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KEY PO INT S

l Platelet GPIba
induces hepatic TPO
generation and
maintains TPO levels
in blood.

l Antiextracellular
GPIba antibodies
decrease TPO
generation and may
affect TPO levels in
immune-mediated
thrombocytopenias.

Thrombopoietin (TPO), a hematopoietic growth factor produced predominantly by the liver,
is essential for thrombopoiesis. Prevailing theory posits that circulating TPO levels are main-
tained through its clearance by platelets and megakaryocytes via surface c-Mpl receptor in-
ternalization. Interestingly,we found a two- to threefold decrease in circulating TPO inGPIba2/2

mice compared with wild-type (WT) controls, which was consistent in GPIba-deficient human
Bernard-Soulier syndrome (BSS) patients.We showed that lower TPO levels in GPIba-deficient
conditions were not due to increased TPO clearance by GPIba2/2 platelets but rather to de-
creasedhepatic TPOmRNA transcription andproduction.We found thatWT, but notGPIba2/2,
platelet transfusions rescuedhepatic TPOmRNAand circulating TPO levels inGPIba2/2mice.
In vitro hepatocyte cocultures with platelets or GPIba-coupled beads further confirm the
disruption of platelet-mediated hepatic TPO generation in the absence of GPIba. Treat-
ment of GPIba2/2 platelets with neuraminidase caused significant desialylation; however,
strikingly, desialylatedGPIba2/2platelets could not rescue impairedhepatic TPOproduction in

vivo or in vitro, suggesting that GPIba, independent of platelet desialylation, is a prerequisite for hepatic TPO generation.
Additionally, impaired hepatic TPO production was recapitulated in interleukin-4/GPIba–transgenic mice, as well as with
antibodies targeting theextracellular portionofGPIba, demonstrating that theN terminus ofGPIba is required for platelet-
mediated hepatic TPO generation. These findings reveal a novel nonredundant regulatory role for platelets in hepatic TPO
homeostasis, which improves our understanding of constitutive TPO regulation and has important implications in diseases
related to GPIba, such as BSS and auto- and alloimmune-mediated thrombocytopenias. (Blood. 2018;132(6):622-634)

Introduction
Thrombopoietin (TPO)was first described in 1958 as a humoral factor
regulating platelet production.1 However, it was not until its suc-
cessful cloning in 1994,2 following the identification of its receptor,
c-Mpl,3 that a greater understanding of TPO emerged. In throm-
bopoiesis, TPO binding to its cognate receptor c-Mpl expressed on
megakaryocytes and its progenitors stimulates the expansion and
differentiation of megakaryocyte precursors2,4 and maturation of
megakaryocytes,5,6 but it is not required for platelet shedding or
proplatelet production.7,8 TPO has been demonstrated to be critical
in the stimulation of thrombopoiesis, as well as in maintaining he-
matopoiesis and the hematopoietic stem cell (HSC) niche.9,10

Given the important and nonredundant roles of TPO in throm-
bopoiesis and hematopoiesis, studies that elucidate regulatory

mechanisms in themaintenance of steady-state circulatory levels
are of great interest.11 Over the years, the prevailing theory
posits that TPO is constitutively produced predominantly by
the liver (;65% to 100% of circulating TPO)12 and fine-tuned
through uptake and clearance via c-Mpl expressed on platelets
andmegakaryocytes.13,14 Therefore, it follows that TPO levels are
inversely proportional to platelets and megakaryocyte mass.15

Ancillary evidence suggests regulation of TPO levels does not
occur at site of production in the liver. For example, mice with
hemizygous deletion of the TPO gene exhibit a gene-dosage
effect with no compensatory expression from the wild-type
(WT) locus in the liver, suggesting constitutive TPO expression.4

Furthermore, induction of thrombocytopenia resulted in in-
creased circulatory TPO, but not increased hepatic TPO, mRNA
expression.16,17 In human aplastic anemia or chemotherapy-
induced thrombocytopenic patients, TPO levels are significantly
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higher.16,18 However, conflicting data suggest that TPO levels
cannot be exclusively adjusted through platelet/megakaryocyte
mass, and regulation may occur at the site of production in the
liver. For example, thrombocytosis, such as essential thrombo-
cythemia, typically leads to unexpectedly elevated TPO levels;19

conversely, in immune thrombocytopenia (ITP), TPO levels are
lower than expected.20 Additionally, it was recently reported that
aged platelets can stimulate liver TPO production through the
Ashwell-Morell receptor (AMR).21 Despite these reports, regula-
tion of TPO at the level of production is an emerging concept,
although the underlying mechanisms are not well understood.

