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Abstract Along with their immunogenic role, dendritic
cells (DCs) are also critical in maintaining tolerance to
self-antigens by inducing regulatory T cells (Tregs) via the
expression of the immunomodulatory enzyme indoleamine
2,3-dioxygenase 1 (IDOI1). In turn, Tregs modulate the
maturation and/or function of DCs. In immune thrombocy-
topenia (ITP), the interaction between DCs and Tregs has
never been investigated although decreased number/func-
tion of Tregs as well as altered DCs have been described.
Here, we ask whether, in ITP: (1) IDO1 expression/activity
is decreased in mature DCs; (2) IDO1-mediated Treg gen-
eration is impaired; and (3) DC maturation is abnormally
modulated by Tregs. We found that in ITP, DCs show
reduced capability of upregulating the expression/activity
of IDOI. This finding results in the reduced ability of
mature DCs of converting T cells into Tregs. In turn, Tregs
are characterized by decreased interleukin-10 production
and show lower ability of inhibiting DC maturation. In
conclusion, these data point out the role of IDO!1 in the
impaired regulatory T cell development of ITP patients
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and suggest that the cross-talk between Tregs and DCs is
hampered and plays a pathogenetic role.
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Introduction

Regulatory T cells (Tregs) are a subset of T cells involved in
the maintenance of peripheral self-tolerance. They suppress
immune responses by a mechanism based on a three-way
interaction between Tregs and antigen-presenting cells
(APCs), T helper (Th) cells, and B cells. Tregs exert their
immune control by affecting the functions and numbers of
target cells through soluble factors and cell-associated mol-
ecules [1-3]. Specifically, Tregs modulate the maturation
and/or function of dendritic cells (DCs) [4, 5].

Along with their immunogenic role, DCs are also critical
in maintaining tolerance to self-antigens [6]. Indoleamine
2,3-dioxygenase 1 (IDO1) is an immunoregulatory enzyme
that catalyzes the rate-limiting step of tryptophan metabo-
lism along the kynurenine pathway and is specifically
inhibited by 1-methyltryptophan. IDO1 expression can in-
duce or maintain peripheral immune tolerance [7-9]. In
APCs, the upregulation of IDOI, in response to infection
or tissue inflammation, inhibits T cell activation and prolif-
eration and induce T cell apoptosis by tryptophan catabo-
lism and deprivation [10]. Moreover, IDO1-expressing DCs
have been shown to expand/induce Tregs [11-13]. In turn,
Tregs express cytotoxic T lymphocyte antigen-4 (CTLA-4),
which interacts with CD80 and CD86 co-stimulatory mole-
cules to trigger the upregulation of IDO1 in DCs resulting in
the generation of Tregs and in IDO1-mediated tryptophan
catabolism and suppression of T cell activity. Therefore,
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mature DCs become IDOI positive (tolerogenic) or remain
IDO1 negative (immunogenic) also depending on the influ-
ence of Tregs. Among the mediators of tumoral immune
escape, IDO1 has recently gained considerable attention
[14, 15]. In addition, it has been proposed that IDO-
expressing DCs may play a role in preventing the initiation
of autoimmune disorders, and impaired IDO-mediated tryp-
tophan catabolism is involved in the development of auto-
immune conditions [7, 16].

Immune thrombocytopenia (ITP) is an autoimmune disor-
der in which, for reasons that remain unclear, platelet surface
proteins become antigenic. The activation of the immune
system results in autoantibody-mediated platelet destruction
and suppression of platelet production. T cell-mediated plate-
let lysis may also contribute to platelet destruction in ITP
[17-19]. APCs, Th cells, and B cells play a crucial role in
the pathogenesis of the disease by escaping the immune
surveillance exerted by Tregs [20—22]. In addition, the number
and/or function of Tregs are impaired in ITP patients [23-27].

Given the crucial role of DCs and Tregs in initiating,
regulating, maintaining, or suppressing immune responses,
investigations on their interaction are of great importance for
better elucidating the pathogenesis of ITP. Therefore, in the
present study, we assessed whether in ITP the abnormal
interaction of Tregs with DCs might play a pathogenetic role.
We demonstrate that in ITP, mature DCs show reduced capa-
bility of upregulating the expression/activity of the immune
inhibitory enzyme IDO1. This finding results in the decreased
ability of DCs of converting non-Treg cells into Tregs. In turn,
Tregs show reduced ability to inhibit DC maturation.

