these autoantibodies were measured
(anti-Sm, # = 42; anti-nRNP, n = 35; anti-Ro, # = 39; and
anti-CL, # = 44).

The measurement of complement and autoantibody
levels

The serum C3 and C4 levels were measured with turbi-
dimetric immunoassay (Nittobo, Tokyo, Japan). The
serum CH50 levels were measured with liposome immu-
nosorbent assay (Wako, Tokyo, Japan). The serum anti-
dsDNA, anti-Sm, anti-nRNP, and anti-Ro antibody levels
were measured by using fluorescence-enzyme immu-
noassay (Phadia, Tokyo, Japan). The serum anti-CL anti-
body levels were measured with ELISA (MBL, Nagano,
Japan).

Immunoprecipitation

A primary antibody for PGRN (anti-PGRN Ab; R&D
Systems, Minneapolis, MN, USA) or an isotype control
antibody (control Ab; R&D Systems) was added to pro-
tein G-Sepharose (Pierce, Rockford, IL, USA) in phos-
phate-buffered saline (PBS) with 0.5% Triton-X and
incubated on a shaker for 4 hours at 4°C. Recombinant
human PGRN (rhPGRN; Cedarlane, Burlington, NC,
USA) was added to the anti-PGRN Ab- or control Ab-
protein G-Sepharose complexes and incubated on a
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shaker for 4 hours at 4°C. After washing the complexes,
the proteins were eluted by boiling in sample buffer
(0.125 M Tris-HCI, pH 6.8, 4% SDS, 20% glycerol, 3.1%
dithiothreitol, and bromophenol blue). Proteins were
separated by sodium dodecylsulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), transferred onto a nitrocel-
Iulose membrane, blocked with 5% skim milk in PBS
with 0.1% Tween-20 for 1 hour, and probed with
another anti-PGRN Ab (Epitomics, Burlingame, CA,
USA) overnight at 4°C. The membranes were washed
and incubated with horseradish peroxidase-conjugated
streptavidin (Pierce) for 1 hour. The immunoblots were
visualized with ECL detection reagent (Pierce).

IL-6 induction

Peripheral blood mononuclear cells (PBMCs; 4 x 10°
cells) from healthy control individuals were cultured
with 250 ng/ml rhPGRN in serum-free medium (Invitro-
gen, Grand Island, NY, USA) for 2 hours to let PGRN
partially convert into GRNs and were then stimulated
with 10 nM CpG-B, 100 ng/ml poly (I:C) (agonist for
TLR3) (InvivoGen, San Diego, CA, USA), 60 pg/ml LPS
(agonist for TLR4) (Sigma-Aldrich, Saint Louis, MO,
USA), or 1 pg/ml imiquimod (R837; agonist for TLR7)
(InvivoGen). The PBMCs were also stimulated with 10%
serum from SLE patients (n = 4) in the presence of
anti-PGRN Ab or control Ab. In some experiments,
lupus sera (1 = 3) were treated for 1 hour with 6,000 U/
ml DNase I (Roche, Penzberg, Germany) before stimula-
tion. Triplicate cultures were grown in 96-well plates
(Becton Dickinson, Franklin Lakes, NJ, USA) at a final
volume of 200 pl/well. After 24 hours, the amount of
IL-6 in the supernatant was measured.

Measurement of PGRN, IL-6, IL-10, and immune
complexes

The serum PGRN levels, serum and cell-culture super-
natant IL-6 and IL-10 levels were determined by using
ELISA kits (R&D Systems) according to the manufac-
turer’s protocol. In brief, for PGRN, calibrators, control
sera, and patients’ sera (stored samples) were diluted
and incubated with a mouse monoclonal antibody
against PGRN, adsorbed onto the microtiter plate wells.
After washing, a mouse monoclonal antibody against
PGRN conjugated to horseradish peroxidase was added,
followed by a second washing step and the addition of
tetramethylbenzidine substrate. The intensity of the blue
color developed was in proportion to the amount of
PGRN bound in the initial step. The reaction was termi-
nated by the addition of 2N sulfuric acid. The absor-
bance was measured in a microtiter plate reader
(ThermoFisher Scientific, Waltham, MA, USA) and con-
verted into nanograms per milliliter by plotting the
values against the PGRN titer of the calibrators/
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standards given by the manufacturer. The assay range
was 1.56 to 100 ng/ml.

