combination of ITP-associated laboratory findings, including
circulating anti-GPIIh/IIIa antibody-producing B cells, reticulated
platelets, and thrombopoietin [11]. The ELISPOT assay has
several advantages over assays that detect platelet antigen-specific
antibodies, i.c., the results are not influenced by the binding of the
antibodies to platelet surfaces and only a small blood sample
(<3 ml) is required. However, the anti-GPIIb/Ila antibody
response was not detectable in a small proportion (~20%) of I'TP
patents, even if the sensitive ELISPOT assay was used. Thus,
adding a concomitant measurement of B cells producing
antibodies to another major platelet autoantigen, GPIb, may
increase the assay’s sensitivity to the anti-platelet autoantibody
response in patients with ITP. In this study, we established an
ELISPOT assay for detecting anti-GPIb antibody-producing B
cells and evaluated its potential usefulness for the diagnosis, discase
subtyping, and assessment of the anti-platelet autoantibody profiles
in patients with primary I'TP and a various forms of secondary
ITP.

Materials and Methods

Subjects

This study included 114 consccutive patients with primary I'TP
whose peripheral blood samples had been sent to an autoimmune
laboratory at Keio University Hospital between April 2003 and
March 2005. Eighteen patients were also included in a multicenter
prospective study for verification of our preliminary diagnostic
criteria for ITP [11]. The inclusion criteria were: (i) clinical
diagnosis of primary I'TP; (ii) thrombocytopenia (platelet count
=50x10°/L); (iii) no previous treatment with corticosteroids or
immunosuppressants; and (iv) availability of detailed clinical
information for at least one year after the diagnosis. The clinical
diagnosis of ITP was made by one of the authors (YI) on the basis
of clinical history, physical examination, complete blood test, and
bone marrow findings if available, according to the guidelines
proposed by the American Society of Hematology [12]. The final
diagnosis was re-evaluated, taking into account the clinical course
of the disease over at least one year, especially the therapeutic
responses to corticosteroids, splenectomy, and eradication of
Helicobacter pylori (H. pylori). Y1 was blinded to the results of the
anti-GPIIb/IIa and anti-GPIb antibody-producing B cell assays,
so the clinical diagnosis of primary I'TP was not influenced by
these laboratory findings. Patients with primary ITP were
classified as having newly diagnosed, persistent, or chronic ITP,
as described previously [13].

Additional thrombocytopenic patients with underlying diseases
that could potentially cause secondary I'TP or non-ITP thrombo-
cytopenia were selected from consecutive patients whose periph-
eral blood samples had been sent to the autoimmune laboratory
during the same period, based on the definitive diagnosis of
underlying diseases/conditions and platelet count =50x10%/L.
SLE and liver cirrhosis were diagnosed according to the published
criteria [14,15]. HSCT recipients were selected based on a lack of
sustained anemia or leukopenia, and no apparent cause for
thrombocytopenia, such as engraftment failure, recurrence of the
underlying hematologic malignancy, microangiopathy, or drugs
[10]. To minimize the potential influence of procedure-related
complications, we selected patients who had survived for
>100 days after HSCT. Patients with aplastic anemia or
myelodysplastic ‘syndrome (MDS) were also enrolled as a non-
ITP disease control. Diagnosis of aplastic anemia and MDS was
based principally on bone marrow findings and cytogenetic
analysis [16,17]. Thirty-two healthy individuals were also included
as a control. All samples were obtained after the subjects gave their
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written informed consent, as approved by the ethical committee of
Keio University School of Medicine (Application number 2010-
031-2).

Therapeutic Response

A therapeutic response to intravenous immunoglobulin (IVIG)
was defined as a platelet count >100x10%/L at one week,
respectively [8], while a response to . pylori eradication or
corticosteroids (>0.5 mg/kg prednisolone in combination with or
without IVIG) was defined as a platelet count >100x10°/L at 24
weeks, respectively [18]. We used the published definition for
therapeutic response to splencctomy [19], but complete and
partial responses were combined. That is, a therapeutic response
was defined as a platelet count of =50x10%/L for 30 days or
longer after splenectomy, with or without other treatment.

H. pylori Infection

H. pylori infection was evaluated with a '*C urea breath test
using a UBIT tablet (Otsuka Assay, Tokyo, Japan), the detection of
serum IgG anti-A. pylori antibodies using a commercially available
kit (Kyowa Medex Company, Tokyo, Japan), and the detection of
H. pylori antigen in stool samples using ImmunoCard® HpST®
(Meridian Bioscience, Cincinnati, OH). Patients positive for the
urca breath test plus at least one additional test were regarded as
H. pylori-positive [18].

Antinuclear Antibody (ANA)

ANA was mecasured by indirect immunofluorescence using
commercially available HEp-2 slides (MBL, Nagoya, Japan) as the
substrate. A positive result was determined as a significant signal
using two different cut-off levels: serum samples diluted 1:40 and
1:160.

Measurement of IgG Anti-GPllb/llla and Anti-GPlb

Antibody-producing B Cells

B cells producing IgG anti-GPIIb/Ia antibodies were mea-
sured using the ELISPOT assay as described previously [6,7].
Briefly, a polyvinylidene difluoride-bottomed 96-well microplate
(Millipore, Bedford, MA) was activated by incubation with ethanol
(>99.5%) at room temperature for 10 minutes. After extensive
wash with phosphate-buffered saline (PBS) containing 0.5 mM
CaCl, (PBS-Ca), the microplates were coated with affinity-purified
human GPIIb/IIla (purity >80%; Enzyme Research Laborato-
ries, Swansea, UK) dissolved in PBS-Ca at a concentration of
30 pg/mL over night at 4°C. Then, the plates were washed three
times with PBS-Ca, and were subsequently blocked with 1%
bovine serum albumin (Sigma-Aldrich, St. Louis, MO) in PBS-Ca
at room temperature for one hour. Peripheral blood mononuclear
cells (PBMCs), isolated from heparinized peripheral blood by
Lymphoprep (Fresenius Kabi Norge AS, Halden, Norway) density
gradient centrifugation, were re-suspended in RPMI1640 con-
taining 10% fetal bovine serum (Life Technologies, Carlshad, CA),
and were pipetted into the wells (10°/well) and cultured at 37°C
with 5% COs for 4 hours. After washing away the cells with PBS-
Ca containing 0.05% Tween 20, the membranes were incubated
with alkaline phosphatase-conjugated goat anti-human IgG ICN/
Cappel, Aurora, OH) diluted at 1:1,000 in PBS-Ca at room
temperature for 2 hours, followed by wash two time each with
PBS-Ca with 0.05% Tween 20 and PBS-Ca. Finally, anti-GPIIb/
IIIa antibodies that bound to the membrane were visualized as
spots by incubation with nitro blue tetrazolium (Sigma-Aldrich,;
300 ug/mL)/5-bromo-4-chloro-3-indolyl phosphate (Sigma-Al-
drich; 60 ug/ml) in a buffer consisting of 100 mM Tris-HCI1
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(pH9.5), 100 mM NaCl, 50 mM MgCl, at room temperature for
20 minuts. B cells producing IgG anti-GPIb antibodies were also
measured by ELISPOT assay, in which a recombinant GPIba
fragment was used instead of GPIIb/Ila as the antigen. The
recombinant GPIbe fragment, which covered the entire von
Willebrand factor-binding site (residues 1 to 302), was expressed in
Chinese hamster ovary cells [20]. For the anti-GPIb antibody
ELISPOT assay, PBS was used instead of PBS-Ca in the entire
protocol. The plates coated with bovine serum albumin in the
blocking buffer in the absence of GPIIb/IIIa or GPIb were used as
control for the ELISPOT assay. Each assay was conducted in 5
independent wells, and the results represented the mean of the 5
values. The frequency of circulating anti-GPIIb/Illa or anti-GPIb
antibody-producing B cells was calculated as the number per 10°
PBMCs. The cut-off value for anti-GPIIb/Ila antibody-produc-
ing cells was defined as 2.0 per 10° PBMCs [7]. The cut-off value
for anti-GPIb antibody-producing cells was set at 5 standard
deviations above the mean value from healthy controls.

