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Summary

The pathophysiological mechanisms contributing to the decreased platelet

count in immune thrombocytopenia (ITP) are not entirely understood.

Here, we investigated the key step of proplatelet formation (PPF) by study-

ing the effect of ITP plasma in thrombopoiesis. Normal cord blood-derived

mature megakaryocytes were cultured in the presence of recalcified plasma

from ITP patients, and PPF was evaluated by microscopic analysis. Patient

samples induced a dose-dependent inhibition in PPF, as well as decreased

complexity of proplatelet architecture. Although slightly increased, plasma-

induced megakaryocyte apoptosis was not related to PPF impairment. Puri-

fied IgG reproduced the inhibitory effect, while platelet-adsorbed plasma

induced its reversion, suggesting the involvement of auto-antibodies in the

inhibition of thrombopoiesis. Impaired PPF, induced by ITP plasmas

bearing anti-GPIIb-IIIa antibodies, was related to their ability to interfere

with the normal function of this integrin, as assessed by megakaryocyte

PAC-1 binding and b3 integrin phosphorylation while the presence of

anti-glycoprotein Ia-IIa auto-antibodies was associated with loss of normal

inhibition of PPF induced by type I collagen. In conclusion, abnormal

thrombopoiesis comprising decreased PPF and morphological changes in

proplatelet structure are induced by patient samples, unveiling new mecha-

nisms contributing to decreased platelet count in ITP.

Keywords: auto-antibodies, immune thrombocytopenia, thrombopoiesis,

proplatelets, platelets.

Immune thrombocytopenia (ITP) is an acquired autoimmune

disorder characterized by isolated low platelet count. The

currently identified underlying mechanisms leading to the

decreased number of circulating platelets are peripheral

destruction due to auto-antibody binding to platelet antigens

and suppression of megakaryopoiesis (McMillan, 2009). The

main antigenic targets include the fibrinogen receptor glyco-

protein (GP) IIb-IIIa, von Willebrand receptor GPIb-IX and

the collagen receptor GPIa-IIa. It has been shown that auto-

antibodies present in plasma from some patients with ITP

inhibit in vitro megakaryocyte (MK) production (McMillan

et al, 2004), suggesting that a similar effect may occur in vivo.

The final step in which mature MKs give raise to platelets

represents a unique cellular transformation event character-

ized by the formation of cytoplasmic extensions bearing peri-

odic platelet-sized swellings connected by thin shafts, called

proplatelets (PP). These PP elongate, branch and release

platelet-like structures from their distal tips, finally consum-

ing the MK cytoplasm. During this process, integrins and

adhesion molecules, which play key roles in platelet activa-

tion, display different functions modulating platelet birth

(Larson & Watson, 2006; Kanaji et al, 2012). The involve-

ment of GPIIb-IIIa as well as GPIb-IX in platelet formation

is evidenced by the deep abnormalities observed during

thrombopoiesis in patients with macrothrombocytopenia due

to GPIIb-IIIa mutations inducing partial activation of the

integrin (Ghevaert et al, 2008; Kunishima et al, 2011; Bury

et al, 2012) and in Bernard–Soulier syndrome (Balduini et al,

2009; Strassel et al, 2009) respectively.

Megakaryocyte behavior within the bone marrow relies, at

least partially, on matrix composition. Type I collagen plays

an essential role in inhibiting megakaryocyte PP formation

through its binding to GPIa-IIa and the subsequent activation

of the Rho-ROCK pathway (Sabri et al, 2004), thus, preventing
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premature platelet release in the osteoblastic niche. This

physiological regulation is lost in MYH9-related disease,

supporting the notion that the failure of this mechanism

contributes to the pathogenesis of this disorder (Pecci et al,

2009). Thus, it is not surprising that monoclonal antibodies

directed against specific megakaryocytic antigens influence

proplatelet formation (PPF) (Takahashi et al, 1999).

Dysregulation of MK apoptosis has been proposed as a

mechanism contributing to decreased platelet production in

ITP, although opposite theories were raised. Houwerzijl et al

(2004) found ultrastructural abnormalities compatible with

(para-) apoptosis in bone marrow MKs, implying that MK

damage could reduce platelet production in ITP. On the

other hand, Yang et al (2010) described lower expression of

tumour necrosis factor-related apoptosis-inducing ligand,

higher expression of BCL2L1 (Bcl-xL) and lower platelet

release in normal MKs incubated with ITP plasma, pointing

to decreased apoptosis as a contributing factor to dysmegak-

aryopoiesis and reduced platelet production. Concerning the

specific process of platelet generation, Josefsson et al (2011)

demonstrated that normal mature MKs must restrain the

intrinsic apoptotic pathway to survive and progress safely

through PPF and platelet shedding.

The present study was designed to investigate proplatelet

formation by mature MKs in ITP. We hypothesized that the

key step of thrombopoiesis could be altered by the presence

of auto-antibodies in this disorder. In addition, we evaluated

the influence of ITP plasma on normal mature MK survival.

Our results showed quantitative as well as qualitative abnor-

malities in PP production in the presence of ITP plasma,

unveiling new mechanisms contributing to the development

of thrombocytopenia in ITP.