Materials and methods
Patients and controls

Twenty-one male and 39 female patients with active ITP,
aged between 19 and 72 years (median age 38), were studied.
The diagnosis of ITP was made according to Rodeghiero et al.
[28] and Provan et al. [29]. At the time of the study, 21 patients
were newly diagnosed and 39 patients had persistent or chron-
ic ITP. All patients with persistent (28 cases) or chronic (11
cases) ITP had already received corticosteroid therapy. Spe-
cifically, 16 patients with persistent and 6 with chronic ITP
were treated with high dose dexamethasone (40 mg/day)
given in 4-day pulses every 14 days for three cycles. In
addition, 11 patients with persistent and 6 with chronic ITP
received prednisone (1 mg/kg/day) for 30 days followed by
dose tapering within 20 days. Of note, at the time of sample
collection, all patients with persistent or chronic ITP were out
of any treatment for at least 2 months. In addition, none of the
patients received previous treatment with rituximab or were
splenectomized. The median platelet count at the time of the
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study was 39x10%/L (range 8-99). A control group of 57
healthy subjects was also enrolled. All subjects (patients/
controls) provided a written informed consent for the
study. This study was approved by the local medical
ethical committee.

Blood sampling and flow cytometry analysis

Peripheral blood mononuclear cells (PBMNCs), anticoagu-
lated with ethylenediaminetetraacetic acid, were isolated from
the peripheral blood (PB) (60 mL) of controls and patients via
density gradient centrifugation using Ficoll-Hypaque (Cedar-
lane-Celbio, Milan, Italy). Immunofluorescence was per-
formed using the following panel of monoclonal antibodies
(MoAbs): peridin chlorophyll protein-conjugated human anti-
CD4, fluorescein isothiocyanate (FITC)-conjugated human
anti-CD25, phycoerythrin (PE)-conjugated human anti-
CTLA-4, and PE-conjugated human anti-CD119; all from
BD Pharmingen (Milan, Italy). Negative controls were
isotype-matched irrelevant MoAbs from BD Pharmingen
and were used for setting limits of nonspecific immunoglob-
ulin cell binding. The PE-conjugated FoxP3 antibody reagent
kit and IgG1 isotype control from Biolegend (San Diego, CA,
USA) were used for intracellular FoxP3 staining according to
the manufacturer's instructions, using a fixation/permeabiliza-
tion solution and permeabilization buffer supplied by the same
company. Briefly, PBMNCs were stained with combinations
of saturating amounts of fluorochrome-conjugated MoAbs for
30 min on ice. After washing with phosphate buffered saline,
cells were gated for lymphocytes on the basis of the forward
and side scatter profile and analyzed by using a BD FACS-
Canto II equipment (Bekton Dickinson, Milan, Italy). A min-
imum of 10,000 events was collected. CD4'CD25"" T cells
were defined according to previous studies that demonstrated
that T cells with regulatory capacity represent, an average, 1—
2 % of CD4'CD25" T cells with the highest expression of
CD25 [30]. In vitro-generated Tregs were identified as
CD4"CD25"e"FoxP3" at flow cytometry.

Isolation of monocytes and generation of DCs

Monocytes were selected with anti-CD 14 microbeads (Miltenyi
Biotec, Auburn, CA, USA) from PBMNCs and used to gener-
ate DCs. Immature (day5) and mature (day7) ex vivo-
generated DCs were obtained after treatment with lipopolysac-
charide (LPS; 1 ng/uL; Sigma-Aldrich, Milan, Italy) for 2 days,
as previously described [31].

Isolation of circulating DCs
Circulating DCs were isolated from PBMNCs by blood den-

dritic cell isolation kit II (Miltenyi Biotec), according to the
manufacturer's instructions. This kit allows the multistep
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concurrent isolation of plasmacytoid DCs (CD304" cells),
myeloid DCs1 (MDC1 and CDIc" cells), and myeloid DCs2
(MDC2 and CD141" cells). To achieve the highest purity, the
positive fraction was separated over a second column. Purity
of the cell population after sorting ranged from 90 to 96 %.
Maturation of freshly isolated circulating DCs was obtained as
described above and it showed upregulation of the classical
maturation markers CD80, CD86, and CD40 (data not
shown).