Serum levels of immune complexes were measured
with Clq solid-phase enzyme immunoassay according to
the manufacturer’s protocol (TFB, Tokyo, Japan).

Statistical analysis

The differences between two groups were analyzed by
using the Student ¢ test. If there were a significant dif-
ference between the variances of the two samples, the ¢
test corrected for unequal variances (the Welch ¢ test)
was applied. The Dunnett test is used for multiple com-
parisons with a control group. The relations between
PGRN levels and other continuous variables were ana-
lyzed by using the Spearman rank correlation. The
PGRN levels before and after treatment were compared
by using a paired ¢ test. The SLE patients were divided
into three groups based on tertile distribution of the
number of clinical features (0, 1 to 2, and 3 to 8). Linear
trend across the tertiles was assessed by using ordinal
variables coded 1 to 3. Among three groups, P values
were calculated by analysis of variance and were
adjusted by use of the Bonferroni correction. P values
<0.05 were considered significant. All tests were two-
tailed. All analyses were performed by using JMP statis-
tical software (SAS Institute).

Results

The serum PGRN levels were elevated in patients with
SLE

Of the 68 patients with SLE enrolled in the present study,
58 were women, and 10 were men (active, » = 46; inac-
tive, n = 22). The patients ranged in age from 17 to 76
years (median age, 37 years). Meanwhile, in healthy con-
trols, 51 were women, and nine were men. They ranged
in age from 20 to 59 years (median age 32 years). No sig-
nificant differences were found between patients with
SLE and controls in terms of age and gender.

To investigate the role of PGRN and/or GRN in the
pathogenesis of SLE, we first compared serum PGRN
levels between 68 patients with SLE and 60 healthy con-
trols by using ELISA (Figure 1). Serum PGRN levels in
controls were always within the range of 35 to 70 ng/ml
and distributed normally. Serum PGRN levels in patients
with SLE (mean, 87.6 ng/ml) were significantly and
markedly higher than those in healthy controls (49.3 ng/
ml; P < 0.0001). It is of note that serum PGRN levels
>100 ng/ml were found in 19 of the 68 SLE patients
(27.9%), but never in healthy controls.

The serum PGRN levels in SLE patients correlated with
disease activities

We next tested whether serum PGRN levels correlate
with serologic parameters for disease activity of SLE.
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Figure 1 The serum progranulin (PGRN) levels are elevated in
patients with systemic lupus erythematosus (SLE). Serum PGRN
levels in 68 patients with SLE and 60 healthy controls (HCs) are
shown, as measured with enzyme-linked immunosorbent assay
(ELISA). The serum PGRN levels in SLE patients were significantly
higher than those in HCs.

Serum PGRN levels showed a significantly positive cor-
relation with SLEDAI (rs = 0.53; P = 0.0003; Figure 2A).
They also significantly correlated with the titer of anti-
dsDNA antibodies (rs = 0.45; P = 0.0023; Figure 2B)
and inversely with serum levels of C3 (rs = -0.41; P =
0.01; Figure 2C), C4 (rs = -0.37; P = 0.002; Figure 2D),
and CH50 (rs = -0.47; P = 0.0035; Figure 2E). Moreover,
in 15 lupus patients who had high serum PGRN levels
(>80 ng/ml) at the initial evaluation, after ameliorating
the disease by treatment, serum PGRN levels were sig-
nificantly decreased (P = 0.0001; Figure 3). Serum
PGRN levels reflected disease activities of SLE.