Materials and methods

Patients and blood samples

Twenty-one patients with chronic ITP (median age, 42 years,

range 21–80) diagnosed according to current criteria (Rodeg-

hiero et al, 2009) were included. The study was approved by

the Ethics Committee from Instituto de Investigaciones

M�edicas Alfredo Lanari. Clinical and laboratory data are pre-

sented in Table I.

Blood samples were drawn after written informed consent

was obtained in accordance with the Declaration of Helsinki

as follows: 10 ml were collected into 342 mmol/l EDTA and

10 ml into 129 mmol/l sodium citrate. Cord blood was

obtained following normal pregnancies and deliveries at

Hospital Materno-Infantil Dr Gianantonio upon written

informed consent of the parents.

Preparation of recalcified plasma

Platelet-poor plasma was obtained from sodium citrate-

anticoagulated blood by centrifugation at 700 g for 20 min

and a second centrifugation at 10000 g for 10 min at 4°C.
Then, plasma was recalcified with 25 mmol/l CaCl2 for 2 h

at 37°C. The clot was removed and samples were centrifuged

at 10000 g for 10 min at 4°C. Supernatants were stored at

�70°C until use.

Auto-antibody evaluation

The specificity of the auto-antibodies was evaluated on EDTA-

anticoagulated plasma processed using PAKAUTO kit (GTI

Diagnostics Inc., Waukesha, WI, USA), according to the man-

ufacturer’s instructions. This methodology allows the detection

of auto-antibodies (IgG, IgM or IgA subclasses), identifying

those directed against GPIIb-IIIa, GPIb-IX and GPIa-IIa.

Adsorption of auto-antibodies from ITP plasma

Recalcified ITP plasma (0�5 ml) was incubated with washed

control platelets (2 9 109/ml) at room temperature (RT) for

1 h. After centrifugation at 2200 g for 10 min, the superna-

tant plasma was incubated with fresh platelets under the

same conditions. Platelet-adsorbed plasma was then analysed

for the presence of auto-antibodies as described above and

stored at �70°C until use. Normal control plasma was pro-

cessed simultaneously under the same conditions.

IgG purification

IgG was purified from patient and control plasma by affinity

chromatography, using protein G Sepharose (GE Healthcare

Bio-Science Corp. Piscataway, NJ, USA) and further washed

and concentrated using ultrafiltration centrifugal devices

(Thermo Scientific, Rockford, IL, USA). IgG fractions were

resuspended in the initial volume with phosphate-buffered

saline (PBS), measured at 280 nm and stored at �70°C until

use.

Cell culture

CD34-positive cells were obtained from umbilical cord blood

and cultured for 13 d to obtain mature MKs, as described

previously (Balduini et al, 2008). Cultures with at least 90%

MK, as established by fluorescein isothiocyanate (FITC)-

conjugated anti-CD61 percentage of positive cells (BD Bio-

science, San Jos�e, CA, USA), were used.

Proplatelet count. To evaluate the effect of recalcified and

platelet-adsorbed ITP plasma, as well as IgG fractions, on

thrombopoiesis, 1 9 104 mature MKs were cultured with the

addition of variable amounts of either ITP or control sam-

ples. After 24 or 48 h, the total number of MK producing

proplatelets was counted under an inverted microscope

(Axiovert 25; Carl Zeiss GmbH, G€ottingen, Germany) using

a 329 objective, and the percentage of proplatelet-bearing

MKs was calculated on the basis of the viable cell count and
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the purity of CD61+ cells in the culture. Although PPF inhi-

bition by ITP samples was observed as early as 24 h, further

studies were performed at 48 h because of the higher per-

centage of PP observed. For some experiments, patient

plasma was diluted with normal plasma, and the effect of

serial ITP plasma dilutions in PPF was evaluated. All samples

were processed in duplicate and at least in two separate

experiments using different cord blood samples. MK matura-

tion after a 48-h incubation with recalcified plasma was

assessed by flow cytometry using anti-CD61-FITC and

phycoerythrin (PE)-conjugated monoclonal antibody against

GPIb (CD42b) (BD Biosciences).

PPF inhibition on type I collagen. In order to test inhibition

of PPF by type I collagen, mature MKs were seeded on cell

culture wells previously coated with 25 lg/ml type I collagen

(kindy provided by Prof. Tira and Dr Gruppi, University of

Pavia or by BD Bioscience) as described (Balduini et al,

2008). Ten percent recalcified plasma or 2% IgG from ITP

patients bearing anti GPIa-IIa auto-antibodies and from nor-

mal controls was added and incubated for 48 h, after which

PP count was performed. Results on type I collagen were

expressed as fold-change compared to that of MK seeded on

uncovered wells.