Isolation of highly purified CD4'CD25" and CD4'CD25 T
cell subsets

Circulating CD4'CD25" and CD4'CD25" T cells were iso-
lated by MiniMACS CD4"CD25" regulatory T cell isolation
kit (Miltenyi Biotec), according to the manufacturer's
instructions. Briefly, CD4" T cells were isolated from
PBMNCs by negative selection. CD4" T cells were then
incubated with mouse anti-human CD25 MicroBeads (2 uL.
of anti-human CD25 beads/10” CD4" T cells) and separated
into CD4°CD25" and CD4°CD25 T cells on a positive
selection column. To achieve the highest purity, positive
and negative cell fractions were separated over a second
column. This separation resulted in less than 1 % CD25" cells
in the CD4"CD25" fraction and greater than 97 % purity in the
CD25" subset. In addition, flow cytometry analysis of the
isolated CD4'CD25" T cells demonstrated that these cells
were mainly constituted by the CD4 CD25""€" cell fraction,
which included FoxP3" cells (Foxp3+ T cells were 90+3 % of
the CD4"CD25 bright population; data not shown).

In vitro conversion of CD4"CD25™ T cells into Tregs

To evaluate the in vitro conversion of CD4°CD25 T
cells into CD4"CD25"¢"FoxP3" T cells, CD4"CD25™ T
cells were cultured alone and with autologous mature ex
vivo-generated DCs (10%/well) from ITP patients or
healthy subjects at 10:1 ratio in round-bottom 96-well
microtiter plates for 5 days in the presence of RPMI
complete medium. All tests were carried out in tripli-
cate. The percentages of CD4"CD25""FoxP3" T cells
were quantitated in the cell suspension at flow cytom-
etry, as above described.

In parallel experiments, to analyze the effect of the inhibi-
tion of IDO1 on the in vitro conversion of CD4'CD25 ™ T cells
into CD4"CD25""FoxP3" T cells, CD4"CD25™ T cells were
cultured alone and with autologous mature ex vivo-generated
DCs (10*/well) from ITP patients or healthy subjects at 10:1
ratio in the presence or absence of the IDO1-specific inhibitor
I-methyl-L-tryptophan (L-1MT; 1 uM; Sigma-Aldrich). The
percentages of inhibition in the generation of CD4"CD25"e™
FoxP3" T cells were then evaluated by comparing the values
of treated/untreated samples.

IDOL1 expression/activity in DCs

Total RNA was extracted from immature and mature ex vivo-
generated DCs and from circulating DCs, either freshly iso-
lated or after maturation with LPS, of ITP patients and healthy
subjects with Qiagen RNeasy microplus kit according to
manufacturer's instruction (Qiagen, Valencia, CA, USA). Of
RNA, 0.5 nug was used for retro-transcription with ImProm-
II™ Reverse Transcriptase (Promega Corporation, Madison,
WI, USA) and random hexamers (Invitrogen, Carlsbad, CA,
USA), according to manufacturer's instruction (Promega Cor-
poration). Real-time quantitative RT-PCR (qRT-PCR) was
performed on an ABI PRISM 7900 Sequence Detector (Per-
kin Elmer) using SDS2.3 software. qRT-PCR data were ana-
lyzed using the 222" method [32]. The relative level of
IDOI mRNA was calculated by subtracting cycle threshold
(Ct) values of the control gene (GAPDH) from the Ct values of
the IDOI gene. Universal human RNA (Stratagene; Agilent
Technologies) was used as reference and taken as a value of 1.
The IDO1 assay ID is Hs 00175686 ml and GAPDH assay 1D
is Hs 00266705 gl. All reactions were performed in duplicate.

Kynurenine levels were measured to determine IDO1
enzyme activity, as previously described [14]. Mature ex
vivo-generated DCs were harvested, washed, resuspended
in Hanks buffered saline solution supplemented with
500 uM L-tryptophan (Sigma-Aldrich), and then incubated
for up to 4 h. Supernatants were harvested and kynurenine
was detected by a spectrophotometric assay. Briefly, super-
natants were mixed with 30 % trichloroacetic acid (Sigma-
Aldrich; 2:1), vortexed, and centrifuged at 8,000xg for
5 min. Subsequently, 75 uL of this mixture was added to
an equal volume of Ehrlich reagent (AppliChem-VWR In-
ternational, Milan, Italy) in a 96-well microtiter plate. Trip-
licate samples were run against a standard curve of defined
kynurenine concentrations (6.25—-1,000 uM; Sigma-
Aldrich). Optical density was measured using a Multiscan
EX (M-Medical, Milan, Italy) at 490 nm.