The high serum PGRN levels were associated with the
accumulation of the clinical features of SLE

We next investigated the relation between SLE-related
clinical features and serum PGRN levels. Patients who
had positive levels of anti-nRNP antibodies showed sig-
nificantly elevated levels of serum PGRN (P = 0.002;
Table 1). The maximum number of coexisting clinical
features was eight (#z = 1). When classified by the
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number of clinical features, serum PGRN levels elevated
significantly, with increasing tertile of clinical feature
(Table 1, P for trend = 0.005). Thus, the high serum
PGRN levels were associated with the accumulation of
the clinical features of SLE.

PGRN is involved in the production of IL-6 from human
PBMCs

GRN enhances the CpG-induced TLR9 signaling (not
TLR 3, 4, or 7 signaling) and promotes the production of
IL-6, an inflammatory cytokine related to the pathogen-
esis of SLE, in murine macrophages [20]. Accordingly, we
tested whether PGRN is involved in secretion of IL-6 via
TLR9 signaling by human PBMCs. In the lupus model
mouse, TLR 3, 4, 7, and 9 signaling are reported to be
involved in the pathogenesis of lupus [22-24]. PBMCs
from healthy controls were incubated with 10 nM (sub-
optimal concentration in our case; data not shown) CpG-
B, 60 pg/ml LPS, 100 ng/ml poly (I:C), or 1 pg/ml imiqui-
mod for 24 hours with or without 250 ng/ml rhPGRN.
This rhPGRN concentration is slightly lower than the
PGRN concentration we found in patients’ sera (Figure 1).

The addition of rthPGRN to the culture media signifi-
cantly stimulated PBMCs to produce IL-6 in the presence
of CpG-B (P < 0.05; Figure 4A). However, IL-6 production
induced by rhPGRN was not augmented in the presence
of poly (I:C), LPS, or imiquimod (Figure 4A), as previously
reported [20]. Lupus serum contains immune complexes
and is able to induce the production of IL-6 and IL-10
from PBMCs [25,26]. Actually, immune complexes were
present in patients’ sera we used (Patients 1 through 7,
median, 6.1 ug/ml; range, 2.6 to 9.7 ug/ml). Those levels
in healthy controls (n = 7) were less than 1.5 pg/ml. Con-
sistent with the previous reports, by incubation with
patients’ sera, PBMCs from healthy controls were stimu-
lated to produce considerable amounts of IL-6 and IL-10
(Figure 4B, and data not shown).

We then tested whether this stimulation of IL-6 and
IL-10 production is dependent on the PGRN contained
in patients’ sera. To this end, we used an anti-PGRN
antibody that can bind to PGRN demonstrated by
immunoprecipitation and immunoblot analyses (Figure
4B, bottom). We incubated PBMCs with 10% patients’
sera supplemented with the anti-PGRN Ab or with the
control Ab for 24 hours. The neutralization of PGRN
significantly impaired the effect of patients’ sera on IL-6
production from normal PBMCs (P < 0.05) in all four
cases tested (Figure 4B, top; reduction range, 42.8% to
84%). Although IL-10 production tended to be reduced
by the neutralization of PGRN, the level of reduction
was not significant (data not shown).

We then tested whether TLRY signaling is involved in
this reduction of IL-6 production by neutralizing the
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PGRN contained in patients’ sera. To this end, we treated
lupus sera (n = 3) with 6,000 U/ml DNase I for 1 hour
before stimulation. The degradation of DNA significantly
impaired the effect of patients’ sera on IL-6 production
from normal PBMCs. The degree of suppression was
almost as same as that caused by the neutralization of
PGRN (P < 0.05; Figure 4C).

We further examined the correlation between concen-
trations of PGRN and IL-6 in patients’ sera. As expected,
serum PGRN levels showed a significantly positive corre-
lation with serum IL-6 levels (rs = 0.47; P < 0.0001;
Figure 4D). These results suggest that serum PGRN and/
or GRN is an important cofactor in the production of IL-
6 in SLE patients.