Morphological analysis of MKs and proplatelets

To assess PP morphology, PP count on fibrinogen matrices

and analysis of MK maturation stages, mature MKs were

seeded at a concentration of 1 9 105 cells/well on glass cov-

erslips previously coated with 100 lg/ml fibrinogen (Sigma-

Aldrich, St. Louis, MO, USA) (Balduini et al, 2008). Cells

were incubated for 48 h with 10% recalcified plasma from

either ITP patients or normal controls. Then, cells were fixed

with 3% paraformaldehyde for 20 min at RT, permeabilized

with 0�2% Triton X-100 for 6 min, and stained with

62�5 ng/ml anti-CD61-FITC in PBS for 1 h. In order to eval-

uate MK apoptosis, samples were simultaneously labelled

with rabbit anti-active-caspase 3 antibody, (Cell Signaling

Technologies Inc., Danvers, MA, USA) followed by incuba-

tion with rhodamine-conjugated goat anti-rabbit secondary

antibody (Thermo Scientific, Rockwood, TN, USA). Nuclear

staining was performed with 100 ng/ml Hoechst 33258

(Sigma-Aldrich) for 4 min at RT. Samples were mounted in

ProLong gold Antifade Reagent (Molecular Probes Inc,

Eugene, OR, USA) and analysed under an epifluorescent

microscope (Carl Zeiss GmbH) using a 409 or a 1009 oil-

immersion objective. Microphotographs were obtained using

a digital camera (Canon Power Shot G6, Tokyo, Japan). MKs

were categorized into maturation stages according to stan-

dard morphological criteria (Williams & Levine, 1982). For

PP analysis, the number of PP extensions, branching points,

swellings and platelet-like structures (tips) on each proplat-

elet-bearing megakaryocyte was counted. PP measurements

comprising length and maximum shaft thickness were per-

formed with the VideoTesT-Master Morphology image

analysis software (St. Petersburg, Russia). For PP morpho-

logy, at least 40 MKs producing PPs were analysed in each

Table I. Clinical and laboratory data from ITP patients.

Patient no. Platelet count (9109/l)

Type of auto-antibody

Anti-GPIIb-IIIa Anti-GPIb-IX Anti-GPIa-IIa Treatment

1 46 � � � None/Spl.

2 30 + � � None

3 38 � � � None

4 30 � � � Corticosteroids

5 52 � � + None/Spl.

6 85 � � � Danazol

7 6 + � � None

8 30 � � � Corticosteroids

9 10 � � � None/Spl.

10 16 � + � Corticosteroids/Spl.

11 29 � � � Corticosteroids/Spl.

12 30 + � � Azathioprine/Spl.

13 40 + � + Corticosteroids

14 16 � � � None

15 48 � � � Corticosteroids

16 50 + � � Corticosteroids

17 30 � � � None

18 22 � � � Corticosteroids/Spl.

19 18 � � � Anti-D/IVIg

20 36 � � � None

21 48 + � + None/Spl.

Platelet count and treatment at the time of study. Spl: splenectomy; IVIg: intravenous immunoglobulin.
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sample; for evaluation of chromatin condensation, at least

100 MKs were evaluated and for PP count on fibrinogen, at

least 1000 MKs were counted in each sample.

Activated caspase-3 and -7 detection by fluorochrome-
labelled inhibitors of caspases (FLICA)

In order to quantitatively evaluate active caspase-3 and -7,

MK previously incubated with recalcified normal or ITP

plasma for 48 h, were tested with the CaspaTagTM caspase-

3/7 In situ assay kit (Chemicon International, Millipore, Bill-

erica, MA) according to the manufacturer’s instructions.

MKs stimulated with 24 lmol/l A23187 (Sigma-Aldrich) for

1 h were processed as positive controls.

GPIIb-IIIa functional studies

PAC-1 binding. Normal mature MKs were incubated with

10% recalcified plasma for 24 h at 37°C in 5% CO2. After

incubation, MKs were washed and stimulated with 20 lmol/l

ADP/20 lmol/l epinephrine, in the presence of FITC-

conjugated PAC-1 (antibody recognizing the active site of the

glycoprotein) (BD Bioscience) and anti-CD42b-PE, for 5 min

at RT. Cells were then fixed in 1% paraformaldehyde, diluted

in PBS and acquired in a flow cytometer (BD Biosciences). The

MK population was selected as anti-CD42b-PE positive cells.

Irrelevant staining was determined using FITC-conjugated

mouse IgM (BD Biosciences). Basal GPIIb-IIIa activation was

assessed in unstimulated MK processed as described above.

Detection of b3 integrin phosphorylation by western blot. 106

mature MKs were stimulated with 8 lmol/l ADP, 32 lmol/l

epinephrine and 3 lmol/l TRAP, in the presence of 100 lg/
ml fibrinogen and 10% recalcified either control or Patient 2

plasma for 15 or 30 min at 37°C in 5% CO2. Cells were then

washed, lysed with radioimmunoprecipitation assay (RIPA)

buffer (50 mmol/l Tris–HCl, 150 mmol/l NaCl, 1% Noni-

detP-40, 0�5% sodium deoxycholate, 0�1% sodium dodecyl

sulphate [SDS]), resolved by 8% SDS-polyacrylamide gel

electrophoresis (PAGE) and transferred onto nitrocellulose.

Membranes were tested with rabbit polyclonal anti-phospho-b3
(Y773) (Abcam, Cambridge, UK) or mouse anti-b actin

(Sigma Aldrich), and immunoreactive bands were detected

using anti-rabbit (Cell Signaling Technology) or anti-

mouse horseradish peroxidase-conjugated antibodies (Sigma

Aldrich), respectively, followed by enhanced chemilumines-

cence detection (Amersham Pharmacia Biotech, Buckingham-

shire, UK). Protein bands were quantified by densitometry.

Statistical analysis

Data are presented as mean � standard deviation (SD).