Suppressive activity of in vitro-generated Tregs

To test the suppressive activity of in vitro-generated Tregs,
mixed leukocyte reaction (MLR) was performed. Irradiated
(3,000 cGy) in vitro-generated CD4"CD25" T cells (10°),
which had been isolated as above described, were added to
cultures consisting of the same donor-derived CD4 'CD25™ T
cells (10%) as responders and stimulated with plate-bound anti-
CD3 plus soluble anti-CD28 antibodies (1 pg/mL; BD Bio-
sciences). Cells were then pulsed with *H-thymidine (1 uCi/
well; Amersham Pharmacia Biotech, Piscataway, NJ, USA)
for 18 h before harvest on day5. *H-thymidine incorporation
was measured by scintillation counting. Control wells, con-
taining CD4'CD25" cells, or CD4'CD25" cells were also
monitored. In each assay, all tests were carried out in triplicate.
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The percentage of inhibition of T cell proliferation was calcu-
lated as 1— (cpm incorporated in the co-culture/cpm of
responder cells alone)x100.

Detection of DC maturation after co-cultures
with CD4"CD25"" T cells

Buffy coats were obtained during the preparation of transfu-
sion products from healthy adults. Monocytes were selected
with anti-CD14 microbeads from MNCs (after density gradi-
ent centrifugation using Ficoll-Hypaque) of buffy coats and
used to generate immature DCs, as above described. There-
fore, to test the ability of circulating Tregs to inhibit DC
maturation, ex vivo-generated immature DCs from buffy coats
were cultured alone and with allogeneic CD4'CD25" T cells
from healthy subjects or ITP patients at 1:1 ratio for 2 days in
the presence of LPS (1 ng/uL) as stimulator of DC maturation
and RPMI complete medium. DCs cultured in the presence of
allogeneic CD4"CD25™ T cells from healthy subjects or ITP
patients were also analyzed for comparison. All tests were
carried out in triplicate. The following FITC/PE-conjugated
human MoAbs (Becton Dickinson) were used for phenotype
characterization of DC maturation: human anti-CD80, human
anti-CD86, human anti-HLA-DR, human anti-CD40, and hu-
man anti-CD83. Negative controls were isotype-matched ir-
relevant MoAbs from the same company. Samples were
analyzed on a BD FACSCanto II flow cytometer, as previous-
ly described [31] and a minimum of 10,000 events was
collected.

Cytokine analysis of DCs plus CD4"CD25"" T cell co-cultures

Immediately prior to DC labeling, the supernatants of ex
vivo-generated DCs alone and co-cultured with
CD4"CD25"" T cells were harvested and centrifuged.
Supernatants were frozen and stored at —80 °C until further
use. The simultaneous measurement of some cytokines in
the supernatants was performed using the FlowCytomix
Human Th1/Th2 Sample Kit (Bender MedSystem, Vienna,
Austria). Specifically, we have evaluated the release of:
interleukin-(IL-)1 3, 1L-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-
12p70, interferon (IFN)-y, tumor necrosis factor (TNF)-c,
and TNF-f3. Briefly, calibration curves were prepared in
sample diluent, with a range of 20.8 to 0.5 pg/mL, depen-
dent on the cytokine under analysis. Twenty-five microliters
of standard mixture dilution was added to calibrators then
25 pL bead mixture and 50 pL biotin conjugate mixture
were added to calibrators and samples. Each tube was incu-
bated for 2 h at room temperature, protected from light.
Following two wash steps, 50 uL streptavidin-PE was
added to each tube and incubated for 1 h at room tempera-
ture, protected from light. Following two wash steps, each
tube was analyzed on BD FACSCanto II equipment. The
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concentration of each analyte in the array was quantified by
comparing the PE intensities for each unknown sample to
the corresponding standard curves calculated from the stan-
dard sample results by FlowCytomix Pro 2.2 Software
(Bender MedSystem).

In parallel experiments, CD4"CD25" or CD4'CD25™ T
cells and ex vivo-generated DCs were analyzed after co-
culture for the expression of IL-10 using intracellular cytokine
staining and flow cytometry analysis. To stop IL-10 release,
brefeldin (0.5 ng/uL) was added after 4 h of co-culture. After
24 h of co-cultures, cells were fixed and permeabilized at
room temperature. After washing, intracellular staining was
next done by adding 20 uL of the PE-conjugated anti-human
IL-10 MoADb (BD Biosciences) and incubating at room tem-
perature for 15 min. Cells were gated on the basis of the
forward and side scatter profile and were analyzed by using
a BD FACSCanto II equipment (Bekton Dickinson). A min-
imum of 10,000 events was collected. Results were expressed
as percentage of IL-10-positive cells.

Statistical analysis

Results are expressed as meanzstandard deviation (SD).
Where indicated, differences were compared using the non-
parametric Wilcoxon rank sum test. Spearman's rank corre-
lation test was used for correlation analysis. P values <0.05
were considered statistically significant.