Statistical Analysis

All continuous variables were expressed as the mean = standard
deviation (SD). Comparisons between two groups were tested for
statistical significance using the Mann-Whitney test. Differences in
frequency between two groups were compared using the Chi-
square test or Fisher’s exact test, when applicable. The correlation
coefficient (r) was determined using a single-regression model.

Results

Patient Characteristics

This study enrolled a total of 226 thrombocytopenic patients.
They were composed of 114 with primary ITP, 25 with SLE,
30 with liver cirrhosis, 39 with post-HSCT, and 18 non-ITP
controls, including 4 with aplastic anemia and 14 with myelodys-
plastic syndrome. Table 1 summarizes the sex, age at examination,
and platelet count of thrombocytopenia patients and healthy
controls. Forty-cight patients (42%) with primary ITP were
categorized as having newly diagnosed ITP, while the remaining
patients had persistent or chronic I'TP. The etiologies of liver
cirrhosis included hepatitis B virus infection in 5, hepatitis C virus
infection in 21, and alcohol in 4. Of the post-HSCT patients,
37 had received bone marrow transplantation while 2 had
received peripheral blood stem cell transplantation. Compared
with patients with primary ITP, patients with SLE were
predominantly female (P=0.02) and those with liver cirrhosis
and MDS were older (P=0.001 and 2= 0.03, respectively). There
was no difference in platelet count among the thrombocytopenic
patient groups. The mean follow-up period in patients with
primary I'TP was 49226 months.

Detection of IgG Anti-GPIib/llla and Anti-GPlb Antibody-
producing B Cells

Circulating B cells producing IgG anti-GPIIb/Illa and anti-
GPIb antibodies were simultancously measured in patients with
primary ITP, various thrombocytopenic conditions, and healthy
controls (Figure 1). No clear spot was detected in the control plates
coated with bovine serum albumin alone. There were significantly
more circulating anti-GPIIb/IIla antibody-producing B cells in
patients with primary ITP, SLE, liver cirrhosis, and post-HSCT
than in healthy controls (5.4%4.7, 6.0%£6.4, 10.0*5.8, and
6.3+8.3 versus 0.3%0.4; P<<0.05 for all comparisons). In contrast,
there was no difference in anti-GPIIb/IIIa antibody-producing B
cells between the non-ITP disease controls, including aplastic
anemia and MDS, and healthy controls. Among ITP-related
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conditions, patients with liver cirrhosis had a greater frequency of
anti-GPIIb/IIla antibody-producing B cells than did those with
primary ITP, SLE, or post-HSCT (P<<0.05 for all comparisons).
Similarly, there were significantly more anti-GPIb antibody-
producing B cells in patients with primary ITP, SLE, liver
cirrhosis, and post-HSCT than in healthy controls (3.0%3.3,
10.5+25.6, 4.8+5.2, and 3.4%6.2 versus 0.4+0.4; P<0.01 for all
comparisons). Again, there was no difference between the non-ITP
disease controls and healthy controls. The frequency of anti-GPIb
antibody-producing B cells tended to be higher in SLE patients
than in those with other ITP-related conditions, but the difference
was not statistically significant.

The circulating frequencies of anti-GPIb and anti-GPIIb/IIIa
antibody-producing B cells were correlated with each other in
patients with primary ITP, SLE, liver cirrhosis, and post-HSCT
(P<<0.0003 for all correlations) (Figure 2). Based on the slopes of
the fitted lines obtained by the single regression model, the anti-
GPIIb/Illa antibody-producing cells exceeded the anti-GPIb
antibody-producing B cells in patients with primary ITP, liver
cirrhosis, and post-HSCT (slope <1), whereas the anti-GPIb
antibody-producing B cells predominated in SLE patients (stope
>1).

Diagnostic Utility of Anti-GPllb/Illa and Anti-GPIb
Antibody-producing B Cells

To evaluate the diagnostic utility of the anti-GPIIb/IIla and
anti-GPIb ELISPOT assays, the results of these tests were judged
as positive or negative based on being above or below a defined
cut-off level. We used 2.0 per 10° PBMCs as the cut-off value for
anti-GPIIb/Ila antibody-producing B cells, which was deter-
mined in our previous study [7] and 2.4 per 10° PBMCs for
circulating anti-GPIb antibody-producing B cells, which was 5
standard deviations above the mean value obtained from healthy
controls. The positive frequencies of circulating anti-GPIIb/Ila
and anti-GPIb antibody-producing B cells, and their combination
in patients with primary ITP, various thrombocytopenic condi-
tions, and healthy controls are summarized in Table 2. Anti-
GPIIb/IIIa antibody-producing cells were detected in 86% of the
patients with primary ITP, and in 76%, 97%, and 62% of the
patients with SLE, liver cirrhosis, and post-HSCT, respectively. In
contrast, the percentages of patients with a positive frequency of
anti-GPIb antibody-producing B cells were lower (38-50%) than
those of anti-GPIIb/Illa antibody-producing cells. These anti-
body-producing cells were infrequently detected in patients with
aplastic anernia or MDS. Of 16 patients with primary ITP who
were negative for the anti-GPIIb/IIa antibody-producing cells, 5
(31%) were positive for the anti-GPIb antibody-producing cells.
Three (50%) out of 6 SLE patients with the negative anti-GPIIb/
Ma ELISPOT result were positive for the anti-GPIb ELISPOT
assay, but none of the patients with liver cirrhosis or post-HSCT
who showed the negative anti-GPIIb/IIla ELISPOT result were
positive for the anti-GPIb ELISPOT assay. When the results for
anti-GPIIb/Illa and anti-GPIb antibody-producing B cells were
combined, the positive frequency was slightly increased in patients
with primary ITP and SLE, but not in those with liver cirrhosis
and post-HSCT, because in the latter cases the anti-GPIb
antibody-producing B cells always coexisted with anti-GPIIb/IIla
antibody-producing ones.

We then focused on the utility of anti-GPIIb/Ila and ant-
GPIb antibody-producing B cell measurement for the diagnosis of
primary ITP. This analysis included 114 patients with primary
ITP and 18 with non-ITP thrombocytopenia, including aplastic
anemia and MDS. The anti-GPIIb/IIIa antibody-producing B cell
measurement had a sensitivity of 86%, specificity of 83%, positive
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Table 1. Demographic features and platelet count of subjects enrolled in this study.

Number Sex {% male)

Age at examination (years) Platelet count (x10°/L)

Post-HSCT 39

MDS 14

37.6::10.6 31.5%11.3
6.3:23

60.4%17.5

269133

ND: not determined.
*Data were derived from 16 healthy donors.
doi:10.1371/journal.pone.0086943.1001

predictive value of 98%, and negative predictive value of 50%. In
contrast, the sensitivity of the anti-GPIb antibody-producing cells
was only 53%, while the specificity was 89% and positive and
negative predictive values were 86% and 20%, respectively. When
the two tests were combined, the sensitivity was slightly improved
to 90% without effectively reducing the specificity or positive
predictive value of the anti-GPIIb/IIIa ELISPOT assay alone
(83%, 97%, respectively). When the same analysis was performed
i patients with SLE, the sensitivity was improved from 76% in
case of the anti-GPIIh/IIla ELISPOT assay alone to 88% in case
of combining the two tests.