Differences between data obtained in the presence of ITP

samples and normal controls were assessed using unpaired

t-test or Mann–Whitney–Wilcoxon test. Reference values

were taken as the mean value of normal population �2SD.

Relationship between two sets of variables was determined

by Pearson or Spearman correlation. P values <0�05 were

considered statistically significant.

Results

Plasma from ITP patients inhibit normal proplatelet
formation

To investigate whether abnormal thrombopoiesis represents

an additional mechanism contributing to thrombocytopenia

in ITP, 10% of either ITP or normal recalcified plasma was

added to normal mature MKs obtained at day 13 of culture

and PP count was carried out after 48 h, during peak PPF. ITP

plasma induced inhibition of PPF compared to control

plasma, 2�57 � 1�53% vs. 4�93 � 1�03%, P < 0�0001,
unpaired t-test (Fig 1A). In particular, PP counts in the pres-

ence of 10 of 21 patient samples were below the reference

range, as established by mean � 2SD PP counts obtained after

incubation with normal plasma. Representative images of

cultured cells in the presence of 10% patient and control

plasma are shown in Fig 1B and C respectively, and time-

course inhibition in PPF is depicted in Fig 1D, showing that

ITP plasma-induced decrease in PPF is evident as early as

24 h. Percentage of PPF obtained on a fibrinogen-coated sur-

face (not shown) correlated to that observed in cell suspension

cultures (P = 0�0004, Spearman correlation), indicating that

abnormalities induced by ITP plasma may be reproduced

when MKs are plated on this extracellular matrix protein.

Proplatelets production observed in the presence of

plasma from untreated patients did not differ between that

produced with plasma from patients who were under differ-

ent treatments, 3�33 � 1�47% vs. 2�47 � 1�63%, P = 0�221,
unpaired t-test (see Table I for individual platelet count and

treatment) and no relationship was found between PP counts

in the presence of ITP plasma and patient peripheral platelet

counts (P = 0�62, Pearson correlation). Of note, all but one

patient included in this study had platelet counts below

50 9 109/l.

As ITP plasma has been previously shown to affect MK mat-

uration when added at the beginning and throughout the cul-

ture period (McMillan et al, 2004), we assessed whether ITP

plasma added to day 13-MK and incubated for a further 48 h

induced similar effects. CD61 and CD42b expression analysis

showed no difference between MK cultured with patient and

control samples (CD61 patients, 89�4 � 5�2%, controls,

90�5 � 2�4%; CD42b patients, 72�9 � 4�5%, controls,

74�5 � 9�0%; P = 0�43 and P = 0�51 respectively, Mann–

Whitney–Wilcoxon), which was confirmed by evaluation of

MK maturation stages by immunofluorescent microscopy

(not shown). These results indicate that inhibition in throm-

bopoiesis under these experimental conditions is not due to

decreased MK maturation but, rather, to a direct effect of

ITP plasma on PPF.

P. R. Lev et al
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In order to establish whether PP inhibition was dependent

on plasma concentration, PPF from normal MKs was evalu-

ated in the presence of serial plasma dilutions from two

patients who had both shown a strong inhibition in PPF

when previously tested at 10%. Inhibition of PP count was

dose-dependently attenuated at increasing plasma dilutions

by both samples, and was evident even when ITP plasma was

tested at 2�5% (Fig 1E,F).

Proplatelet morphology from normal megakaryocytes in
the presence of ITP plasma

With the aim of studying if plasma from ITP patients also

induced qualititative abnormalities in thrombopoiesis,

mature MKs cultured from day 13 to 15 on a fibrinogen

matrix and in the presence of recalcified either ITP or con-

trol plasma, were stained with anti-CD61-FITC, and PP

architecture was analysed. Proplatelet-bearing MKs obtained

after culture with ITP plasma (n = 12) revealed atypical

structural features characterized by decreased PP length and

increased shaft thickness, poorly delimited swellings along

the PP length, decreased branching, lower number and

poorly delimited PP tips and, overall, a lower complexity of

PP processes. Examples and numerical data are shown in

Fig 2A–D and E–G, respectively. Statistical differences

between patients and controls were observed for all these

parameters. These atypical features can be observed also in

pictures taken in cell suspension culture (Fig 1B). Overall,

these results suggest that abnormal thrombopoiesis comprises

not only a lower number of MKs capable of producing PP,

but also structural changes in PP architecture impairing

platelet production.

Evaluation of normal mature megakaryocyte apoptosis
induced by ITP plasma

To investigate if abnormal platelet production in ITP is

related to apoptosis of mature MKs, chromatin condensation

and caspase activation were evaluated in normal MKs in the

presence of ITP plasma. A barely significant difference was

seen in the percentage of MK with chromatin condensation

incubated with ITP compared to control plasma (n = 14),

13�03 � 4�66% vs. 9�17 � 2�35%, P = 0�031, (Mann–Whit-

ney–Wilcoxon test), while no difference in the percentage of

MKs displaying active caspase 3/7 was observed in cultures

incubated with patient or control plasma as measured by
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Fig 1. Proplatelet count in the presence of ITP

plasma. CD34+ cells from normal cord blood

were cultured for 13 d as described, to obtain

mature megakaryocytes (MKs). Then, 10% of

either immune thrombocytopenia (ITP;

n = 21) or normal (n = 18) recalcified plasma

was added and proplatelet (PP) count was car-

ried out by microscopic observation under an

inverted microscope (Carl Zeiss). (A) Percent-

age of proplatelet formations (PPF) after 48 h

of culture was calculated on the basis of

CD61+ (flow cytometry) living cells (excluding

Trypan blue stain), and plotted (*P < 0�0001,
unpaired t-test). Dots represent mean value of

at least two separate experiments using differ-

ent cord blood samples performed in duplicate.