Discussion

This is the first study to show that PGRN levels are sig-
nificantly elevated in sera of SLE patients, and their con-
centrations were correlated with disease activity and
serum levels of IL-6. Thus, PGRN and/or GRN in
patients’ sera play an important role in the production
of IL-6 from PBMCs.

PGRN is produced by various types of cells [15], but
the mechanism of the expression control of PGRN is not
well understood. In humans, the elevation of PGRN is
observed in local inflammatory tissues, such as in brains
in patients with active multiple sclerosis [27] and in the
synovium of rheumatoid arthritis (RA) patients [28]. We
measured concentrations of serum PGRN in patients



Tanaka et al. Arthritis Research & Therapy 2012, 14:R244
http://arthritis-research.com/content/14/6/R244

350
300 - [ I
— 250 A
%
D 200 -
d
P
X 150 -
o
o
100 -
50 -
0
pre-treatment  post-treatment
Figure 3 Serum progranulin (PGRN) levels are significantly
decreased after ameliorating the disease with treatment. Serum
PGRN levels before and after treatment in 15 patients with active
systemic lupus erythematosus (SLE) who had serum PGRN levels
>80 ng/ml at the initial evaluation. The serum PGRN levels
decreased significantly with the clinical amelioration of the disease
from the median SLEDAI score of 11 to 4 after treatment.

with RA (n = 33). In our data, although sera from RA
patients contained significantly elevated PGRN (mean,
54.7 ng/ml) compared with healthy controls (P = 0.0138),
SLE patients’ sera had much higher levels of PGRN.
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PGRN is converted to GRN by the elastase produced
by leukocytes and other cells in vivo and in vitro [29].
In contrast to that with PGRN, recent mouse studies
have shown that GRN possess inflammatory functions
[19,30,31]. Because we cannot measure serum GRNS, it
is difficult to investigate the function of GRN in human
studies.

Our data also show that rhPGRN enhances IL-6 pro-
duction from human PBMCs in the presence of TLR9
signaling triggered by CpG, but does not enhance TLR3,
4, or 7 signaling (Figure 4A). In addition, patients’ sera
stimulated PBMCs to produce IL-6, whereas neutraliza-
tion of PGRN in patients’ sera dramatically attenuated
such IL-6 production from PBMCs, almost the same as
the degradation of DNA in patients’ sera (Figure 4B and
4C). IL-6 production in lupus is reported to mediate by
immune complexes that transmit signals through TLR7
and 9 [22,32-34] and Fcy receptor [26]. Our data suggest
that DNA-containing immune complexes in patients’
sera stimulate IL-6 production from healthy PBMCs,
mainly via TLR9 signaling, and that serum PGRN and/
or GRN may act as an important cofactor of TLR9 sig-
naling. Conversely, because the augmentation of IL-6
production induced by CpG only in the presence of
rhPGRN was limited, it is suggested that cofactors other
than PGRN may be required to form immune com-
plexes that effectively stimulate TLRY signaling.

In our analysis, serum PGRN levels were significantly
correlated with serum titers of anti-dsDNA and anti-
nRNP antibodies. IL-6 plays a role in patients with SLE,
especially on the production of immunoglobulin [35-39].
In addition, lupus B lymphocytes are hypersensitive to
IL-6 [40,41]. Thus, induction of IL-6 by PGRN and/or
GRN could be a mechanism by which PGRN is corre-
lated with the production of these autoantibodies.

Table 1 Associations between systemic lupus erythematosus (SLE)-related serologic and clinical features and titer of

progranulin (PGRN)

Feature Number Mean PGRN (95% confidence interval) P
Positive? Negative®

Serologic feature® Positive/negative
Anti-Sm 25/17 111.8 (93.4-130.1) 94.1 (56.5-131.7) 0381°
Anti-nRNP 23/12 1289 (102.7-155.0) 749 (53.5-96.3) 0.002°
Anti-Ro 26/13 102.7 (79.6-125.8) 1056 (67.6-143.6) 0.888
Anti-CL 20/24 1124 (84.0-140.8) 874 (652-109.6) 0.150