Clinical Characteristics Associated with Anti-GPIlb/llla
and Anti-GPlb Antibody-producing B Cells in Patients
with Primary ITP

Patients with primary I'TP were stratified into two groups based
on the presence or absence of anti-GPIIb/Ila or anti-GPIb
antibody-producing B cells (Table 3). Newly diagnosed I'TP was
less common in patients with anti-GPIIb/IIla antibody-producing
B cells, than in those without. The positive anti-GPIb ELISPOT
assay result was associated with a low platelet count, lack of H.
wlori infection, and positive ANA, independent of the cut-off
levels. Therapeutic responses to H. pylori eradication, IVIG, and
splenectomy tended to be worse in patients with a positive anti-
GPIb ELISPOT assay than in those without, but only the
difference in the response to IVIG reached statistical significance.
On the other hand, there were no differences in clinical
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Figure 1. Anti-GPlIb/llla and anti-GPlb antibody-producing B cells in the circulation of patients with various thrombocytopenic
conditions and healthy controls. Cut-off values for anti-GPlib/llla and anti-GPlb antibody-producing B cells were 2.0 and 2.4 per 10° PBMCs,
respectively. Bars indicate the mean, and asterisks indicate statistical significance (P<0.05).

doi:10.1371/journal.pone.0086943.g001

PLOS ONE | www.plosone.org 4

January 2014 | Volume 9 | Issue 1 | e86943



Primary ITP
60 60
50 50
Slope (B) = 0.46
Rz =0.44
40 40
P < 0.00001
30 30

20

10

1

0 10 20 30 40 50

20

10

0

Anti-GPlb ELISPOT

@

O

=

&

ie]

<o

= 20 Slope (B) = 1.52
= R = 0.44

3 10 o P =0.0003
o

e 0 i : : .
S 0 10 20 30 40 50
—C} .

g 60 Liver cirrhosis 80 Post-HSCT

B

—G —

F S0 Slope (B) = 0.63 50 Slopi QB)—O.SS

= R? = 0.50 40 R2=0.83

& 1 p<ooo0of P < 0.00001 ®

o 30 30

Q

=

<

T 1

0 10 20 30 40 50

Anti-GPlIb/llla antibody-producing B cells (/10% PBMCs)

Figure 2. Correlations between circulating anti-GPlb and anti-GPllb/llla antibody-producing B cells in patients with primary ITP,
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doi:10.1371/journal.pone.0086943.g002

characteristics except the ITP classification between patients with
and without anti-GPIIb/IIIa antibody-producing B cells.

Discussion

In this study, we successfully developed an ELISPOT assay for
detecting ant-GPIb antibody-secreting B cells, by applying the
principles of our previously developed anti-GPIIb/IIla antibody-
producing B cell measurement. Anti-GPIb antibody-secreting B
cells were detected in the circulation of patients with primary ITP

as well as conditions that potentially cause secondary I'TP, but
were infrequently found in patients with aplastic anemia or MDS.
Thus, the ant-GPIb ELISPOT assay is useful for identifying
patients with ITP, but its sensitivity was much inferior to that of
the anti-GPIIb/IIla ELISPOT assay, indicating that detection of
anti-GPIb antibody-producing cells could not replace the anti-
GPIIb/IIIa assessment in ITP diagnosis. In addition, concomitant
measurement of anti-GPIb and anti-GPIIb/IIla antibody-produc-
ing B cells had limited utility: a slight increase in sensitivity only for
primary ITP and SLE. These findings indicate that, rather

Table 2. Positive frequencies of circulating anti-GPlib/llla and anti-GPlb antibody-producing B cells, and their combination in
patients with primary ITP, various thrombocytopenic conditions, and healthy controls.

Anti-GPlb antibody-producing B cells alone
Antl—GPIlb/maantfbody-prod ing B cells AND.

i- Plb‘é’ntipddy-pr'oduck Bc -
Anti-GPlib/llla antibody-producing B cells OR
anti-GPIb antibody-producing B cells

40%
38% o

90%

88%

Healthy
Primary ITP Liver cirrhosis  Post- Aplastic anemia/  controls
(n=114) SLE (n=25) (n=30) HSCT(n=39) MDS (n=18)
Anti-GPilb/llla antibody-producing B cells alone  86%  76% i 6% %

38%

11%
  38;%~ v -

62% 17% 0%

doi:10.1371/journal.pone.0086943.t002
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SLE, liver cirrhosis, and post-HSCT are conditions potentially causing secondary ITP, whereas aplastic anemia and MDS are non-ITP disease controls.
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Table 3. Clinical findings in patients with primary ITP, stratified by the presence or absence of circulating anti-GPIb or anti-GPllb/

Anti-GPlib/llla antibody-producing B cells

Anti-GPlb antibody-producing B cells

Sex (% female)

Newly diagnosed {TP

ﬁatelet count.

62% (n=26)

100% (n=3,

179% (n=12)

doi:10.1371/journal.pone.0086943.1003

disappointingly, the additional measurement of anti-GPIb anti-
body-producing B cells on top of the anti-GPIIb/IHa ELISPOT
assay does not improve the diagnostic accuracy for patients
suspected of having ITP. However, it may be worth measuring the
anti-GPIb ELISPOT assay in patients who arc suspected to have
primary ITP or secondary I'TP in association with SLE, but are
negative for anti-GPIb/IIla antibody-producing cells, because
there is a >30% chance for obtaining the positive result.

Several laboratories have reported antigen-specific assays, such
as the monoclonal antibody-specific immobilization of platelet
antigen (MAIPA) assay, for detecting autoantibodies to GPIb/
IIa and GPIb, which are cither bound to platelet surfaces or
present in plasma, although an international study comparing
these antigen-specific assays revealed that good inter-laboratory
agreement was obtained only when the platelet-associated
antibodies were measured [21]. In this regard, Warner and
colleagues reported that an antigen-specific assay detecting
platelet-associated anti-GPIIh/IMla antibodics had a sensitivity of
57% and a specificity of 96% for the diagnosis of primary I'TP, and
the additional measurement of anti-GPIb antibodies increased the
diagnostic sensitivity to 66%, and retained a specificity of 92% [3].
In another report using a prospective cohort of thrombocytopenic
patients, platelet-associated anti-GPIIb/Illa and anti-GPIb anti-
bodies detected by direct MAIPA were present in 49% of 93
patients with I'TP, including 74 with the primary form, and in only
22% of 54 patents with non-ITP thrombocytopenia [4]. The
platelet-associated antibodies to GPIIb/IIla (88%) were more
frequently directed than to GPIb (52%), while 40% of patients had
concomitant antibodies to both of these platelet glycoproteins.
Finally, McMillan et al examined platelet-associated anti-GPIIb/
IHa and anti-GPIb antibodies in 282 patients with primary ITP,
and found that the majority of patient samples contained platelet-
associated antibodies recognizing GPIIb/IIla alone (52%); fewer
reacted to GPIb alone (12%) or to both complexes (15%) [5]. Our
findings, obtained by measuring the anti-GPIIb/IIla and anti-
GPIb antibody-producing circulating B cells, were generally
concordant with these results from assays detecting specific
platelet-associated antibodies: GPIIb/IIla antibodies were pre-
dominantly recognized, while anti-GPIb antibody measurement
contributed minimally to the diagnosis of primary ITP. The
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ELISPOT assays appear to be more sensitive than the platelet-
associated antigen-specific assays (90% versus 49-66%), but
prospective studies comparing the ELISPOT assays with other
anti-platelet autoantibody detection tests are necessary to confirm
this.

The main reason for the low utlity of anti-GPIb antibody-
producing B cells for the diagnosis of ITP is that circulating anti-
GPIIb/IIa and anti-GPIb antibody-producing B cells coexist in
the majority of patients with I'TP. Only a small number of patients
had anti-GPIb antibody-producing B cells alone. Therefore, in
routine clinical settings, the anti-GPIIb/Ila ELISPOT assay
appears to be sufficient for the diagnosis of I'TP. Interestingly, the
levels of anti-GPIb and anti-GPIIbh/IIla antibody-producing B
cells in the circulation were correlated with cach other in ITP
patients, irrespective of whether the diagnosis was primary I'TP or
one of the secondary forms. These findings indicate that the
autoimmune response in the majority of ITP patients targets
multiple platelet glycoproteins, which might be a consequence of
“epitope spreading” [2]. In this regard, we have proposed a
“pathogenic loop” model for the ongoing anti-platelet autoanti-
body response in ITP patients [22]. Namely, macrophages in the
reticuloendothelial system (spleen in the majority of the patients)
capture opsonized platelets, and activate autoreactive T helper
cells that stimulate the B cells to proliferate [23], differentiate into
plasma cells [24], and produce anti-platelet autoantibodies, which
in turn bind to circulating platelets. The continuous destruction of
platelets in the reticuloendothelial system would allow the
processing and presentation of a whole panel of platelet antigens
by macrophages, some of which could elicit additional autoreac-
tive T cell responses, resulting in the production of autoantibodies
against other platelet glycoproteins.