(B) Representative pictures of MKs cultured in

the presence of recalcified ITP plasma or (C)

normal control plasma. Images were captured

with a 329 objective, photographed with an

Olympus DP70 CCD camera (Olympus) and

acquired through Lumina Vision software (Mi-

tani, Fukui, Japan); Arrows in B indicate atypi-

cal PP features observed in the presence of

patient plasma. (D) Representative example of

time-course PPF in the presence of control and

patient plasma. (E and F) Dose-dependent PP

inhibition induced by plasma from two ITP

patients (ITP plasma dilutions were performed

with control plasma). Results represent

mean � standard deviation of at least two

independent experiments performed in dupli-

cate.
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FLICA, 18�17 � 2�31 vs. 17�08 � 2�46, P = 0�12, (Mann–

Whitney–Wilcoxon test) (Fig 3A) and by immunofluorescent

staining using a specific anti-active caspase 3 antibody (data

not shown).

No correlation was found between PP count performed

on immunofluorescent-stained samples and the percentage of

MK with chromatin condensation induced by ITP plasma

(P = 0�14, Spearman correlation), suggesting that apoptosis

of mature MK and PPF inhibition are independent events.

Megakaryocytes producing PP did not display overt

caspase 3 activation and did not show chromatin condensa-

tion either in the presence of normal or ITP plasma
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acquired using a 1009 oil immersion objective. (Carl Zeiss GmbH). (E) Evaluation of proplatelet (PP) morphological features: number of PP

extensions (*P = 0�0004), swellings (**P = 0�0002), tips (***P = 0�015) and bifurcations (†P = 0�002) per MK in the presence of immune

thrombocytopenia (ITP) patient (P, n = 12) and control (C, n = 12) plasma were plotted. (F) PP length (††P = 0�012) and (G) maximum shaft

thickness (‡P = 0�0003) measured in lm, using cell analysis software (VideoTesT-Master Morphology image analysis software). Results represent

mean � standard deviation values of at least 40 MKs producing PPs in each sample. In order to avoid morphological variations due to intrinsec

features among MK derived from different cord blood samples, all plasma samples were evaluated using MK derived from the same cord blood.
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(Fig 3B–E). These findings are in agreement with recently

published data (Josefsson et al, 2011), showing that MK

apoptotic signals must be restrained in order to allow platelet

production to take place.

Role of auto-antibodies in PPF inhibition

In order to identify the molecular target of auto-antibodies,

a qualitative enzyme-immunoassay (ELISA) specific for anti-

bodies against GPIIb-IIIa, GPIb-IX and GPIa-IIa was per-

formed on ITP plasmas. Samples from eight patients (38%)

displayed detectable auto-antibodies (Table I).

To determine if platelet auto-antibodies were responsible

for PP inhibition, two different strategies were carried out

using plasma from two patients previously shown to inhibit

PPF: Patient 2, harbouring anti-GPIIb-IIIa antibodies, and

Patient 10, who had anti-GPIb-IX antibodies:

1 Evaluation of PPF in the presence of platelet-adsorbed ITP

plasma: Plasma samples were adsorbed with washed plate-

lets from healthy donors, resulting in complete depletion of

auto-antibodies, as assessed by ELISA measurement. Next,

normal MKs were incubated with 10% platelet-adsorbed re-

calcified plasma and PP count was carried out 48 h later.

Partial reversion of the inhibitory effect induced by recalci-

fied plasma was observed in the presence of the correspond-

ing platelet-adsorbed plasma (Fig 4A).

2 Purified IgG action on PPF: IgG fraction was purified

from these plasma samples and tested for PPF at 2�5%
final concentration. Both IgG samples displayed an inhibi-

tory effect on PPF similarly to that induced by patients’

plasma (Fig 4B). These results are in agreement with

those observed in the presence of platelet-adsorbed

plasma and suggest that the anti-GPIIb-IIIa and anti-

GPIb-IX antibodies present in the IgG fraction of Patients

2 and 10 respectively, could be, at least in part, responsi-

ble for PPF reduction.

Auto-antibody specificity and its role in PPF

Auto-antibodies against GPIIb-IIIa were the most frequently

observed in our population, being found in six of 21 ITP

samples. Interestingly, PP inhibition was seen in the presence

of four of these samples (one of them also carrying

anti-GPIa-IIa auto-antibodies). In addition, one sample with
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*

ControlsPatients Patients
% of MK with
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Fig 3. Effect of ITP plasma on normal MK

apoptosis. Mature megakaryocytes (MKs) incu-

bated for 48 h with immune thrombocytopenia

(ITP) or normal plasma were either assayed for

active caspase 3 and 7, by fluorochrome-

labelled inhibitors of caspases (FLICA) meth-

odology or stained with anti-CD61-FITC/Hoe-

chst/anti-active caspase 3 followed by

rhodamine-conjugated secondary antibody, as

described in Materials and methods. (A)

Mean � standard deviation percentage of MK

showing highly condensed chromatin (right,

* P = 0�031, Mann–Whitney–Wilcoxon test)

and expressing active caspase 3 and 7 (left,

P = 0�12), in the presence of plasma from ITP

patients (n = 20) or normal controls (n = 19).