Clinical features®
0 2 513 (34.5-68.1) <0.001%
1-2 31 91.8 (81.1-102.5) <0.001®
3-8 15 1323 (113.1-1515) 0.005°

anti-Sm, anti-Smith antibody; anti-nRNP, anti-ribonucleoprotein antibody; anti-Ro, anti-Ro/SS-A antibody; anti-CL, anti-cardiolipin antibody. *SLE patients with
(present) or without (absent) the clinical features of SLE. ®Several observations with missing values. “Welch t test. “Number of positive clinical features including
malar rash/discoid rash, alopecia, oral or nasal ulcers, serositis, arthritis, active nephritis, CNS (central nervous system) lupus, vasculitis, temperature >38°C,
thrombocytopenia, leukopenia, anemia. ®As compared with three to eight clinical features (one-way analysis of variance followed by the Bonferroni test). ‘As
compared with one to two clinical features (one-way analysis of variance followed by the Bonferroni test). 9P for trend.
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Interestingly, anti-Ro antibody, which is strongly asso-
ciated with increased interferon-pathway activation in
SLE [42], was not associated with serum PGRN levels,
indicating that PGRN may be involved in the pathogen-
esis of SLE, independent of the interferon pathway. In
addition, serum PGRN levels were significantly elevated
with increasing clinical features. Individually, serum
PGRN levels were significantly higher in the SLE
patients who developed dominant clinical features,
namely anemia (P = 0.019, data not shown) and arthritis
(P = 0.002, data not shown). The elevated IL-6 and
enhanced inflammation could accelerate these clinical
features. IL-6 impairs iron utilization, leading to anemia
of chronic disease. In addition, IL-6 promotes arthritis
in patients with SLE [37]. Thus, the induction of IL-6
via PGRN is a possible explanation for the fact that
PGRN levels are correlated with anemia and arthritis.

We must acknowledge some limitations of this study.
The sample size of our study was small. Statistical tests
usually require a larger sample size to justify that the
effect did not happen by chance alone. Moreover,
because of its cross-sectional design, it is difficult to
establish the exact and definite causal relations, except
the association between PGRN and development of SLE
from the collected data.

In conclusion, this pilot study demonstrated that the
serum PGRN levels were elevated in patients with SLE
and were associated with the systemic disease activity.
PGRN could be a useful biomarker for disease activity
and may be involved in the pathogenesis of SLE, partly
by enhancing the TLRY signaling. Further studies are
required to reveal more-precise mechanisms of PGRN
and GRN in human autoimmune diseases and in host
defense against microbes.
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The aberrant regulation of B-cell receptor
(BCR) signaling allows unwanted B cells
to persist, thereby potentially leading to
autoimmunity and B-cell malignancies.
Casitas B-lineage lymphoma (Cbl) pro-
teins suppress BCR signaling; however,
the molecular mechanisms that control
Cbl function in human B cells remain
unclear. Here, we demonstrate that
CIN85 (c-Chl interacting protein of
85 kDa) is constitutively associated with
¢-Cbl, Cbl-b, and B-cell linker in B cells.

Experiments using CIN85-overexpressing
and CIN85-knockdown B-cell lines re-
vealed that CIN85 increased c-Cbl phos-
phorylation and inhibited BCR-induced
calcium flux and phosphorylation of Syk
and PLCv2, whereas it did not affect BCR
internalization. The Syk phosphorylation
in CIN85-overexpressing and CIN85-
knockdown cells was inversely corre-
lated with the ubiquitination and degrada-
tion of Syk. Moreover, CIN85 knockdown
in primary B cells enhanced BCR-induced

survival and growth, and increased the
expression of BeLxL, A1, cyclin D2, and
myc. Following the stimulation of BCR and
Toll-like receptor 9, B-cell differentiation-
associated molecules were up-regulated in
CIN85-knockdown cells. Together, these re-
sults suggest that CIN85 is required for
Cbl-mediated regulation of BCR signaling
and for downstream events such as sur-
vival, growth, and differentiation of human
B cells. (Blood. 2012;119(10):2263-2273)

Introduction

B-cell receptor (BCR) signaling guides critical cell fate decisions in
B cells during ontogeny.'? BCRs can generate tolerogenic signals to
purge or silence B cells that bind to self-antigens, and immunogenic
signals to expand B cells that are specific for foreign antigens. Thus,
BCR signaling must be properly regulated at the various stages of B-cell
development, as aberrant regulation of BCR signaling potentially leads
to autoimmunity and B-cell malignancies.