Results

Reduced upregulation of IDO1 expression in mature DCs
from ITP patients

We first quantified mRNA expression in immature/mature ex
vivo-generated DCs from ITP patients and healthy individu-
als. As expected, /DO transcript level was significantly (p<
0.001) higher in mature DCs as compared to immature coun-
terparts both in patients and controls (data not shown). /DO1
expression in immature DCs was comparable between ITP
patients and healthy subjects (4.7+3.0 versus 1.9+1.8, respec-
tively; p=not significant (NS)). However, as shown in Fig. 1a,
the upregulation of /DO expression from immature to mature
DCs was significantly reduced in ITP patients as compared
with healthy controls (change of 280+44-fold versus 413+56-
fold, respectively; p<0.01).

In a second set of experiments, we evaluated /DO! in
circulating DCs before and after maturation with LPS. Once
again, /DO expression in circulating DCs was comparable
between healthy subjects and ITP patients (10.4+2.1 versus
13.1£6.8, respectively). However, consistent with ex vivo-
generated DCs, the upregulation of /DOI in PB DCs after
maturation was significantly reduced in ITP patients as
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Fig. 1 Reduced upregulation of IDO1 expression in mature DCs from
ITP patients. Quantitative RT-PCR of /DO expression has been per-
formed on a immature/mature ex vivo-generated DCs and on b freshly
isolated/mature circulating DCs from 14 ITP patients and 15 healthy
subjects. IDO! upregulation, expressed as fold-change of 274" ma-
ture/immature DCs, was significantly reduced either in ex vivo-
generated DCs (*p<0.01) or in circulating DCs (¥p<0.05) from ITP

compared with healthy individuals (change of 36+4-fold
versus 45+3-fold, respectively; p<0.05 (Fig. 1b)). Of note,
we did not observe any differences in the quantitative ex-
pression of IDO] transcripts between newly diagnosed ver-
sus persistent or chronic ITP (data not shown).
Accordingly, when we evaluated kynurenine levels as an
index of IDO1 enzyme activity, we found that kynurenine
concentration in the supernatants from equal numbers of
mature DCs was significantly lower in ITP patients (40.7+
12.5 uM; eight cases) as compared to healthy subjects (66.5+
9.4 uM; ten cases; p<0.05) (Fig. 1c). These data demonstrate
that in ITP, the upregulation of /DOI expression in mature
DCs, either ex vivo-generated or circulating, is defective.

Defective in vitro conversion of CD4"CD25™ T cells
into Tregs by mature DCs from ITP patients

According to previous results [23-27], we found that in ITP
patients, the absolute number and the suppressive function of
circulating Tregs were significantly (p<0.02 and p<0.05,
respectively) lower than that observed in healthy subjects,
with a positive correlation between the number of circulating
CD4"CD25"&"FoxP3" T cells and the platelet count (7, 0.4; p
<0.02) (Supplementary Figs. 1 and 2).

patients in comparison with the normal counterparts. ¢ Supernatants
from equal number of mature ex vivo-generated DCs were resuspended
in tryptophan-enriched medium and tested after 4 h by a spectropho-
tometric assay for production of the tryptophan catabolite, kynurenine,
as an index of IDO activity. Kynurenine concentration was significant-
ly (*p<0.05) lower in the supernatant from ITP patients as compared
with healthy subjects. Results are expressed as mean+SD

Therefore, based on these findings and on the well-known
relationship between the upregulation of IDO1 and Treg induc-
tion, an additional set of experiments was performed to assess
whether in ITP, DCs, which have IDO1-reduced expression
and activity (Fig. 1), are less efficient in generating Tregs in
vitro. We characterized the in vitro conversion of highly puri-
fied circulating CD4"CD25™ T cells into CD4"CD25Me"
FoxP3" T cells after stimulation with mature ex vivo-
generated DCs. Figure 2a shows the representative expression
of FoxP3 in in vitro-generated CD4 " CD25"E" T cells. After co-
cultures of DCs from healthy subjects or ITP patients with
autologous CD4"'CD25™ T cells, the mean percentage of
FoxP3" cells (gated on CD4"CD25™€" T cells) was significant-
ly reduced in ITP patients (54.4+4.5 %) in comparison with
healthy individuals (88.3+5.8 %; p<0.01) (Fig. 2b). Also in
this case, we did not observe any difference in the number of in
vitro-generated Tregs between newly diagnosed versus persis-
tent or chronic ITP (data not shown). Importantly, as shown in
Fig. 2c, the addition of the IDO1-specific inhibitor L-1MT to
co-cultures significantly (p<0.02) inhibited the generation of
CD4'CD25""FoxP3" T cells in ITP patients. Thus, we con-
firm that, similar to normal donors, in ITP, CD4"CD25" T cell
induction by conversion of CD4'CD25™ T cells may be due, at
least in part, to IDO1 activity.
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Fig. 2 Defective in vitro conversion of CD4"CD25™ T cells into Tregs
by mature DCs from ITP patients. To test the in vitro conversion of
non-Tregs into Tregs, mature ex vivo-generated DCs from eight ITP
patients or eight healthy subjects were co-incubated with highly puri-
fied autologous CD4"CD25™ T cells for 5 days at 1:10 ratio. Tregs
were identified at flow cytometry as FoxP3" cells of CD4"CD25"&" T
cells. a One representative experiment of the flow cytometric identifi-
cation of in vitro-generated normal FoxP3™ cells of CD4"CD25"eh T
cells is shown. Gate P3 identifies CD4"CD25"€" T cells. Gate P4
shows FoxP3" cells of CD4"CD25"€" T cells. b The percentage of in
vitro-generated Tregs was significantly (¥*p<0.01) reduced in ITP
patients as compared with healthy subjects. ¢ Mature ex vivo-
generated DCs from six ITP patients were co-incubated with autolo-
gous CD47CD25™ cells at 1:10 ratio and in presence or absence of L-