Here, we identify that platelet GPIba is responsible for the
maintenance of steady-state hepatic TPO production. We found
that GPIba deficiency in mouse and human Bernard-Soulier
syndrome (BSS) patients leads to chronically lower circulat-
ing TPO levels. Furthermore, transfusions of WT platelets into
GPIba-deficient mice ameliorate TPO levels through increased
production in the liver. Importantly, these findings are recapit-
ulated in interleukin-4 (IL4)/GPIba-transgenic (tg) mice, local-
izing the functional domain on the extracellular portion of GPIba
as responsible in the induction of hepatic TPO generation. In-
terestingly, our data show that platelet desialylation cannot
compensate for GPIba deficiency and does not increase hepatic
TPO generation. Therefore, GPIba may act through AMR-
dependent and -independent mechanisms to induce hepatic
TPO generation. Lastly, we demonstrate that anti-GPIba anti-
bodies block platelet-mediated hepatic TPO generation, which
may explain why TPO levels are not increased in ITP but occur
in other thrombocytopenic patients. Our findings may have
broad implications on the fundamental understanding of platelet-
mediated hepatic TPO generation, as well as on antibody-
mediated auto- and alloimmune thrombocytopenias and TPO
mimetic-based therapies.

Methods
Mice
GPIba2/2 mice and IL4Ra/GPIba-tg mice were described
previously.22-24 b3 integrin–knockout (b32/2) mice were originally
provided by Dr. Richard O. Hynes (Massachusetts Institute of
Technology, Boston, MA) and were further backcrossed to the
BALB/c background.25-27 All BALB/c and C57BL/6J (6-8 weeks)
mice were purchased from Charles River (Montreal, QC, Canada).
GPIba2/2 and b32/2 mice were backcrossed to the BALB/c
background 10 times and then bred to generate syngeneic gene-
deficient mice. Mice between the ages of 8 and 12 weeks were
used for experiments. All aforementioned mice were housed at
St. Michael’s Hospital Research Vivarium, and all procedures
were approved by the Animal Care Committee at St. Michael’s
Hospital.

BSS patient samples
BSS patient plasma samples were provided by the National
Hospital Organization Nagoya Medical Center. TPO levels in
plasma were detected with a chemiluminescent enzyme im-
munoassay using an anti-TPO monoclonal antibody and an anti-
TPO detection antibody on a chemiluminescence plate reader
(SRL). The study was approved by the Ethics Review Committee
at Nagoya Medical Center.

TPO quantification
Sera were collected from whole blood following clotting,28-30

and plasma was collected via centrifugation, as previously
described.21,31-33 Murine livers were harvested following perfu-
sion with phosphate-buffered saline (PBS), sliced into ;500-mg
sections on dry ice, placed in 2 mL of ice-cold PBS containing
protease inhibitor, and homogenized through a 40-mm nylon
tissue strainer to obtain single-cell suspensions; this was fol-
lowed by red blood cell lysis with ACK lysis buffer (Thermo Fisher
Scientific). The homogenate was centrifuged at 1500g for
15minutes and lysedwithNP-40 lysis buffer [150mMNaCl, 1.0%
NP-40, 50 mM tris(hydroxymethyl)aminomethane-HCl, pH 8.0] at
4°C overnight. After centrifugation, the clarified supernatant was
apportioned into 1-mL aliquots and stored at 280°C until ready
for use.34 All TPO levels in serum, plasma, and liver tissues were
quantified using a Mouse Thrombopoietin Quantikine ELISA Kit
(R&D Systems), according to the manufacturer’s instructions. The
nonspecific liver background was measured with an enzyme-
linked immunosorbent assay (ELISA) by replacing the rat mono-
clonal anti-mouse TPO coating antibody with nonspecific rat
monoclonal IgG. The absorbance was measured and subtracted
from the specific liver TPO-binding absorbance.