In primary ITP and various forms of secondary ITP, SLE was
unique in having a predominant anti-GPIb antibody-producing B
cell response. SLE is a systemic autoimmune disease characterized
by a loss of tolerance to nuclear and other self-antigens, a
production of pathogenic autoantibodies, and damage to multiple
organ systems [25]. Taken together with the association between
anti-GPIb antibody-producing B cells and the production of
ANAs, even in patients with primary ITP, the anti-GPIb
autoantibody response might be linked to systemic autoimmunity.
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Because a significant proportion of SLE patients had anti-GPIb
antibody-producing B cells in the absence of anti-GPIIb/IIIa
antibody-producing B cells, measurement of the anti-GPIb in
addition to anti-GPIIb/IIIa antibody-producing B cells may have
some merit for accurately identifying secondary ITP in patients
with SLE and thrombocytopenia, although the number of patients
analyzed in this study was too small to draw a firm conclusion.
Much effort has been made to identify clinical associations of
individual anti-platelet glycoprotein antibodies, but the clinical
significance of such antibodies remains uncertain. In patients with
primary ITP, the presence of platelet-associated anti-GPIb
antibodies was shown to be associated with a lower platelet count
[26,27] and inadequate responses to corticosteroids [26] and IVIG
[28]. Our results were consistent with these previous observations,
including the low platelet count and poor responses to therapeutic
" interventions, especially to IVIG. In this regard, some monoclonal
antibodies against GPIb are known to induce platelet activation,
which may lead to accelerated platelet destruction independent of
the Fcy receptor-mediated process in ITP patients [29]. We
additionally found correlations between anti-GPIb antibody-
producing B cells and a low prevalence of H. pylor: infection or a
high frequency of positive ANA. These findings indicate that there
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Anti-GPlb ELISPOT

may be a relatively homogeneous subset of primary ITP cases
defined by the anti-GPIb antibody response, and characterized by
severe thrombocytopenia, the absence of H. pylori infection, a
positive ANA, and a poor therapeutic response.

In summary, our ELISPOT assay for detecting anti-GPIb
antibody-secreting B cells is useful for identifying patients with
ITP, but its utility for diagnosing ITP is apparently inferior to the
anti-GPIIh/Ila ELISPOT assay. Nevertheless, detection of the
anti-GPIb antibody response is useful for subtyping patients with
primary I'TP and predicting the therapeutic response.
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Immune thrombocytopenia (ITP) is an autoimmune disease mediated by IgG anti-
platelet autoantibodies, resulting in an isolated thrombocytopenia. The mechanism
for ongoing antiplatelet antibody production is explained by a ‘pathogenic loop’
model consisting of macrophages in the reticuloendothelial system, platelet-reac-
tive CD4" T cells and B cells producing IgG antiplatelet antibodies. In ITP patients,
a variety of negative immune regulators including CD4" T regulatory cells, B regu-
latory cells and tolerogenic dendritic cells are dysfunctional, resulting in failure to
efficiently suppress the pathogenic loop. In addition, Helicobacter pylori infection
leads to defective inhibitory FcyRIIB signalling in macrophages and thereby
increases susceptibility to ITP. In ITP patients, dysregulation of these negative
immune regulators is associated with each other in the impaired immune regulatory
network. Thus, strategies that enhance functions of these intrinsic negative immune

regulators would be promising future approaches for treating ITP.
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Introduction

Immune thrombocytopenia (ITP) is an autoimmune dis-
ease that causes an isolated thrombocytopenia. ITP can
occur either alone or in the setting of other immune-med-
iated disorders such as systemic lupus erythematosus and
human immunodeficiency virus infection. Mechanisms
for thrombocytopenia in ITP patients include increased
platelet consumption and impaired platelet production,
both of which are mediated mainly through IgG antiplat-
elet autoantibodies [1]. The major autoimmune targets are
platelet membrane glycoproteins, such as GPIIb/IIa and
GPIb/IX [2]. It has been believed that ITP is associated
with a loss of tolerance to platelet antigens, but triggers
that break immune tolerance still remain unclear. There
are accumulating lines of evidence demonstrating that
cellular immunity in ITP patients is perturbed and shifted
towards T helper 1 (Th1) and T helper 17 (Th17) proin-
flammatory responses [3]. However, autoimmune
responses observed in patients with ITP, especially those
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with primary ITP, specifically target platelet antigens.
Therefore, antigen-specific mechanisms should play a
critical role in the pathogenesis in addition to the activa-
tion of non-specific immune pathways. It is widely appre-
ciated that the production of IgG autoantibodies requires
isotype switch and affinity maturation mediated by auto-
antigen-specific CD4™ T cells. In fact, in patients with ITP,
we have identified CD4" T cells reactive to GPIb/IIa,
which are able to stimulate B cells to produce IgG anti-
bodies that are able to bind normal platelet surfaces at
least in vitro [4]. Therefore, collaboration between anti-
gen-specific and non-specific immune mechanisms is
necessary to fully emerge antiplatelet autoantibody
responses.

It has been known that autoreactive T cells escape from
apoptosis during the negative selection process in the
thymus and are a component of the normal T-cell reper-
toire. These potentially harmful autoreactive T cells are
suppressed or deleted in a variety of negative immune
regulators in periphery. These negative regulators play a
pivotal role in the homeostasis of the immune system and
have emerged as key players in the development and
maintenance of peripheral immune tolerance. Several
immune cell subsets have been reported to possess such
immunosuppressive function, and include T regulatory
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cells (Tregs), B regulatory cells (Bregs) and tolerogenic
dendritic cells (DCs). In addition, a variety of soluble
mediators, receptors and intracellular signalling molecules
are known as negative immune regulators. These include
interleukin (IL)-10, transforming growth factor-f (TGF-J3),
Fcy receptor (FeyR) 1B, cytotoxic T-lymphocyte antigen 4
(CTLA4), indoleamine-2,3-dioxygenase-1 (IDO1) and sup-
pressor of cytokine signalling (SOCS) family proteins. It
has been shown that deficiency of these negative regula-
tors leads to emergence of autoimmunity in mice, and
single nucleotide polymorphisms with the genes for many
negative regulators are associated with susceptibility to
autoimmune diseases. Recent accumulating lines of evi-
dence have shown involvement of dysregulated negative
immune regulators in pathogenic processes of ITP. In
addition, a series of studies on ITP patients have reported
the improvement of quantity and/or function of negative
immune regulators after platelet recovery with treatment,
suggesting that they might be preferable therapeutic tar-
gets. This review summarizes updated knowledge on roles
of negative immune regulators in the pathogenic process
of ongoing antiplatelet autoantibody production in ITP
patients.

A 'pathogenic loop model' for ITP
pathogenesis

Ongoing antiplatelet autoantibody response observed in
ITP patients requires sustained activation of platelet-reac-
tive CD4" T cells by recognizing antigenic peptides effi-
ciently  presented by  antigen-presenting  cells.
Interestingly, GPIIb/IIla-reactive CD4" T cells responded
to tryptic peptides of GPIIb/Illa or recombinant GPIIb/Illa
fragments produced in bacteria, but not to native GPIIb/
IIa [5, 6], indicating that the epitopes they recognize are
‘cryptic’ determinants, which are generated at a sub-
threshold level by the processing of native GPIIb/Illa
under normal circumstances. Therefore, exposure of
‘cryptic’ peptides of GPIIb/IIla to the immune system is a
critical step for maintaining the antiplatelet autoantibody
response. By using GPIIb/Ila-reactive CD4" T-cell lines
and freshly isolated splenocytes from the same ITP
patients, we were able to identify splenic macrophages as
the major antigen-presenting cells for presenting ‘cryptic’
GPIIb/Illa peptides in vivo [7]. In addition, presentation of
the ‘cryptic’ GPIIb/Illa peptides by macrophages depended
on their phagocytosis of opsonized platelets via FcyRs.
Since the spleen is the primary site of activation of
GPIlIb/Illa-reactive CD4™ T cells and subsequent antiplat-
elet antibody production [8], it is likely that splenic mac-
rophages that take up a large number of opsonized
platelets via FcyRs efficiently concentrate the small quan-
tities of platelet antigens that were previously ‘cryptic’. A