On BCR ligation by antigens, the Src-family protein tyrosine kinase
(PTK) Lyn and Syk are initially activated. Syk propagates the signal by
phosphorylating downstream signaling molecules, causing the activa-
tion of critical signaling intermediates phosphoinositol 3-kinase (PI3K)
and phospholipase C (PLC)y2. PI3K activates Akt kinase, which is
important for B-cell survival.® PLCy2 activation induces the release of
intracellular Ca’* and the activation of protein kinase C (PKC), which
cause the activation of mitogen-activated protein kinases (MAPKs:
ERK, INK, and p38 MAPK) and of transcription factors, including
NF-kB and NF-AT. These molecules regulate further downstream
molecules that are responsible for determining B-cell fates such as
survival, growth, and differentiation.'?

Casitas B-lineage lymphoma (Cbl) proteins are E3 ubiquitin
ligases that regulate signals of various receptors by promoting the
ubiquitination of signaling components.** Tyrosine phosphoryla-
tion of Cbl proteins is critical for their function.® Mammalian Cbl
proteins consist of 3 members, ¢-Cbl, Cbl-b, and Cbl-3, among
which ¢-Cbl and Cbl-b are expressed in hematopoietic cells.” In
B cells, Cbl proteins associate with Syk and B-cell linker (BLNK),

and negatively regulate BCR signaling.®” B cell-specific ablation
of ¢-Cbl/Cbl-b proteins in mice causes aberrant BCR signaling as
well as impaired B-cell anergy. culminating in the development of
systemic lupus erythematosus (SLE)-like disease.!” In addition.
¢-Cbl is hypophosphorylated on tyrosine in advanced stages of
chronic lymphocytic leukemia (CLL)." These findings suggest that
Cbl-mediated regulation of BCR signaling is critical for the fate
decisions of self-reactive and malignant B cells.

Adaptors are noncatalytic molecules that integrate the spatial
and temporal assembly of multiprotein complexes involved in the
survival, growth, and ditferentiation of B cells. We previously
showed that the B lymphocyte adaptor molecule of 32 kDa
(Bam32)/DAPP1 regulates BCR signaling/internalization and
B-cell survival.'>!3 The SH3KBPI (SH3-domain kinase-binding
protein 1) gene, which is also known as CIN8S (c-Cbl interacting
protein of 85 kDa). encodes an adaptor that is independently
identified by several groups and contains 3 SH3 domains, a
proline-rich region, and a coiled-coil domain.'*'7 Early studies
showed that in nonimmune cells, CINBS regulates the clathrin-
dependent internalization of receptor tyrosine kinases (RTKSs) such
as epidermal growth factor receptors (EGFRs).'®!Y The formation
of the ternary complex of CINS8S, ¢-Cbl, and endophillin is critical
for this process. In immune cells, however, little is known
approximately the function of CIN8S. CINS8S facilitates ligand-
induced FceRI internalization in RBL-2H3 mast cells.”’ In addi-
tion, it regulates FceRlI signaling via Cbl-mediated regulation of
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Syk expression in RBL-2H3 cells.?! A recent study showed that
CINS85 modulates c-Cbl-mediated down-regulation of FeyRlIIa in
human neutrophils.?? It is thus of interest to determine whether
CIN85 regulates the signaling pathways of other multimeric
immune receptors, such as the T- and B-cell receptors.