Platelet TPO clearance assay
A platelet TPO uptake assay was performed as previously de-
scribed with modifications.35 Briefly, washed platelets (13 108/mL)
were resuspended in a standard recombinant TPO solution
(2 ng/mL) and incubated for 1 hour at 37°C. Ingested intracellular
platelet TPO was obtained following platelet washing (1050g
for 7 min) and NP-40 buffer lysis. Free noningested TPO was
obtained from culture supernatant. Both were detected and
quantified with a Quantikine ELISA Kit (R&D System), as de-
scribed above.

Liver mRNA quantification with RT-qPCR
Mouse livers were homogenized as described above, and
total RNA from liver cells was extracted with an RNeasy Mini Kit
(QIAGEN), followed by cDNA preparation from 1 mg of total RNA
with a SuperScript IV cDNA synthesis kit (Invitrogen). cDNA sam-
ples were quantified by real-time quantitative PCR (RT-qPCR) using
SYBR Green PCR Master Mix (QIAGEN) on an Applied Biosystems
StepOnePlus Real-Time PCR System, as previously described.36,37

Primers (59 to 39) used were TPO forward: CACAGCTGTCC
CAAGCAGTA, TPO reverse: CATTCACAGGTCCGTGTGTC,
cyclophilin A (cyclo A, housekeeping gene) forward: GCCGAT
GACGAGCCCTTG, and cyclo A reverse: TGCCGCCAGTG
CCATTATG.

In vivo platelet-transfusion assay
Washed platelets were prepared as we previously described.38-40

A total of 2.5 3 108 of the indicated platelets was transfused
intravenously to recipient mice. Mice were bled from the sa-
phenous vein at indicated time points, and plasma was isolated
as described above. Plasma TPO was measured with a Mouse
Thrombopoietin Quantikine ELISA Kit. Livers were harvested
at 24 hours posttransfusion, and RT-qPCR was performed to
quantify TPO mRNA, as described above.

Hepatocyte platelet phagocytosis assay
FL83B cells (murine hepatocytes; American Type Culture Col-
lection) were grown on coverslips in F-12K Medium (American
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Type Culture Collection) supplemented with 10% FBS and
1% Pen-Strep for 24 hours, with the addition of BALB/c or
GPIba2/2 platelets, stained with 5-chloromethylfluorescein
diacetate (CMFDA; 5 mM; Life Technologies), at a 1:20 ratio at
37°C in a 5% CO2 incubator. Following coculture, FL83B cells
were fixed in 4% paraformaldehyde, permeabilized (Perm/Wash
Buffer; BD Biosciences), and blocked with 3% bovine serum
albumin (Sigma-Aldrich). Samples were incubated overnight at
4°C with an anti-albumin antibody (1:200; Thermo Fisher Sci-
entific), followed by secondary Cy3 polyclonal rabbit anti-goat
antibody (1:400; Invitrogen). Nuclei were visualized by inclusion
of 49,6-diamidino-2-phenylindole (Invitrogen) in mounting me-
dium (VECTASHIELD; Vector Laboratories). Images were cap-
tured using an Olympus upright fluorescence microscope and
analyzed with ImageJ.

In vitro platelet-mediated hepatocyte
TPO-generation assay
FL83B cells were cultured as described above and incubated
with the indicated platelets stained with CMFDA (5 mM) at a 1:10
ratio and cocultured for 24 hours. In some cases, platelets were
desialylated with a2-3,6,8 neuraminidase from Clostridium per-
fringens (Sigma-Aldrich), desialylation was confirmed by lectin
binding with fluorescein-labeled Ricinus communis agglutinin-I
(RCA-1), succinylated wheat germ agglutinin, Erythrina crista-galli
lectin, and peanut agglutinin (VECTOR Laboratories) using a flow
cytometer (BD FACSCalibur), as we described previously.30,41,42

Polyclonal IgG was generated and purified as we previously
described.26,37 Asialofetuin (Sigma-Aldrich) (100 mg/mL), mono-
clonal anti-GPIba antibody (NIT G; 1 mg/mL),30 or polyclonal
antibodies (anti-GPIba or control anti-aIIb polyclonal IgG; 2mg/mL)
were also added, as indicated. Following coculture, FL83B cells
were washed with PBS to remove nonadherent platelets, de-
tached using 0.25% trypsin-EDTA, and lysed using buffer from
an RNeasy Mini Kit (QIAGEN). Released TPO in culture media
and cell lysates were quantified using a Thrombopoietin
Quantikine ELISA Kit (R&D Systems), and TPO mRNA was
quantified by RT-qPCR, as described above.21 Platelet-associated
hepatocytes were also determined as CMFDA-positive events
by flow cytometry, as we previously described.29