Representative images showing MK incubated

with normal recalcified plasma stained with:

(B) anti-CD-61-FITC (green), (C) Hoechst dye

(blue), (D) anti-active caspase 3 (red), (E)

overlapping pictures (scale bar: 10 lm). White

arrows indicate proplatelet-bearing MKs and

red arrows indicate apoptotic MKs.
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anti-GPIb-IX and five in whom auto-antibody detection was

negative also induced decreased PPF. In contrast, one patient

carrying anti-GPIIb-IIIa, one with anti-GPIa-IIa, one with

both anti-GPIIb-IIIa and GPIa-IIa, and eight in whom no

auto-antibodies were detected, did not show quantitative

inhibition in PPF.

Auto-antibodies against GPIIb-IIIa that interfere with integrin

function impair PPF. After the finding that four of six ITP

plasmas containing antibodies against GPIIb-IIIa inhibited

PPF, we sought to investigate the mechanisms underlying

this effect. To this end, GPIIb-IIIa function was assessed by

two different strategies:

1 PAC-1 binding: Incubation of unstimulated MKs with

ITP plasma did not increase PAC-1 binding compared

to control plasma, 5�98 � 2�46% vs. 8�40 � 1�67%,

(P = 0�79, Mann–Whitney–Wilcoxon test), indicating

that anti-GPIIb-IIIa auto-antibodies do not induce the

expression of the active site of the integrin by them-

selves. Furthermore, ITP samples bearing anti-GPIIb-IIIa

antibodies, shown above to inhibit PPF, exerted an

inhibitory effect on MK PAC-1 binding after stimula-

tion with 20 lmol/l ADP/epinephrine compared to con-

trols, 36�31 � 11�31% vs. 51�76 � 4�50% (P = 0�034,
Mann–Whitney–Wilcoxon test), while PAC-1 binding to

MK incubated with both ITP plasma samples that

induced normal PPF was similar to controls (Fig 5A).

The fact that anti-GPIIb-IIIa-bearing plasmas were not

related to a unique phenotype regarding PPF suggests

that differences in the intrinsic auto-antibody features

among these ITP patients (i.e. epitope specificity, affin-

ity degree) could determine their ability to interfere

with proplatelet production, as previously shown using

monoclonal antibodies directed against different epitopes

of the same glycoprotein complex (CD41 and CD61)

(Takahashi et al, 1999).

2 b3 integrin phosphorylation: In order to further confirm

that anti-GPIIb-IIIa auto-antibodies interfere with the

normal function of GPIIb-IIIa, b3 phosphorylation was

evaluated in MKs incubated for 15 and 30 min with recal-

cified plasma from Patient 2, either unstimulated or after

stimulation with TRAP/ADP/epinephrine. Patient plasma

bearing anti-GPIIb-IIIa auto-antibodies did not induce b3
phosphorylation by itself (Fig 5B). Moreover, and in

agreement with results from PAC-1 binding, b3 phos-

phorylation was prevented in TRAP/ADP/epinephrine-

stimulated MKs incubated with patient’s plasma.

Anti GPIa-IIa auto-antibodies interfere with the normal inhibi-

tion of PPF exerted by type I collagen. To evaluate the effect

of anti-GPIa-IIa auto-antibodies present in ITP plasma in

the normal inhibition of PPF exerted by type I collagen, PPF

by MKs seeded on this matrix protein was evaluated and

compared to that obtained in uncovered wells in the pres-

ence of plasma from Patients 5, 13 and 21, which carryied

anti-GPIa-IIa antibodies. All these samples prevented the

normal inhibition of type I collagen on proplatelet produc-

tion, while, in the presence of plasma from Patient 7

(harbouring anti-GPIIb-IIIa antibodies) and five normal con-

trols, the expected reduction in PP count could be seen.

Results are expressed as fold change in the percentage of PPF

produced on type I collagen versus uncovered wells (Fig 5C),

(Fold change in PP production in the presence of plasma

from patients bearing anti-GPIa-IIa auto-antibodies versus

plasma from normal controls, P = 0�036, Mann–Whitney–

Wilcoxon test). This abnormal behavior was also observed

when PPF was assayed in the presence of purified IgG from

Patient 5 (not shown).

(A)

(B)

Fig 4. PPF in the presence of platelet-adsorbed plasma and purified

IgG from immune thrombocytopenia patients. (A) Auto-antibody

adsorption was carried out by incubation of recalcified plasma with

normal platelets. Proplatelet formation (PPF) was assayed in the

presence of 10% of recalcified (Rec.) and platelet-adsorbed (PA)

plasma. Assays were performed in duplicate at least in two separate

experiments using different cord blood samples. Results were

expressed as mean � standard deviation (SD) percentage of proplat-

elet (PP) counts obtained in the presence of recalcified and platelet-

adsorbed control samples, respectively, set as 100%. *P = 0�008;
**P = 0�0001, unpaired t-test. P2: Patient 2, harbouring auto-anti-

bodies against GPIIb-IIIa; P10: Patient 10, with auto-antibodies

against GPIb-IX. (B) PPF was evaluated in the presence of 2% puri-

fied IgG and expressed as percentage of that obtained in the presence

of the corresponding control IgG (left). PPF in the presence of 2%

of the corresponding plasma samples is also shown for comparison

(right). Results represent the mean � SD of two independent experi-

ments.
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Discussion

Growing advances in the knowledge of the mechanisms of

thrombopoiesis have been made during the last decade.