Here, we demonstrate that CIN8S is constitutively associated
with ¢-Cbl, Cbl-b, and BLNK in human B cells. Gain-of-function
and loss-of-function experiments revealed that CIN8S up-regulated
¢-Cbl phosphorylation and inhibited BCR-induced calcium flux
and phosphorylation of Syk and PLCy2, without affecting BCR
internalization. CIN8S also promoted ¢-Cbl-dependent ubiquitina-
tion and degradation of Syk. Moreover, CIN85 knockdown in
primary B cells caused enhanced BCR-induced survival and
growth, and augmented BCR/TLR9-induced expression of B-cell
differentiation-associated molecules. Collectively, these results
suggest that CIN83 is required for Cbl-mediated regulation of BCR
signaling and for downstream events such as the survival, growth,
and differentiation of human B cells.

Methods

Reagents

Goat anti-human IgM and IgG/IgA/IgM F(ab'), fragments were purchased
from Jackson ImmunoResearch Laboratories. Rabbit anti-human phospho-
Zap-70 (Y319)/Syk (Y352), anti-human phospho-PLCv2 (Y 1217). anti-
human phospho-Akt, anti-mouse Akt, anti-human phospho-JNK, anti-
human phospho-ERK, and anti-human PLCv2 pAbs as well as anti-human
BelxL and Blimp-1 mAbs were purchased from Cell Signaling Technology.
Mouse anti-human phospho-Btk. anti-human phospho-BLNK. anti-human
c-Cbl, and anti-human Racl mAbs were from BD Immunocytometry.
Mouse anti-human Cbl-b, anti-human Syk (4D10), anti-human BLNK,
and anti-ubiquitin mAbs as well as rabbit anti—-human ¢-Cbl and anti-mouse
cyclin D2 pAbs were from Santa Cruz Biotechnology. Mouse anti-V5 mAb
was from Invitrogen. Mouse anti-phosphotyrosine and anti-human
CIN85 mAbs were from Upstate Biotechnology. Rabbit anti-human Vav2
mAb was from Epitomics. Sheep anti-human CD2AP pAb was from R&D
Systems. Mouse anti—f-actin mAb was from Sigma-Aldrich.

B cell lines and primary B cells

The B lymphoma cell line BJAB was cultured in RPMI 1640 medium
supplemented with 10% FCS. Human peripheral blood mononuclear cells,
kindly provided by healthy volunteers, were separated from their buffy
coats. Informed consent was obtained from all subjects in accordance with
the Declaration of Helsinki. The Institutional Review Board of Kyushu
University Hospital approved all research on human subjects. B cells were
isolated with Dynabeads M450 CD19 and DETACHaBEAD CD19 (Dynal
Biotech), according to the manufacturer’s instructions. The isolated B cells
exhibited greater than 99.5% viability on trypan blue exclusion and more
than 95% purity on flow cytometry. Trace levels of phosphorylation of
BCR-signaling molecules were observed in the B cells immediately after
purification, probably because of mechanical stress.?* The cells were thus
rested for a couple of hours before further analysis. The cells were cultured
at a density of 1 X 10° cells/mL in a 96 flat-bottom microtiter plate in
complete RPMI 1640 medium supplemented with 10% FCS.

Expression constructs and transfection

Constructs encoding V5-tagged wild-type (WT) and 3 SH3 domain-deleted
mutants of human CINSS (pEF1/V5-CIN85 and —~CIN85-dSH3ABC) were
previously described. The BJAB cells were transfected with the aforemen-
tioned constructs using a Gene Pulser apparatus (Bio-Rad Laboratories).
The control cells were transfected with an empty vector. Stably transfected
BJAB clones were selected in the presence of G418 (2 mg/mL) and
screened with anti-V5 mAb.
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RNA interference

The pSUPER-based strategy was adopted to knockdown hCIN83S expres-
sion. To generate CIN85 small-hairpin RNA (shRNA). a 19-nucleotide
sequence (CAGCAATGACATTGACTTA) selected from human CIN85
c¢DNA was annealed and ligated into the pSUPER or GFP-pSUPER vector.
A scrambled sequence (GTTACTAACGCGAATTAAC) was used as nega-
tive control. hCIN85 or the control shRNA vector was transfected into
BJAB cells using a Gene Pulser apparatus, and stable hCIN85-knockdown
BJAB clones were selected in the presence of puromycin (0.5 pg/mL).
Transient transfections of primary B cells with the pSUPER-hCINSS vector
were performed using the Nucleofection kit from AMAXA Biosystems as
previously described.”