Preparation of recombinant GPIba–coupled silica
magnetic beads
Recombinant GPIba ectodomain (R&D Systems) was covalently
coupled to the surface of silica magnetic beads utilizing self-
assembling monolayer (SAM) chemistry. SAMs allow for the
covalent coupling of biomolecules to surfaces while providing
resistance to nonspecific binding.43 The beads were first coated
with (3-trimethoxysilylpropyl)diethylenetriamine using standard
methods,44 followed by standard carbodiimide cross-coupling
to recombinant GP1ba ectodomain.45 The coating efficacy
was evaluated with anti-GPIba antibodies. Silica magnetic
beads coated with (3-trimethoxysilylpropyl)diethylenetriamine
were used as controls.

Statistical analysis
Statistical analysis was performed using GraphPad Prism soft-
ware. Unless otherwise indicated, all data are presented as
mean 6 standard error of the mean, and significance was de-
termined by 1-way analysis of variance or a Student t test. Flow
cytometry and imaging data were analyzed using FlowJo and

ImageJ, as indicated. Differences were considered statistically
significant at P , .05.

Results
GPIba deficiency leads to lower levels of circulating
TPO in mice and humans
GPIba2/2 mice, like BSS patients, have larger platelets but are
also thrombocytopenic (macrothrombocytopenia, ;30% of WT
levels).22 Because it has been shown that an inverse correlation
exists between circulating TPO levels and platelet/megakaryocyte
mass,46,47 we considered whether GPIba2/2 mice may have in-
creased TPO levels. Unexpectedly, we observed an approximate
twofolddecrease in TPO levels in the sera andplasma ofGPIba2/2

mice compared with syngeneic WT and control b32/2 mice
(Figure 1A). Furthermore, GPIba heterozygosity led to an
;25% decrease in circulating TPO (Figure 1B). We did not ob-
serve significant differences in circulating TPO in von Willebrand
factor (VWF)-deficient mice vs syngeneic WT mice (Figure 1C),
indicating that lower circulating TPO in GPIba2/2 mice is not due
to the absence of VWF bound to GPIba.

To determine whether our findings from mouse studies are
reproducible in humans, we obtained plasma samples from BSS
patients. We found that plasma TPO levels were significantly
decreased compared with healthy donor controls (Figure 1D).
Therefore, our data revealed the surprising discovery that GPIba
deficiency leads to lower TPO levels in mice and humans.

Lower TPO levels in GPIba2/2 mice are not due
to enhanced GPIba2/2 platelet-mediated
TPO clearance
The cognate receptor of TPO, c-Mpl, mediates TPO internaliza-
tion, as well as subsequent clearance, which has been considered
the key mechanism in the regulation of TPO levels in blood
circulation.48,49 Because GPIba2/2 platelets are larger,22 it is
conceivable that decreased TPO levels may be attributed to in-
creased c-Mpl numbers or function on GPIba2/2 platelets. We
assessed whether the larger size of GPIba2/2 platelets reflects
increased copy number of the c-Mpl receptor. As expected, we
found that, per platelet, there is ;50% more protein, including
c-Mpl, in GPIba2/2 platelets, as shown in supplemental Figure 1,
available on the Blood Web site. However, individual increased
platelet mass is offset by a 70% decrease in platelet number in
GPIba2/2 mice, netting an overall similar platelet mass to WT
mice.50 Furthermore, western blot analysis revealed no significant
difference in c-Mpl density between GPIba2/2 and WT platelets,
with glyceraldehyde-3-phosphate dehydrogenase serving as an
internal control (Figure 2A). Thus, quantitatively, per platelet
volume, there is no significant increase in c-Mpl expression on
GPIba2/2platelets. To investigatewhether, functionally, GPIba2/2

platelets could clear TPOmore efficiently, we incubated the same
number of GPIba2/2 or WT platelets in standard medium sup-
plemented with TPO. We concurrently measured the increase
in TPO in platelet lysates (effective platelet internalization) and
the corresponding TPO decrease in the culture medium. We
found no significant difference between the 2 groups (Figure 2B).
Moreover, transfusion of GPIba2/2 or WT platelets into WT mice
resulted in a comparable acute decrease in plasma TPO levels,
suggesting similar platelet-mediated TPO uptake between the
2 strains (supplemental Figure 2). Altogether, these data indicate
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that lower TPO levels in GPIba2/2 mice are not due to enhanced
TPO clearance by GPIba2/2 platelets.