We then assessed whether these in vitro-generated
CD4"CD25" T cells possess regulatory activity. Therefore,
CD4'CD25" T cells, either from ITP patients or healthy sub-
jects, were immuno-magnetically isolated and tested for their
ability of inhibiting the proliferation of CD4"CD25™ T cells. As
shown in Fig. 2d, the proliferative response of CD4 CD25~
cells from controls in co-culture with autologous in vitro-
generated CD4°CD25" T cells was inhibited by 52+6 %. In
ITP patients, CD4'CD25" T cells were less effective suppressors
by inhibiting the proliferation of autologous CD4 'CD25™ cells
by 29+5 % (p<0.04).
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IMT. The addition of L-1MT to co-cultures significantly (*p<0.02)
reduced the generation of Tregs. The results are expressed as percent-
age of positive cells. d Suppressive activity of in vitro-generated Tregs
(MLR). Irradiated CD4"CD25" T cells (10°), which had been obtained
after in vitro conversion of CD4°CD25™ T cells by mature DCs and
immunomagnetic isolation, were added to cultures of autologous
CD4'CD25 T cells (10%) as responders and stimulated with anti-
CD3 plus anti-CD28 antibodies. The degree of proliferation was
assessed by incorporation of *H-thymidine. The percentage of inhibi-
tion of proliferation of CD4"CD25™ T cells from four patients with ITP
and five healthy subjects is shown. The in vitro-generated Tregs of ITP
patients show reduced suppressive activity. (*»<0.04). Results in b—d
are expressed as mean+SD

Taken together, these results show that in ITP: (1) IDO1
enzyme is functionally active in mature DCs; however, (2)
DC-mediated in vitro generation of Tregs is defective be-
cause IDO1 expression is decreased; thus, (3) T cell prolif-
eration inhibition induced by Tregs is reduced.

Reduced ability of highly purified circulating Tregs to modulate
DC maturation in ITP patients

To evaluate whether Tregs induce functional differences in
DCs, we first assessed the production of cytokines in the
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Fig. 3 Reduced amount of IL- a
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supernatants of normal immature DCs co-cultured with
highly purified circulating CD4°CD25" or CD4'CD25 T
cells from ITP patients or healthy subjects. Increased IFN-y
and IL-2 levels were observed in the supernatant of DCs
plus CD4"CD25™ T cells of ITP patients as compared with
the normal counterparts. Conversely, no significant differen-
ces were observed in the concentration of the following T cell-
derived cytokines (IL-2, IL-4, IL-5, tumor necrosis factor-c,
transforming growth factor-[3, and IFN-y) and DC-associated
cytokines (IL-1, IL-12, and IL-8) in the supernatant of DCs
plus CD4'CD25" T cells between patients and controls (data
not shown). However, the concentration of IL-6 and IL-10
was significantly reduced in the supernatant of DCs plus
CD4'CD25" T cells of ITP patients (690+145 versus 1.119
+112 pg/mL in normal donors for IL-6 and 99426 versus 218
+19 pg/mL for IL-10) (p<0.01; Fig. 3a, b).

Since IL-10 plays a central role in immune tolerance and
can be produced by either DCs or T cells [33], we performed
the intracytoplasmic staining of the cytokine to evaluate
whether its secretion was due to DCs upon co-culture and/or
produced by Tregs. The mean percentage of IL-10-producing
Tregs was significantly (p<0.04) lower in ITP patients (19.3+
8.0 %) in comparison with that of normal individuals (34.9+
6.6 %). By contrast, the percentage of IL-10-producing DCs
after co-culture with CD4'CD25" T cells was comparable
between patients and controls (Fig. 4a, b).