Some of the evidence in this field has come from the study

of patients with platelet disorders. Our results demonstrate

an inhibitory effect of ITP plasma specifically on PPF.

Extrapolation of these in vitro results to the ITP scenario

would imply that, even in a bone marrow with normal or

increased MKs, inhibition of platelet production could take

place at the thrombopoietic step.

Morphological differences between PP produced in the

presence of ITP and normal plasma were also observed in

this study. Most of the plasma samples from ITP patients

induced wider and shorter PP, bearing lower numbers of

bifurcation points and tips, and overall, less complex PP than

normal ones. Taking into account that MKs must elongate

their PP through the bone marrow endothelial barrier in

order to release platelets into the bloodstream, these

morphological PP features could hinder thrombopoiesis.

Altogether, these results could imply that, in addition to the

lower number of MKs capable of producing PP in ITP, each

proplatelet-bearing MK would be unable to produce appro-

priate numbers of platelets.

No differences were found in PPF between MKs incubated

with samples from the group of patients who were not under

treatment and those who were. However, both groups pre-

sented similar platelet counts, as in the latter, treatment was

aimed just at achieving a safe platelet count (20–30 9 109/l).

Further studies in a larger ITP population including patients

with a wider spectrum of peripheral platelet counts, as well

as longitudinal assessment of samples obtained before and

during treatment, are in progress to broaden conclusions in

this field and to ascertain whether ITP treatment is able to

ameliorate the inhibition found in PPF.

Evidence that platelet production in ITP is suboptimal

(Barsam et al, 2011) is supported by the success of thrombo-

poietin receptor agonists (TRAs) in the treatment of ITP

patients. As shown for the first time in this study, reduced

platelet production is caused, not only by autoimmune-

mediated inhibition in megakaryopoiesis (McMillan et al,

2004), but also, by impaired PP formation from mature

MKs. It remains to be established whether differences in the

relative contribution of impaired PP and platelet formation

versus increased platelet clearance might influence response

to different ITP treatments, i.e. those aimed at enhancing

platelet production or blocking platelet destruction. Further

(A)

(B)

(C)

Fig 5. Anti-GPIIb-IIIa and GPIa-IIa auto-antibodies effect on glyco-

protein function. (A) Mature megakaryocytes (MKs) incubated for

24 h with immune thrombocytopenia (ITP) samples bearing anti-

GPIIb-IIIa auto-antobodies were evaluated for PAC-1 binding after

ADP/epinephrine stimulation, by flow cytometry. Low PPF: plasma

samples from ITP patients previously shown to inhibit proplatelet

formation (PPF); Normal PPF: plasma samples from ITP patients

that induced normal PPF. Box plots depict the average of two inde-

pendent experiments. Statistical differences were seen between MK

PAC-1 binding in the presence of anti-GPIIb-IIIa-bearing ITP sam-

ples that induced low PPF and normal controls, *P = 0�034, Mann–
Whitney–Wilcoxon test. (B) MKs were incubated for 15 and 30 min

with 10% recalcified plasma from Patient 2 and a normal control,

either with or without stimulation with TRAP/ADP/epinephrine,

then washed, lysed, resolved by 8% sodium dodecyl sulphate poly-

acrylamide electrophoresis and transferred to nitrocellulose. Immu-

noblots were carried out using antibodies against p-b3 integrin and

b-actin as a protein loading control. Results are expressed as

mean � standard deviation of the ratio between the optical density

of p-b3 and b-actin, of two experiments. (C) Mature MKs were

seeded on type I collagen in the presence of 10% recalcified plasma

from three ITP patients bearing anti-GPIa-IIa auto-antibodies

(Patient [P]5, P13 and P21), one ITP patient with anti-GPIIb-IIIa

antibodies (P7) and five normal controls (C1–5), and proplatelet

(PP) count was carried out as previously described. The fold change

in PP count, calculated as PP count obtained on type I collagen and

relative to that obtained on the corresponding uncovered well are

plotted. Results represent mean � standard error of the mean of at

least two independent experiments. Statistical differences were seen

between results obtained in the presence of anti-GPIa-IIa-bearing

ITP plasmas and normal controls, P = 0�036, Mann–Whitney–Wilco-

xon test.
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work in this field may hopefully lead to improvement in ITP

management and, eventually, to a tailored treatment

approach for each patient.

As mentioned before, the role of MK apoptosis in ITP is

controversial. Considering that, as recently shown, the apop-

totic machinery is dispensable for PPF (Josefsson et al, 2011)

and that its activation may rather impair this process, we

aimed to assess the potential contribution of increased MK

apoptosis to the reduction found in PPF. Incubation of

mature MKs with ITP plasma in the same conditions under

which PPF was assessed did not induce increased caspase

activation. Moreover, although a slight increase in MKs

showing nuclear pyknosis was found among cells exposed to

patient samples, there was no correlation between this feature

and reduced PP counts, further indicating that the inhibition

in PPF was not due to a decrease in the number of viable MKs.