Lower TPO levels in GPIba2/2 mice are due to
impaired platelet-stimulated hepatic
TPO production
Because the liver is the primary site of de novo TPO genera-
tion,12 we sought to determine whether the lower circulating
TPO in GPIba2/2 mice was due to impaired hepatic TPO pro-
duction. Measurement of TPO mRNA transcripts in the liver
revealed an ;50% decrease in GPIba2/2 mice compared with

WTmice (Figure 3A; supplemental Figure 3), with corresponding
lower TPO protein levels in liver tissue (Figure 3B). Furthermore,
we did not observe any significant differences in TPO mRNA
levels betweenGPIba2/2 andWTmice within other known organs
of TPO generation,51 including spleen and kidneys (supplemental
Figure 5). To determine whether GPIba2/2 mice possessed a
lower constitutive hepatic TPO production or a disruption within
platelet-mediated TPO generation, we assessed the ability of WT
platelet transfusions to rescue lower TPO levels in GPIba2/2 mice.
We found, indeed, that WT platelets, but not GPIba2/2 platelets,
induced significantly increased (;75% from baseline) TPO levels
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Figure 1. Plasma/serum TPO levels are decreased
in GPIba-deficient mice and human BSS patients.
(A) ELISA of serum TPO levels (1:10 dilution) in WT,
GPIba2/2, and b32/2 mice (all on BALB/c background;
n 5 6-10). ELISA of plasma TPO levels (1:2 dilution) in
WT, GPIba2/2, and heterozygous (GPIba1/2) mice on
BALB/c background (n 5 6-10) (B) and WT and VWF2/2

mice on C57BL/6J background (n 5 3) (C). (D) ELISA-
determined plasma TPO concentration in BSS patients
(n 5 7) and healthy donors (n 5 99). **P , .01,
****P , .0001. NS, not significant.
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Figure 2. GPIba2/2 platelets do not have increased
c-Mpl density or enhanced TPO clearance function.
(A) Representative immunoblots (left panel) and den-
sitometry (right panel) of TPO receptor (c-Mpl) expression
relative to glyceraldehyde-3-phosphate dehydrogenase
(loading control) in GPIba2/2 and WT BALB/c platelets
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sates (internalized TPO) of GPIba2/2 and WT BALB/c
mice (B) and cultured supernatant supplemented with
recombinant TPO following a 1-hour incubation of
GPIba2/2 or WT platelets (C) (n 5 6). **P , .01,
****P , .0001. NS, not significant.
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in the circulation of GPIba2/2 recipient mice (Figure 3C). Con-
sistently, TPO mRNA within hepatic tissue of GPIba2/2 mice also
increased following transfusion ofWT, but not GPIba2/2, platelets
(Figure 3D), suggesting de novo platelet-mediated TPO pro-
duction. In addition, assessment of production of IL-6 in GPIba2/2

mice, a proinflammatory cytokine previously identified to increase
TPO generation in the liver,52 revealed no difference compared
withWTmice (supplemental Figure 6). These findings confirm that
impaired TPO generation in GPIba2/2 mice stems from lack of
response to platelet-mediated TPO production, rather than an
inherent hepatic defect.

Desialylation of GPIba2/2platelets could not rescue
hepatic TPO generation
It was recently reported that platelet desialylation is an important
mechanism underlying platelet-mediated hepatic TPO gener-
ation.21 Because GPIba is the most sialylated platelet surface