recent study evaluating detailed histologic analysis of ITP
spleens indicates that splenic proliferative lymphoid nod-
ules are the primary sites of the autoantigenic stimulation
in ITP patients [9]. Based on the results from our in vitro
assay for anti-GPIIb/Illa antibody production, we have
proposed a ‘pathogenic loop’ model for the ongoing IgG
antiplatelet autoantibody response in ITP patients [7].
Namely, macrophages in the reticuloendothelial system
capture opsonized platelets via cell surface FeyRs and
present antigenic platelet-derived peptides to T cells in
the context of the major histocompatibility complex
(MHC) molecule. Autoreactive CD4" T cells to GPIIb/IIla
are then activated by recognition of the antigenic
peptides and exert helper activity to stimulate B cells to
produce IgG antiplatelet autoantibodies, which in turn
bind to circulating platelets. Theoretically, once this path-
ogenic loop is established, production of IgG antiplatelet
antibodies goes on endlessly, irrespective of triggers that
initiated this response. The majority of current treatment
regimens for ITP are aimed to interrupt this pathogenic
loop, thereby suppressing the production of IgG antiplat-
elet antibodies and resultant platelet recovery. Specifi-
cally, corticosteroids suppress overall immune responses,
while splenectomy removes the major site for this loop.
Cytotoxic immunosuppressants, such as cyclophospha-
mide and azathioprine, inhibit the proliferation of both T
and B cells, while cyclosporin selectively inhibits T-cell
activation and rituximab depletes the entire B cells in cir-
culation. Therefore, any interventions capable of inhibit-
ing this pathogenic loop are potentially effective for ITP.

CD4™ Tregs

CD4" Tregs are heterogeneous in terms of cell surface
phenotypes, cytokine production profiles and mechanisms
for action [10]. The CD4* T cells with immunosuppressive
capacity, which are produced in the thymus and are
delivered to the periphery, are called naturally occurring
Tregs. This Treg subset expresses a master transcription
factor FoxP3 as well as a high level of CD25. On the
other hand, CD4* T cells that acquire regulatory proper-
ties under particular conditions in periphery are called
adaptive Tregs. Of heterogeneous adaptive Treg subsets,
FoxP3™ Tregs with a phenotype nearly identical to natu-
rally occurring Tregs are called induced Tregs. Mecha-
nisms of immune suppression by FoxP3* Tregs, including
both naturally occurring and induced Tregs, are not fully
elucidated, but secretion of immunosuppressive cytokines,
such as TGF-f, IL-10 and IL-35, and interruption of the
CD80/CD86-CD28 signal with CTLA4 are thought to be
main mechanisms [10]. Blockade of the critical costimula-
tory signal between CD80/CD86 and CD28 during a cog-
nate interaction between T cells and antigen-presenting
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cells results in anergy of T cells. In addition, CTLA4
expressed on Tregs modulates functions of specialized
antigen-presenting cells such as DCs and induces tolero-
genic DCs through maturation inhibition, down-
regulation of CD80/CD86 and induction of an immune
regulatory enzyme IDO1.

Given a critical role of FoxP3" Tregs in preventing the
autoimmune response [11], dysregulation of Tregs could
also be associated with pathophysiology of ITP. In fact, a
number of studies demonstrated a decreased proportion
of FoxP3"* Tregs in peripheral blood CD4" T cells in ITP
patients than in healthy controls [12]. Treg frequency was
also decreased in bone marrow and spleen of ITP patients
[9]. Some studies failed to detect differences in Treg pro-
portions between ITP patients and healthy controls, but
this is explained partly by the use of different phenotypes
for the identification of Tregs. On the other hand, Treg’s
ability to suppress allogeneic T-cell response was shown
to be inferior in ITP patients than in healthy controls.
Several studies evaluated serial changes in Treg propor-
tion and function before and after treatment. High-dose
dexamethasone and rituximab increased the proportion of
Tregs in responders [13, 14], whereas thrombopoietin
receptor agonists failed to increase Treg proportion, but
improved Treg function [15].

We have demonstrated that FoxP3" Treg-deficient mice
spontaneously develop chronic thrombocytopenia with
apparent bleeding tendency [16]. In this model, transfer
of FoxP3" Tregs completely prevented the onset of
thrombocytopenia, indicating that deficiency in FoxP3*
Tregs is responsible for emergence of thrombocytopenia.
Moreover, Treg’s protective effect against thrombocytope-
nia was completely cancelled by the administration of
anti-CTLA4 neutralizing antibody. IgG antibodies capable
of binding to platelet surfaces were detected specifically
in platelet eluates from thrombocytopenic mice. Later, the
primary target of antiplatelet autoantibodies produced in
FoxP3* Treg-deficient mice was identified as GPIb/IX
[17], indicating that thrombocytopenia observed in
FoxP3" Treg-deficient mice is mediated through the
production of IgG antiplatelet autoantibodies, which is
analogous to human ITP. A series of experiments using
another ITP mouse model have demonstrated that periph-
eral Treg deficiency is caused mainly by thymic retention
[18]. Taken together, these animal studies support a
critical role of FoxP3™ Tregs in preventing emergence of
autoimmunity that results in the production of IgG
autoantibodies reactive with platelet antigens.

Given a critical role of FoxP3" Tregs in suppressing
autoreactive CD4" T cells directly through the expression
of immunosuppressive cytokines and CTLA4 as well as
indirectly through the induction of tolerogenic DCs,
excess quantity or function of FoxP3™ Tregs would inter-

rupt the pathogenic loop for ITP. In this regard, two
recent studies have shown that administration of low-
dose IL-2 leads to mobilization and activation of FoxP3™
Tregs and subsequent clinical improvement in patients
with chronic graft-versus-host disease or in those with
vasculitis related to hepatitis C virus infection [19, 20],
although adoptive transfer of FoxP3" Tregs failed to
increase platelet count in FoxP3™ Treg-deficient mice
after onset of thrombocytopenia [16].

Bregs (B10 cells)

Recently, B cells with capacity to negatively regulate cel-
lular immune responses have been described, and the
concept of Bregs has emerged [21]. The deficiency of Breg
is associated with worsening of a variety of autoimmune
diseases, such as systemic lupus erythematosus and
experimental autoimmune encephalomyelitis, in mouse
models [22]. Bregs are a heterogeneous cell population
like Tregs and inhibit cellular immune responses and
inflammation, especially Thl responses. Interestingly, it
has been shown that Bregs are able to promote differenti-
ation and recruitment of Tregs. Mechanisms of immune
suppression by Bregs are not fully clarified, but IL-10-
producing subset known as B10 cells has been extensively
analysed [22]. B10 cells are a functionally defined subset
currently identified only by their competency to produce
a large amount of IL-10 following appropriate stimulation
such as toll-like receptors and CD40 ligand. Although
B10 cells share surface markers with other previously
defined B-cell subsets, B10 cells are enriched in the
CD19*CD24"M#"CD38"E" B-cell subset [23]. Li et al.[24]
recently found a lower frequency of circulating B10 cells
in non-splenectomized patients with ITP. These B10 cells
were functionally impaired in their ability to produce
IL-10 in response to appropriate stimulation. B10 cells
were increased after platelet recovery by treatment with
thrombopoietin receptor agonists. These data indicate a
dysregulated Breg subset as an additional defect in the
immune network in ITP patients. Expanding the immuno-
suppressive properties of B10 cells can provide a new
approach to the treatment of ITP by interrupting the
pathogenic loop by suppressing differentiation and acti-
vation of platelet-specific CD4" T cells. Theoretically,
manipulation of this subset is possible by selective expan-
sion of B10 cells, although it is currently infeasible to
selectively target B10 cells because of the lack of surface
molecule or ligand for expansion specific for this subset.