We then analyzed the capacity of highly purified circulating
Tregs of inhibiting DC maturation in ITP patients and healthy
individuals. We demonstrated that when normal immature DCs
were co-cultured with normal CD4"CD25™ T cells, the expres-
sion of the co-stimulatory molecules CD86 (Fig. 5a) and CD80
(Fig. 5b) was significantly lower compared with DCs cultured
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Fig. 4 Defective IL-10- a
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in the presence of CD4'CD25™ T cells (p<0.05). Conversely,
CD4°CD25" T cells from ITP patients failed to inhibit the
expression of CD80 and CD86 molecules on DCs (Fig. 5a,
b). In addition, when we compared the CD86 and CD80
expression of DCs after co-cultures with CD4 ' CD25" T cells,
we found no significant differences between ITP patients and
healthy subjects (p=NS).

CD40, HLA-DR, and CD83 expression on DCs was unaf-
fected by Treg-DC co-cultures either in patients or in controls.
Of note, we did not observe any differences between newly
diagnosed versus persistent or chronic ITP (data not shown).
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Taken together, these data provide additional evidence
that in ITP, Tregs are functionally defective because they do
not prevent DC maturation.

Discussion

Recent evidence suggests that there is a well-defined inter-
play between the two cell populations (Tregs and DCs)
regulating effector T cells [2, 34, 35]. This interaction may
result in the induction of immunological tolerance. In fact,



Ann Hematol (2013) 92:67-78

75

Fig. 5 Reduced capability of a

highly purified circulating

Tregs from ITP patients of
inhibiting DC maturation.

@ DCs+ CD4°CD25' T cells

@ DCs + CD4"CD25" T cells

Immature ex vivo-generated
DCs from healthy individuals
were co-cultured alone and with
allogeneic CD4"CD25" or
CD4'CD25™ T cells from six
healthy subjects or six ITP
patients at 1:1 ratio for 2 days in
the presence of LPS as stimu-
lator of DC maturation. a CD86
expression. Ratios between
mean intensity fluorescence
(MIF) of DCs plus CD4"CD25"
or CD4°CD25" T cells and MIF
of DCs alone are shown.
CD4"CD25" T cells from
healthy subjects significantly 0
(*p<0.05) inhibited CD86 ex-
pression of DCs in comparison

25 q

15 1

CD86 expression

ITP patients

%

Healthy subjects

with the CD4"CD25™ T cells.
At variance, CD4"CD25" T

cells from ITP patients failed to b
inhibit CD86 expression on

DCs. b CD80 expression. Ra-

@ DCs+ CD4A'CD25* T cells

zDCs+ CDA'CD25 T cells

tios between MIF of DCs plus
CD4°CD25" or CD4'CD25™ T
cells and MIF of DCs alone are
shown. The same pattern was
observed when the expression
of CD80 was monitored (*¥p<
0.05). Results are expressed as
mean+SD

CD80 expression
"

Y,

ITP patients

Healthy subjects

the concept that “immature DCs are tolerogenic whereas
mature DCs are immunogenic’ has been recently challenged
by several studies showing that fully mature DCs can induce
tolerance. Specifically, it has been demonstrated that mature
DCs expand autologous/allogeneic Tregs by an IDO1-
dependent mechanism [2, 6, 7]. On the other hand, previous
studies documented that Tregs are able to force DCs to
acquire a tolerogenic phenotype and function [4, 5,
36-38]. Tregs inhibit the maturation process and antigen
presentation capacity of DCs by downregulating the expres-
sion of co-stimulatory molecules and upregulating soluble
factors like the anti-inflammatory IL-10.

ITP is an autoimmune disorder in which, for reasons that
remain unclear, platelet surface proteins become antigenic
and stimulate the immune system to produce autoantibodies
and self-reactive cytotoxic T lymphocytes. These findings

result in immune-induced platelet destruction and suppres-
sion of platelet production [17-19].