protein, we considered whether the inability of GPIba2/2

platelets to stimulate TPO generation is due to the paucity of
available desialylated residues that would otherwise be present
on GPIba. Interestingly, assessment of baseline desialylation of
GPIba2/2 platelets with RCA-1 binding revealed increased
desialylation compared with WT platelets (Figure 4A; supple-
mental Figure 7). The increased desialylation profile was further
confirmed with succinylated wheat germ agglutinin, peanut
agglutinin, and E. crista-galli lectin binding (supplemental
Figure 8). Treatment of GPIba2/2 platelets with neuraminidase
demonstrates that, despite a .10-fold increase in desialylation
(Figure 4B), transfusion of desialylated GPIba2/2 platelets did
not rescue GPIba2/2 platelet–mediated hepatic TPO generation
in vivo (Figure 4C). With the staining of platelet activation and
apoptosis markers (P-selectin and annexin V), we showed that
the alterations in GPIba2/2 platelets after sialidase treatment
are not significantly different from WT platelets (supplemental
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Figure 3. GPIba deficiency leads to a significant de-
crease in platelet-mediated hepatic TPO generation.
TPO mRNA was measured via RT-qPCR (A) and TPO
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BALB/c and GPIba2/2 hepatic tissue lysates. (C) Plasma
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Figure 9). These data suggest that GPIba, independent of other
platelet desialylated residues, is required for platelet-mediated
hepatic TPO generation.

GPIba2/2 platelets exhibit impaired binding to
hepatocytes and do not significantly stimulate
hepatic TPO generation in vitro
In vitro studies were performed to further elucidate the re-
quirement of GPIba in the interaction among platelets, hepa-
tocytes, and subsequent hepatic TPO generation. We found
that, under static conditions, hepatocytes cocultured with flu-
orescently labeled WT platelets had a significantly higher per-
centage of bound (Figure 5A-B) and internalized (Figure 5B)
platelets compared with cocultures with fluorescently labeled
GPIba2/2 platelets. The same assay was repeated under phys-
iological low shear conditions of the liver vasculature (300 s21);
fluorescently labeled platelets perfused over adherent hepa-
tocytes yielded similar results (supplemental Figure 10). Addi-
tionally, WT, but not GPIba2/2, platelets stimulated hepatocytes
to synthesize TPO mRNA (Figure 5C), as well as to produce and
release significantly higher levels of TPO, as measured by cel-
lular TPO concentrations (Figure 5D) and TPO concentration in
culture medium (Figure 5E).

In vitro cocultures with desialylated platelets and hepatocytes
confirm our in vivo data, whereby desialylation of GPIba2/2

platelets did not increase hepatic TPO generation (Figure 5F).
These data again suggest that desialylation of non-GPIba

residues is not the key factor for platelet-mediated hepatic TPO
production. To test whether GPIba is acting through the AMR
to induce hepatic TPO generation, we used asialofetuin to
competitively block the AMR on hepatocytes. We found that
asialofetuin effectively blunted increased desialylated WT platelet-
mediated hepatic TPO production,21 but it had no significant
effect in the presence of GPIba2/2 platelets (Figure 5G).

Interestingly, flow cytometry data in parallel, reproducibly
showed that, following desialylation of GPIba2/2 platelets, they
exhibited greater binding to hepatocytes (Figure 5H), without a
concomitant increase in hepatic TPO mRNA (Figure 5F). Fur-
thermore, increased desialylated GPIba2/2 platelet binding
is decreased in the presence of asialofetuin (Figure 5H). This
suggests that other desialylated platelet glycoproteins may bind
the AMR but that the signal is insufficient to induce hepatic TPO
generation in the absence of GPIba. Alternatively, GPIbamay be
acting through an AMR-independent pathway to induce hepatic
TPOgeneration. Regardless, these data demonstrate that GPIba
is the essential link between the platelet and the hepatocyte in
stimulating hepatic TPO generation.

The extracellular domain of GPIba is required for
hepatic TPO generation
To determine whether it is the ligand-binding domain or the
cytoplasmic portion of GPIba that plays an active role in reg-
ulating TPO, we examined TPO levels in IL4Ra/GPIba-tg mice.
These mice have most of the extracytoplasmic region of GPIba
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(residues 1-472) replaced with the a subunit of the human IL-4
receptor while retaining the intracellular and membrane-
proximal region of GPIba (Figure 6A).23,53 Consistent with
GPIba2/2 mice, IL4Ra/GPIba-tg mice were also found to have
significantly lower plasma and sera TPO levels (Figure 6B-C), as
a consequence of decreased hepatic TPO generation (Figure
6D-E). To further validate the importance of the extracellular
region of GPIba in platelet-induced TPO generation from liver,
we transfused IL4Ra/GPIba-tg platelets into WT or GPIba2/2

mice; as expected, similar to GPIba2/2 platelets, IL4Ra/GPIba-tg
platelets could not increase TPO production (Figure 6F-G).
Importantly, desialylation of IL4Ra/GPIba-tg platelets also had no
significant effect on hepatic TPO mRNA expression (Figure 6H).
IL4Ra/GPIba-tg platelets exhibited similar decreased binding
to hepatocytes as GPIba2/2 platelets (Figure 6I). Thus, the extra-
cellular domain of GPIba is a prerequisite and dictates the hepatic
response to platelet-stimulated TPO generation.