Tolerogenic DCs

Despite strong immunogenic ability of DCs in eliciting
immune responses, they have also been ascribed opposite

© 2014 International Society of Blood Transfusion, ISBT Science Series (2014) 9, 217-222



220 M. Kuwana

roles in maintenance of tolerance and suppression of
adaptive immune responses [25]. Mechanisms how DCs
maintain a fine balance between tolerance and immunity
are explained by different functional capacities in their
maturation status. DCs are required to deliver two signals
simultaneously to fully stimulate T cells: the MHC-
peptide complex and a series of costimulatory signals
including CD80/CD86-CD28 and CD40-CD154. Production
of proinflammatory cytokines such as IL-12 during the
DC-T-cell interaction is also critical. Immature or semi-
mature DCs lacking sufficient expression of costimulatory
molecules and inflammatory cytokines are incapable of
stimulating T cells, but induce anergy of T cells and
induction of adaptive Tregs, and thus are called tolero-
genic DCs [26]. Animal studies have demonstrated that
adoptive transfer of tolerogenic DCs can induce antigen-
specific Tregs and prevent autoimmune diseases [27].
Plasmacytoid DC (pDC) is one of the circulating DC sub-
sets that produces a large quantity of type 1 interferon in
response to CpG-containing DNA viruses and bacteria.
The majority of circulating pDCs are known to be imma-
ture in normal circumstances and function as tolerogenic
DCs [28]. Recently, Saito et al. [29] reported that circulat-
ing pDCs were decreased in patients with primary ITP and
H. pylori-associated ITP, compared to age- and sex-
matched healthy controls. In addition, patients who
achieved platelet recovery after H. pylori eradication
experienced increase in circulating pDCs, whereas patients
who did not respond to the treatment continued to have
a low pDC count. Furthermore, it has been shown that
function of tolerogenic DCs is also impaired in ITP
patients. Specifically, IDO1 expression was decreased in
circulating DCs from ITP patients, resulting in a reduced
capacity to induce adaptive Tregs [30].

Tolerogenic DCs have potential utility for treating
autoimmune diseases and transplant rejection [31]. One of
the merits to use tolerogenic DCs is their ability to induce
antigen-specific tolerance. Specifically, antigen-captured
tolerogenic DCs are likely to be capable of suppressing
the pathogenic loop of ITP by anergizing platelet-specific
CD4" T cells. In addition, adaptive Tregs specific to plate-
let antigens induced by the interaction with tolerogenic
DCs may further suppress antiplatelet autoantibody
response. Many protocols for ex vivo generation of tolero-
genic DCs have been reported to date. These manufac-
tured tolerogenic DCs expressed high levels of inhibitory
receptors such as ILT-3 and ILT-4 and have capacity to
induce anergy in potentially harmful auto- or alloreactive
T cells and/or to generate antigen-specific adaptive Tregs
[32]. The tolerogenic DC induction cultures required the
addition of one or a combination of IL-10, TGF-f, vita-
min D3, dexamethasone, rapamycin and mycopheno-
late mofetil. Molecular biology techniques such as RNA

interference technology are also utilized to down-regulate
some proinflammatory signals, for example IL-12 and
NF-xB components [33]. On the other hand, overexpres-
sion of inhibitory molecules (e.g. IL-10, TGF-f, CTLA4
and SOCS1) induces tolerogenic DCs. Another potential
strategy to induce antigen-specific Tregs is blockade of
critical costimulatory signals during the antigen-
dependent interaction between T cells and antigen-present-
ing cells [34]. We have previously shown that repeated
treatment with anti-CD154 monoclonal antibody during
antigenic stimulation of GPIIb/Ila-specific CD4" T-cell lines
results in the generation of GPIIb/Ila-specific Tregs, which
are anergic and express a high level of IL-10 [35]. These
antigen-specific Tregs actually suppressed the activation of
effector GPIIb/Ila-specific CD4* T cells and subsequent
antiplatelet antibody production in a co-culture with
autologous B cells in a dose-dependent manner.

FeyRIIB signalling

FeyRs are cell surface receptor for IgG and are expressed
by haematopoietic cells with capacity of clearing opson-
ized antigens, such as monocytes/macrophages, neutroph-
ils and B cells [36]. There are three activating receptors,
including FcyRI, FcyRIIA and FcyRIIIL, in humans, while
FcyRIIB is a sole inhibitory receptor. These FcyRs control
immune responses through a balance between activating
and inhibitory receptors. In mice, FcyRIIB deficiency is
associated with increased inflammation, allergy and
development of chronic autoimmunity [37]. It has been
reported that FcyRIIB expression on B cells and DCs is
important for the induction of antigen-specific immune
tolerance through the induction of adaptive Tregs [38].
There is growing evidence that the eradication of Helicob-
acter pylori (H. pylori) effectively increases platelet count
in a considerable proportion of ITP patients infected with
this bacterium [39]. The strong relationship between
platelet recovery and disappearance of H. pylori indicates
a direct role of H. pylori infection in pathogenic process
of ITP. We have recently found that H. pylori infection
modulates the FcyR balance of monocytes/macrophages
in favour of activating FcyRs, through down-regulation
of the inhibitory FcyRIIB [40]. Specifically, circulating
monocytes from H. pylori-infected patients exhibit
enhanced phagocytic capacity and low expression levels
of inhibitory FcyRIIB. This activated monocyte phenotype
was suppressed 1 week after starting the H. pylori eradi-
cation regimen. The antiplatelet autoantibody responses
and platelet kinetic parameters subsequently improved,
indicating that suppression of the activated monocyte
function precedes the improvement in the autoantibody
response. Interestingly, a change in FcyR balance towards
the inhibitory FcyRIIB in monocytes/macrophages has
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also reported in the therapeutic action of other estab-
lished treatment regimens for ITP, such as intravenous
immunoglobulin [41] and high-dose dexamethasone [42].
These findings together indicate that the FcyR balance of
monocytes/macrophages is an attractive therapeutic target
for ITP. In this case, fostamatinib, a Syk inhibitor that
blocks the downstream signal of activating FcyRs, was
shown to be efficacious in increasing platelet count in
ITP patients in a phase 2 clinical trial [43].

Conclusions and further prospects

In ITP patients, a variety of intrinsic negative immune
regulators are dysfunctional (Fig. 1). Reduced number
and/or impaired function of CD4" Tregs, Bregs (B10 cells)
and tolerogenic DCs may contribute to enhance the path-
ogenic loop of ITP. In addition, H. pylori infection leads
to defective inhibitory FcyRIIB signalling in macrophages
and thereby increases susceptibility to ITP. Interestingly,
dysregulation of these negative immune regulators is
associated with each other in the immune regulatory net-
works. For example, CD4" Tregs are capable of inducing
tolerogenic DCs via the cell surface CTLA4. On the other
hand, tolerogenic DCs have ability to induce adaptive
Tregs, and this process is promoted by Bregs. In addition,
FcyRIB expressed by B cells and DCs is involved in the
induction of adaptive Tregs. Further studies evaluating
the mechanisms for dysregulation of intrinsic negative
immune regulators in ITP patients are necessary to eluci-
date the pathogenesis of ITP. Furthermore, treatment with
immunosuppressive agents remains the mainstay of ITP

Platelet-reactive
CD4* T cell

\ Platelet-
jreactive
B cell

Platelets Anti-platelet antibodies

Fig. 1 Defective negative immune regulators and a continuous patho-
genic loop carried out by macrophages in the reticuloendothelial system,
autoreactive CD4™ T cells and antibody-producing B cells that maintains
antiplatelet autoantibody production in ITP patients. Breg, B regulatory
cells; DC, dendritic cell; iTreg, induced T regulatory cells; nTreg, naturally
oceurring T regulatory cells.

therapies, but modulation of intrinsic negative immune
regulators should be another therapeutic option with a
low risk of excessive immunosuppression.
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Abstract Immune thrombocytopenia (ITP) is an auto-
immune disorder caused by IgG anti-platelet autoantibod-
ies. Thrombopoietin (TPO) receptor agonists are highly
effective in inducing the recovery of platelet counts in ITP
patients. Although these agents are thought to promote
platelet production without affecting the autoimmune
pathogenesis of the disease, a small subset of ITP patients
exhibits sustained platelet recovery after treatment termi-
nation. To investigate mechanisms involved in this sus-
tained recovery, we evaluated the effects of short-term
TPO treatment using a mouse ITP model generated by
Foxp3™ T regulatory cell (Treg) depletion. After treatment,
platelet recovery was sustained, along with complete sup-
pression of both anti-platelet autoantibody production and
T-cell responses to platelet autoantigens. TPO treatment
also promoted the peripheral induction of Foxp3* Tregs in
conjunction with elevated circulating TGF-f levels. In
summary, thrombopoietic agents are capable of inducing
immune tolerance to platelet autoantigens, thereby sup-
pressing the autoimmune pathogenesis of ITP.
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Introduction

Immune thrombocytopenia (ITP) is an autoimmune dis-
order caused by the production of IgG autoantibodies to
platelet membrane glycoproteins, such as GPIIb/Illa and
GPIb [1], which depends on activation of pathogenic
autoreactive CD4" T cells [2]. In ITP patients, various
immunosuppressive processes, including T regulatory cell
(Treg)-mediated immune regulation, are dysfunctional,
resulting in autoreactive T-cell activation [3]. We
recently demonstrated that Foxp3' Treg-deficient mice
spontaneously develop sustained thrombocytopenia asso-
ciated with IgG anti-GPIb antibody production [4, 5],
analogous to the pathophysiology of human ITP. This
mouse model is useful for evaluating novel therapeutic
strategies for ITP.