Few cellular mechanism(s) of failure of immune toler-
ance in ITP has been investigated by many authors [20,
23-27, 39, 40]. Prior data showed that in ITP platelet,
glycoprotein-specific-induced Tregs can be generated de
novo from non-regulatory CD4'CD25 CD45RA" cells and
glycoprotein-induced Treg-modulated DCs display a semi-
mature phenotype [41]. However, the authors did not report
data comparing patients and controls and did not character-
ize the mechanism of Treg generation. Furthermore, a study
by Wang et al. [42] demonstrated that the plasma kynure-
nine concentration is significantly reduced in ITP patients.
In addition, in CD4" and CD8" T cells of the ITP patients,
but not in CD19" and CD14 " cells, IDO expression is lower
than that in healthy controls. Very recently, Xu et al. [43]
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demonstrated that monocyte-derived DCs from ITP patients
show decreased IDO1 expression and that CTLA-4-Ig, as
previously described [44], induces IDO1+ expression in
monocyte-derived DCs, which, in turn, increase the percent-
age of CD4"CD25 FoxP3" T cells. However, despite these
findings, no data have been published on the role played by
the IDO1-mediated interaction between Tregs and DCs in
the pathogenesis of ITP.

In the present study, for the first time, we studied the
bidirectional functional effects of DC and Treg interplay in
ITP. We demonstrate that in ITP, ex vivo expanded as well
as freshly isolated circulating DCs show decreased ability of
upregulating IDO1expression/activity after in vitro matura-
tion with LPS. This finding results in the reduced ability of
mature DCs of converting non-Treg cells into Tregs, since
DCs expressing IDO1 favor Tregs. Whether in vitro-altered
conversion of non-Tregs into Tregs found in our patients
with ITP mirrors in vivo-disturbed generation of Tregs
remains a matter of speculation. However, our results sug-
gest that in ITP, the IDO1-dependent mechanism of Tregs
generation is impaired and may play a pathogenetic role in
regulating the frequency of circulating Tregs.

In this view, it has recently been demonstrated that IDO1
inhibition can increase CD86 expression and consequently
may promote the ability of DCs to activate T cells [45].
Consistently, we previously found that in ITP patients, DCs
show upregulated expression of the co-stimulatory molecule
CD86 [31]. Therefore, in ITP, the increased expression of
CD86 on DCs may be due, at least in part, to the reduced
expression of IDOL.

Interestingly, our study demonstrates that the in vitro addi-
tion of the IDO1-specific inhibitor L-1MT to co-cultures did
not totally abrogated the generation of CD4"CD25"&"FoxP3™*
T cells. This finding suggests that other mechanisms may be
relevant in inducing this T cell population. Factors that pro-
mote Treg cell phenotype (that is TGF-3) may play a role also
[46]. Furthermore, since IDO1 expression can be modulated
by IFN-y in DCs [47] and circulating IFN-y is increased in
patients with chronic ITP [48, 49], we evaluated therefore
whether IFN-y receptor (CD119) expression was decreased
in mature ex vivo-generated DCs of ITP patients. However,
we did not observe any difference between patients and con-
trols (data not shown). Thus, we cannot conclude that im-
paired IFN-y receptor expression plays a significant role in the
defective upregulation of IDO1 in DCs from ITP patients.
Moreover, we cannot exclude that in ITP, alternative mecha-
nisms may be involved. It can be hypothesized that Tregs are
destroyed or consumed in an attempt to counteract/control the
immune response against self-platelet antigens. To support
this hypothesis, Treg count/function improves after therapy
[24, 27, 50].

In addition, here we show that in ITP in vitro-generated
Tregs have reduced suppressive activity. It is likely that this
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dysfunction is specific to Tregs since a prior study docu-
ments that in ITP, the impaired suppression of circulating
Tregs is due to a decrease in Treg function and not to
refractoriness of CD4"CD25™ T cells to suppression [26].

On the other hand, we also demonstrate that in ITP, Tregs
show reduced ability to inhibit DC maturation. Tregs, but
not DCs, show deficient expression of IL-10, a cytokine that
actively suppresses DC maturation. IL-10 is a regulatory
cytokine involved in tolerance and IL-10-secreting T cells
may constitute an additional mechanism that is responsible
for peripheral tolerance [49, 51]. Moreover, our previous
data showed that IL-6 is a potent inhibitor of DC develop-
ment from CD34" stem/progenitor cells [52, 53]. Therefore,
our results showing decreased IL-6 secretion in ITP suggest
that IL-6-dependent inhibition of DC maturation may be
also defective.

In conclusion, these data point out the role of IDO1 in the
impaired regulatory T cell development of ITP patients. In
addition, Tregs are functionally defective because they do
not prevent DC maturation. As a consequence, DCs are less
“tolerogenic” and Tregs are defective in their regulatory
function. Therefore, in ITP, the cross-talk between Tregs
and DCs is hampered and plays a pathogenetic role. Under-
standing these mechanisms is essential for the discovery of
potential therapeutic targets.
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