To assess whether GPIba ectodomain is sufficient to promote a
hepatocyte response, we first tested soluble recombinant GPIba
and found that it did not stimulate TPO mRNA transcription in
hepatocytes in vitro. To evaluate whether surface immobilized
GPIba can boost the hepatic effect, recombinant murine GPIba
was coupled onto platelet-sized silica beads coated with a
SAM,54,55 which allows recombinant GPIba to be oriented up-
ward away from the bead surface (supplemental Figure 11). We
found that the GPIba-coupled beads stimulated hepatic TPO
mRNA production similar to WT platelets. This suggests that
platelet surface GPIba alone, excluding other platelet factors, is
sufficient to mediate hepatocyte TPO generation (Figure 6J).

Anti-GPIba antibodies block hepatic
TPO generation
In immune-mediated thrombocytopenias, such as ITP, anti-
bodies are frequently generated against platelet surface anti-
gens, including GPIba.56-62 To assess the clinical relevance of our
study and whether anti-GPIba antibodies could negatively affect
platelet-mediated hepatic TPO generation, we used anti-GPIba
polyclonal antibodies generated in GPIba2/2 mice immunized
with WT platelets.24,28,30 We found that WT platelets opsonized
with anti-GPIba antibodies could block hepatic TPO mRNA
expression in vitro, mimicking the effect seen with GPIba-
deficient platelets (Figure 7A). However, when control anti–aIIb-
antibodies were used, no significant inhibition was observed
(Figure 7A). Additionally, as expected, anti-GPIba antibodies
had no significant effect on GPIba2/2 platelets (supplemental
Figure 12). Interestingly, when we used a monoclonal antibody
targeting the N terminus of GPIba (NIT G),30 we observed similar
levels of inhibition on hepatocyte TPO generation as on GPIba2/2

platelets (Figure 7B). Thus, our data suggest that the functional

domain of GPIba that mediates hepatic TPO generation is
located on the N terminus. These data indicate that antibodies
or antagonists targeting GPIba (eg, in ITP), particularly those
against the N terminus ligand-binding domain, may suppress
TPO production from the liver.30,42,61

Discussion
In this study, we identified a previously unknown regulatory
mechanism in the homeostatic maintenance of circulating TPO
levels. Specifically, we found that the extracellular domain of
GPIba is required for de novo platelet-mediated TPO generation
in the liver. The physiological importance of this mechanism is
underscored in GPIba-deficient mice and BSS patients, in whom
the lack of extracellular expression of GPIba on platelets led to
an overall decrease in circulating TPO level (Figures 1 and 6).
Furthermore, we demonstrated that desialylation of non-GPIba
platelet residues (ie, GPIb-deficient platelets) is insufficient to
induce hepatic TPOgeneration (Figures 4-6). However, these data
do not preclude that desialylation of GPIba may be required.
Thus, GPIba–hepatic interaction may occur through AMR-
dependent21 and -independent pathways. Moreover, IL4Ra/
GPIba-tg mice and our recombinant GPIba-coupled beads fur-
ther demonstrated that surface immobilized GPIba alone is suf-
ficient to stimulate TPO generation from hepatocytes (Figure 6).
Lastly, we found that antibodies against GPIba (eg, in immune-
mediated thrombocytopenias) could recapitulate the effects of
GPIba deficiency, effectively blocking hepatic TPO generation
(Figure 7). These findings clearly demonstrate the requirement of
GPIba for platelet-mediated hepatic TPO generation.