Thrombopoietin ~ (TPO) regulates thrombopoiesis
through the activation of megakaryocytes in the bone
marrow, resulting in increased platelet production [6].
Recently, the development of TPO receptor agonists (TPO-
RAs), such as romiplostim and eltrombopag, was a sig-
nificant breakthrough in ITP treatment [6]. It is thought that
TPO-RAs do not affect the autoimmune pathogenesis of
ITP, since platelet counts typically drop to pre-treatment
levels immediately after treatment termination. However,
recent reports showed that platelet recovery was unex-
pectedly sustained in some patients even after TPO-RA
was discontinued [7-9]. The exact prevalence of TPO-RA-
induced sustained remission is unclear, but one report
described that this occurred in 3 of 31 patients treated with
TPO-RAs [9]. Based on this observation, a single course of
dexamethasone in combination with eltrombopag has been
evaluated for a potential therapeutic strategy that induces
long-term remission in newly diagnosed ITP patients [10].
Here, we investigated mechanisms mediating the sustained
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effects of thrombopoietic agents using our mouse ITP
model.

Materials and methods

Recombinant TPO (1TPO) treatment of Treg-deficient
ITP mice

Treg-deficient mice were established by transferring CD4"
CD25" T cells into syngeneic nude mice, as previously
described [4]. Four weeks after transfer, ITP mice, which
were confirmed to have thrombocytopenia (platelet count
<0.33 x IOG/HL), were treated with intravenous administra-
tion of mouse rTPO (300 ng/mouse; kindly provided by
Kyowa Hakko Kirin, Tokyo, Japan) or vehicle for five con-
secutive days. Experimental protocols were approved by the
Keio University Ethics Committee for Animal Experiments.

Evaluation of autoantibody production and autoreactive
T-cell responses in splenocytes

The production of pathogenic IgG anti-platelet antibodies
in splenocyte cultures was assessed using a platelet/IgG-
binding assay, as described previously [4]. The T-cell
response to GPIba was measured as previously described
[2], with some modifications. Briefly, five different over-
lapping regions encompassing all 734 amino acid residues
(aar) of GPIba were expressed and purified as recombinant
maltose-binding protein (MBP) fusion proteins [11]. These
included ol (aar 18-250), o2 (aar 242-400), o3 (aar
399-570), a4 (aar 558-674), and o5 (aar 666-734). The
splenocytes were cultured in triplicate with the recombi-
nant GPIba fragments or MBP (5 pg/mL) for 7 days.
T-cell proliferation was determined by >H-thymidine
incorporation, and the antigen-specific T-cell response was
expressed as a stimulation index (SI), calculated as the
ratio of the cpm incorporated in the presence of each
GPIba fragment to the cpm incorporated with MBP. Phy-
tohemagglutinin (PHA) was used to demonstrate non-spe-
cific T-cell responsiveness.

Detection of Foxp3™ Tregs

Splenocytes were fixed, permeabilized, and incubated with
fluorescence-conjugated monoclonal antibodies to CD4
(BD Biosciences, San Diego, CA, USA), CD25 (BD Bio-
sciences), and Foxp3 (eBioscience, San Diego, CA, USA)
[4]. The proportion of CD25"#"Foxp3™ cells gated in the
CD4* cell fraction was recorded as Foxp3™* Tregs. The
cells were analyzed on a FACSCalibur® flow cytometer
(BD Biosciences) using CellQuest software.

@ Springer

Transforming growth factor (TGF)-B measurement

The TGF-B concentration in platelet-poor plasma was
measured using the Luminex assay (Life Technology,
Grand Island, NY, USA) according to the manufacturer’s
instructions.

Statistical analyses

Continuous variables are shown as the mean =+ standard
deviation. Comparisons between two groups were tested
for statistical significance using the nonparametric Mann—
Whitney U test.

Results and discussion

Treg-deficient ITP mice were treated with rTPO or vehicle
and followed until week 10 (Fig. 1a). Platelet counts
gradually increased after *TPO administration and peaked
at week 7. After this time point, platelet counts started to
decrease, but increased again at week 9 and remained high
at week 10. Long-term observation of two rTPO-treated
mice revealed that platelet recovery persisted for more than
20 weeks. Previous studies showed that increased platelet
counts in rTPO-treated normal mice were no longer
detectable 2 weeks after treatment [12] and that sponta-
neous platelet recovery was not observed in the ITP mouse
model [4]. Thus, our finding, combined with those of
previous reports, suggested that rTPO may exert platelet-
increasing effects other than the direct stimulation of
platelet production. To examine rTPO’s effects on immune
regulation, we prepared splenocytes from rTPO- or mock-
treated ITP mice at week 10 and evaluated their autoanti-
body production (Fig. 1b). While splenocytes from mock-
treated mice spontaneously produced pathogenic IgG anti-
platelet antibodies, those from rTPO-treated mice did not.
This is consistent with a previous report showing that
short-term treatment of male (NZW x BXSB) F1 mice,
another ITP model, with rTPO resulted in reduction of
platelet-associated IgG [13]. Next, we evaluated the auto-
reactive T-cell responses to a series of recombinant GPIba
fragments (Fig. 1c). Splenic T cells from mock-treated
mice proliferated in response to GPIba fragments, whereas
those from rTPO-treated ITP mice showed no detectable
response, but did respond to the mitogenic stimulation with
PHA. Together, these findings indicate that short-term
treatment of ITP mice with thrombopoietic agents not only
stimulates platelet production, but also induces immune
tolerance to platelet autoantigens.

In our mouse model, transferred conventional CDA™T T
cells, which were confirmed to lack Foxp3' Tregs,
expand rapidly through homeostatic proliferation, while
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Fig. 1 Short-term treatment with 1TPO in a Treg-deficient mouse
ITP model. a Serial platelet counts in rTPO- or vehicle (mock)-treated
ITP mice. The broken line indicates the cutoff level for thrombocy-
topenia, defined as a platelet count of 0.33 x 10%uL, and the
arrowheads denote the timing of administration of rTPO or vehicle.
Asterisks denote statistically significant differences between 1TPO-
and mock-treated mice. b IgG anti-platelet antibodies in the
supernatants of splenocyte cultures derived from rTPO- and mock-
treated mice at week 10. Antibody levels were determined by flow
cytometry and are shown as the mean fluorescent index (MFI) ratio.
¢ T-cell proliferative response to recombinant GPIbe fragments in
splenocyte cultures derived from rTPO- and mock-treated mice at
week 10. Phytohemagglutinin (PHA) was used to demonstrate non-
specific T-cell responsiveness