Measurement of intracellular free calcium

B cells were washed with RPMI 1640 medium containing 10% FCS and
adjusted to a concentration of 1 X 10° cells/mL. After incubation at 37°C
for 15 minutes, | pg/mL of Fluo 4/AM (Dojindo) was added, and the cells
were incubated for an additional 30 to 45 minutes with resuspension every
15 minutes. The cells were centrifuged and resuspended in RPMI 1640 at a
density of 2 % 10° cells/mL and stimulated with anti-IgM (20 pg/mL). The
fluorescence intensity of intracellular Fluo 4 was monitored and analyzed
using flow cytometry.

Immunoprecipitation

Cells were lysed as described.!? Subsequently, protein G-Sepharose (Amer-
sham Pharmacia Biotech) precleared lysates were incubated with anti-V35,
-BLNK, -Syk, -Cbl, -Vav2 mAb, or -CD2AP pAb for | hour at 4°C and then
immunoprecipitated with protein G-Sepharose overnight at 4°C. The
precipitated proteins were resolved by 10% SDS-PAGE: transferred onto a
Millipore Immobilon polyvinylidene difluoride membrane: and blotted
with anti-phosphotyrosine (4G10), -V35, -c-Cbl, -Cbl-b, -BLNK, -Vav2,
-Syk. or -ubiquitin mAbs, followed by incubation with secondary HRP-
conjugated IgG (Jackson ImmunoResearch Laboratories) specific for the
primary Ab. The blots were developed with an ECL Plus kit (Amersham
Biosciences).

Western blot analysis

Nonstimulated or stimulated cells (1 % 10%) were lysed as described.'? The
lysates were then denatured in an equal volume of 2 X SDS sample buffer,
resolved on a 10% SDS-PAGE gel, and electro-transferred to nitrocellulose
membranes in non-SDS—containing transfer buffer (25mM Tris, 0.2M
glycine, and 20% methanol; pH 8.5). Western blotting was performed with
anti-phospho-Syk (1:2000), anti-phospho-PLCy2 (1:2000), anti-phospho-
BLNK (1:2000). anti-phospho-JNK (1:2000). anti-phospho-ERK (1:2000),
anti-phospho-Akt (1:2000), anti-Akt (1:2000), anti-CIN85 (1:2000), anti-
B-actin (1:2000), or anti-Vav2 (1:2000), followed by a 1:15 000 dilution of
anti—rabbit or anti-mouse HRP-conjugated IgG. The blots were developed
with the ECL plus kit (Amersham Biosciences). The chemiluminescence
intensity was monitored using a Laser3000 (FujiFilm) instrument. We
quantitated the band intensity of the proteins using ImageGauge Version
4.22 software (FujiFilm). The resulting values were expressed as fold
changes in protein expression relative to the protein expression in unstimu-
lated control cells.

Luciferase assays

Cells (1 x 107) were transfected by electroporation with the NF-AT-
reporter construct, which was generously provided by Dr Shoichiro
Miyatake (The Tokyo Metropolitan Institute of Medical Science, Tokyo.
Japan). After 18 to 20 hours, cells were harvested and plated on 96-well
plates at a density of 2 X 10%/well. Triplicate cultures were incubated in the
media alone with graded doses of anti-IgM or with 50nM PMA and 2.5pM
ionomycin. After 6 hours, the cells were lysed in 50 pL reporter lysis buffer
(Promega) for 15 minutes at room temperature. The luciferase activity was
assayed by adding 20 pL luciferase substrate (Promega) to 50 pL lysate