Regarding the thrombopoietic process, proplatelet-bearing

MKs incubated either with normal or ITP plasma did not

display apoptotic features. Therefore, although MK damage

might play a role in ITP pathogenesis in the in vivo setting,

as demonstrated by morphological bone marrow features

(Houwerzijl et al, 2004), our results suggest that neither the

decrease in PPF nor the morphological PP abnormalities

found in this study can be attributed to increased MK apop-

tosis, but rather to other factors, such as the direct effect of

auto-antibodies on the MK surface.

The participation of platelet auto-antibodies in the inhibi-

tion of PPF is suggested by the partial correction of PP pro-

duction in the presence of platelet-adsorbed ITP plasma and

by the reproduction of the inhibitory effect by purified IgG.

The unexpected finding that inhibition of thrombopoiesis

was not restricted to the presence of a specific type of auto-

antibody, suggests that even when the underlying mecha-

nisms leading to reduction of platelet production may not be

the same among ITP patients with auto-antibodies directed

against different glycoproteins, abnormalities in thrombopoi-

esis could affect a wide spectrum of the ITP population.

In our cohort of ITP patients, only one presented auto-

antibodies against GPIb-IX. Plasma from this patient induced

a deep inhibition in PPF as well as morphological changes in

PP from normal MK. Evidence for impaired PPF in the

absence or decrease of GPIb-IX-V complex, [Bernard–Soulier

syndrome (Strassel et al, 2009) and Bolzano mutation (Baldu-

ini et al, 2009), respectively] or filamin, a structural protein

linking GPIb with the cytoskeleton (Jurak Begonja et al, 2011;

Kanaji et al, 2012), has been reported. Taken together, these

data suggest that the presence of anti-GPIb-IX auto-antibodies

in ITP could interfere with the normal function of GPIb-IX-V

complex, thus leading to impaired thrombopoiesis.

The role of GPIIb-IIIa in thrombopoiesis remains contro-

versial. While patients with Glanzmann thrombasthenia do

not show thrombocytopenia, monoclonal antibodies directed

against GPIIb inhibit PPF in vitro (Takahashi et al, 1999)

and aIIb �/� mice display a blunted platelet response to

thrombopoietin administration, demonstrating that under

certain conditions, this glycoprotein complex may play a role

in platelet production (Larson & Watson, 2006). Moreover,

activation of integrin signalling via SRC family kinases has

been shown to have a positive role in thrombopoiesis

(Mazharian et al, 2010, 2011). On the other hand, recent evi-

dence revealed that partial activation of GPIIb-IIIa impairs

thrombopoiesis, as shown by the presence of activating

mutations in ITGA2B and ITGB3 in patients with inherited

macrothrombocytopenia (Ghevaert et al, 2008; Kunishima

et al, 2011; Bury et al, 2012). The finding that anti-GPII-

bIIIa-bearing ITP plasmas inhibit PPF, provides yet another

setting in which abnormalities targeting GPIIb-IIIa lead to

defects in thrombopoiesis. In this study, constitutive activa-

tion of GPIIb-IIIa, mimicking ITGA2B/ITGB3-related throm-

bocytopenia, could not be demonstrated. Rather, PP inhibition

was associated with impaired GPIIb-IIIa function, as assessed

by PAC-1 binding and b3 phosphorylation in MKs incubated

with anti-GPIIb-IIIa bearing samples. Further studies on

GPIIb-IIIa downstream signalling pathways during normal

and pathological thrombopoiesis may provide additional

insight into the effect of GPIIb-IIIa abnormalities in PPF.

Type I collagen plays a critical role in the bone marrow

osteoblastic niche environment, preventing platelet formation

through its binding to GPIa-IIa and activation of Rho-ROCK

pathway. Plasma from ITP patients bearing anti-GPIa-IIa

auto-antibodies interfered with normal inhibition of type I

collagen on proplatelet production, suggesting that the pres-

ence of these auto-antibodies could induce precocious PPF

and platelet release within the osteoblastic niche instead of

the microvessel lumen in these patients.

Overall, these data suggest that differential mechanisms

leading to impairment of PP production may depend on the

specific target of the auto-antibodies and could contribute to

explain the heterogeneous pathophysiology of ITP. Interest-

ingly, inhibition of thrombopoiesis was not restricted to

auto-antibody-positive ITP plasmas. Other factors present in

these ITP samples, including auto-antibodies other than

those tested in this study, could interfere with PP generation.

Regarding ITP samples that did not induce reduction in PP

count, differences in auto-antibody features, such as epitope

specificity, affinity degree and/or concentration, could deter-

mine their ability to alter PP production.

In conclusion, quantitative and qualitative abnormalities

in the key step of thrombopoiesis, are new mechanisms con-

tributing to decreased platelet production and thrombocyto-

penia in ITP. Insight into the mechanisms underlying PPF

inhibition reveal that these may be diverse among ITP

patients, highlightening the heterogeneous nature of this dis-

order. These novel findings add to our understanding of the

pathophysiology of this complex disease.
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