the transfer of Treg-deficient CD4™ cells results in the
expansion of autoreactive T cells leading to a harmful
anti-platelet autoimmune response [4]. In addition, adap-
tive Foxp3™ Tregs can be peripherally induced from naive
CD4™" T cells in the presence of IL-2 and TGF-B [3]. To
examine 1TPO’s effect on this process in ITP mice,
Foxp3™ Tregs were evaluated using splenocytes derived
from rTPO- and mock-treated ITP mice at week 10.
Foxp3™" Tregs were detected in both rTPO- and mock-
treated mice, but their proportion was significantly greater
in the rTPO-treated mice (Fig. 2), suggesting that short-
term rTPO treatment promotes the peripheral induction of
Foxp3™ Tregs. We also measured the circulating TGF-f
before and 2 weeks after rTPO or mock treatment. TGF-§
levels were significantly increased after 'TPO treatment
(0.45 £ 0.09 vs 3.03 & 4.69 pg/mL, P < 0.05), but not
after mock treatment (0.58 & 0.21 vs 0.41 &£ 0.01 pg/

rTPO- and mock-treated ITP mice at week 10. a A representative dot
plot analysis of CD25""Foxp3™ cells gated in the CD4™ cell
fraction. The upper-right quadrant corresponds to Foxp3™ Tregs.
b Proportion of Foxp3™ Tregs in rTPO- and mock-treated ITP mice

mL). This effect is probably due to increased platelet and
megakaryocyte counts, since treating ITP patients with
eltrombopag results in increased circulating TGF-B levels
in correlation with increased platelet numbers [14]. TGF-B
is essential for maintenance of Treg function, and treat-
ment with eltrombopag also improves Treg function in
ITP patients [14]. Taken together, TGF-f released from
platelets and megakaryocytes, which are expanded by
treatment with thrombopoietic agents, may contribute to
the differentiation of acquired Foxp3* Tregs and
enhancement of their immunosuppressive functions.
However, other mechanisms leading to immune tolerance
such as exposure to high doses of antigen, an approach
used to induce immune tolerance to exogenous factor VIII
in hemophilia patients [15], also definitely play a role,
since adaptive transfer of Tregs alone after onset of
thrombocytopenia failed to increase platelet count in our
mouse model [4]. )

In summary, short-term treatment with a thrombopoi-
etic agent induced immune tolerance to platelet autoanti-
gens in a mouse ITP model, suggesting that TPO-RAs
may function in part by suppressing the immunopatho-
genic process of ITP. However, in ITP patients, sustained
platelet recovery after discontinuation of TPO-RAs is
much less common than in the animal model. Future
studies will be required to identify factors controlling the
immune tolerance induction in response to TPO-RAs in
ITP patients.
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FEEREMERES

ok e e e e G 5 . S S 2 B e o e e 98
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BERARE LT, OREMERINN, OREE
(OB, DO 54 B CashnsEHm
TR (AR - BEPORG/NEER), @M OmE R
25 AL O BN, M. K, IFo@hEk
9% (arteriovenous malformation : AVM), @)%
BRSEE (BileafEridE) B, 2hbid
BHHOS L 328 EHNEBHIEMEET A, BE
BIETE LT ENG/endoglin & ACVRLI/ALKI
PEESNTEY, FAEEREYR— v A%k
3 9RBCIE MADH4/Smadd OBREHFFREIRT
Wwh, WINOBEET S TG A—N—7 7 3
U BT 5V 7P MEEGT2a—FLTw
B, CHhEOREIC L - THESHART L Es
HHREFOT 2035 Y AHHEL, ZORBICE
FE7r EORB (second hit) b2 L BEE LM
EHENRS o TREQCIMERENSELRE SN
TWwa, LadsT, FETHELNLMERE -
FERIBEREELERBE LT A0MEHRTS
B, FRIEIAL AVM IS SHECEE S
B, EREIERE L2 AORHIID L < @Rl e
HHA, KER AVM 0% { BEELEIHES v

FEF DL G FHRIE—BFIZRIFCHS.

@ Enlers-Danlos TEEE

PR oMAME, METIER, 5
BThD, BRMZIENLL TETOMEFETT
Rzs3E0T bbby, BIRIMETEREZE
L2, EROBEESEOMOFER - RO
e, BIEERICE 2 TERBIZHT b RTW S,
JB] (classical type) 13 “TA A" LIEEEH
L5 - MEoBiEeRL, BfRES
BEE - Bov=7, HiEFEREZEHELL TV,
FHVEVOIZMER (vascular type) & IFEIHh
LEHT, R - BTG B AL e vt R B
35— 5 HBOEEE OO BREREEZL
TRBETHILHEL, THREHIIBRTH
. FEKSN, BEEILP RIS FE
e Ei-Letwv. BEHE#EEF L LT classical
type TR T~ Type VD, offi% I—
FLTwv5 COL5ATL, COLSA2HRIGNTHEDY,
MERCHE o5 —7 v Type IO @iz a—FL
TWw5b COLBAI HREZNTWT, WiiLdH




218 V. Wil - digtEs
REGEEEER T L 5.
MBS

ﬁsammsmﬂemch %ﬁiiﬁ?

S MEE, WEEER (ER, Tm), 5%
BEAYBETARERCT LV F— R E L IF
Ehs, A~TRODMBIEZZVHFBEABLHS. F
HE LT EEERY Y, &YW, S0, PR
BLEEHITONTHAESY, KEdleA 22 LF
LRBESEOHEBHEI I T ERBI NS
WERETHD. BHEEZETHEIENEL,
FRE, B TRMEICHEICHEL, Bl
TREC & EHBIERICIL LY, FHRIZ—
IZBEFCEE S » AURICBABET A, B
FRYETIELHL, —HOBFEIEROEE
{LE RSB EESROBE2 LB LS 5.
@ouxooTy vimE

FUFZETY RERTTHERCEET AR
EOTITHY, BFETFLEREROLE
ICHERL, B3 HEE RN, RBREE
#KFB|EREIT, BHERETELHEOBVE
WThh, EHBEETTERE LTHEEHEIC
£, BELEEELTHEETLIHEEENS V.
FoERB O MM, THEEFRS, LT dim
BArbRBEILbHB. Fim, BABRCHHED
AR RS 28, THROFRHHERICL
5iEH - BREBREFALNLZELH B, AR
SUFFOT N L THFERENLMERTH
%, Schénlein-Henoch ERUE L ERIEEPT 3
L OEHMEESSSNIZ U ST JiUE
THLUEENE ., 4T Yo7 Y EMES
BPEATVLEAFIEERERSE LT BMEESS
TR, FORENEETHE, —F, KU
O—FLDEEEBERL LJECBFELEY A
A (HCV) RS ERICHE I E4EL, HCV K
HTABRERERICAEREZL SN TVWAS.

GEXREMERE

- o 9 S O S e o A G e o S o e e e < e e B e e s i,

@EEEENEEEnNEnEE (Rendu-
Osler-Weber #&)
kT cE BB EFNmIcERYT 58

REVBEMAHLNE, AVM OREESWITE
JATHBEPD T, BEREPEETLION
WERTHA, MAVME 2 Y FS A Fhma—T
BLBREL BB TELY, CT TL oMM
BTHB. WAVMIZMRIICE - TRML, BT
AVMIZIZ Fy 75 —BEEREFEL TV A,
HWLEREIRE - 2B <, LRELER
HEBRETERTS.

@ Ehlers-Danlos fElEE
RIRFORERE L BREMCHESILOEED
emgﬁ%ﬁﬁﬂ&a Cz&afﬁ@ﬁ@%ﬁ

%@ m%ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁfﬁm w%
CEA LY RWEYS S,

EREMERE

i S o s e S S S e

@D Schénlein-Henoch 5175
FREEGTARBEEROBBEEET, &
BHIE L2 AR T CIRREEY bllow$5. BiE
BARESHICEbNAZ LR, BENE
L ERENEELSSCOAZRS LA, B
i ?m@%mM%@@%ﬁaggﬁﬁ&&mm
ERLTS), AMSERETE, R 52E O

%&,ﬁ%&t@m%%&%ﬂ&
@ouAasOTUVME

FUFZO7Y YHEILE L TIEBRLESE» S
MESRTCICTIBEOZLFARYTH L. A5
EROBEFEE T, REERRE, S,
WERZHM 2 42T T BABEG S EHETA. &
7z, HCV §ifk, HCV-RNA O#EETS
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BRI EERNRITLEET ) SERET
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BABEENBESREO Y A7 ET 5 0iEE
Bhnguw, By Foysfvas (Fry—
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