The regulation of circulating steady-state TPO levels has been
widely debated.63 It is becoming more evident that both
mechanisms of regulation, including TPO clearance via c-Mpl on
platelets/megakaryocytes and production in the liver, are not
mutually exclusive events. Our data show that, despite similar
c-Mpl abundance and function in GPIba2/2 mice (Figure 2),
circulating TPO levels are chronically lower. This suggests that
platelets, through GPIba, contribute significantly to the con-
stitutive steady-state production of TPO from the liver. These
findings unveil novel perspectives in our understanding of TPO
levels in thrombocytopenic disorders, such as ITP. It is not well
understood why ITP patients often exhibit TPO levels lower than
expected. This study offers plausible scenarios in which lower
TPO levels could be attributed to diversion of platelets away
from the liver due to antibody-mediated clearance in the spleen
leading to loss of platelet stimulated hepatic TPO generation.
Alternatively, as we have shown previously, anti-GPIba anti-
bodies may cause platelet desialylation and clearance in the
liver. However, platelets opsonized with anti-GPIba antibodies,

Figure 5. GPIba2/2 platelets exhibit impaired binding to hepatocytes and do not significantly induce hepatic TPO generation in vitro. FL83B cells (murine hepatocytes)
were cocultured with CMFDA-labeled (A-B) or nonlabeled (C-E) WT or GPIba2/2 platelets (1:20 ratio) for 24 hours. (A) Representative immunofluorescence images of CMFDA-
stained platelets bound to hepatocytes. Blue 5 49,6-diamidino-2-phenylindole (DAPI; nuclear counterstain), green 5 CMFDA-stained platelets, red 5 albumin (hepatocyte
marker). Scale bars, 20 mm. Quantification of CMFDA-stained platelet–hepatocyte adherence presented as platelet mean fluorescence intensity (MFI) per field, analyzed from
3 individual experiments of 3 randomly selected fields. (B) Flow cytometry analysis of hepatocyte-associated CMFDA-stained platelets, quantified as CMFDA-stained
platelet–positive hepatocytes. Alexa Fluor 647–conjugated anti-CD61 antibody was subsequently used to stain the hepatocyte surface-boundplatelets (CD611 population). TPO
protein concentration was quantified by ELISA in hepatic cell lysates (C) and culture medium (D). (E) TPO mRNA expression in hepatocytes was measured by RT-qPCR (n5 3; 3
individual experiments in triplicate). (F-H) Platelets from the indicated strains (WT and GPIba2/2) were incubated with FL83B cells for 24 hours. In some instances, platelets were
desialylated with neuraminidase. (F-G) FL83B cellular TPO mRNA expression was measured by RT-qPCR. (G-H) Asialofetuin, a competitive blocker of AMR, was added as
indicated. (H) The CMFDA-platelet–positive population was gated and quantified by flow cytometry to evaluate platelet binding or uptake by hepatocytes following
desialylation. *P , .05, **P , .01, ***P , .001, ****P , .0001 vs platelet-negative control, #P , .05 vs asialofetuin-positive platelet-negative control. NS, not significant.
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Figure 6. The extracellular domain of GPIba is required for hepatic TPO generation. (A) Representative diagram of the IL4Ra/GPIba-tg receptor. ELISA-determined serum
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despite targeting to the liver, may still be unable to stimulate
hepatic TPO generation, as we demonstrated (Figure 6). In
addition, we cannot completely exclude that antibodies tar-
geting GPIba may cause signaling events and subsequent
indirect blocking of GPIba–hepatocyte interactions. These dif-
ferential antibody effects on platelets may impact the response
to therapy, such as TPO mimetics, and deserve further in-
vestigation. Earlier studies observed abnormal megakaryocyte
morphology in GPIba2/2 bone marrow, including disordered
membrane demarcation in megakaryocytes.22,64 There are also
reports that anti-GPIba antibodies suppress in vitro human
megakaryocyte production65,66 and platelet release from mega-
karyocytes.67 Whether the reduced TPO fromGPIba deficiency or
blockage contributes to this process is worthwhile for future
exploration.

It is well known that c-Mpl expression is not limited toplatelets and
megakaryocytes but is also present on HSCs.9,68,69 Importantly,
TPO has been implicated as a nonredundant factor in maintaining
the stem cell niche and quiescence.70 TPO2/2 and c-Mpl2/2 mice
experience an age-progressive loss of their HSC pool,70 leading
to a permanent decrease in multilineage progenitors in the
bone marrow.68,71 A similar phenotype is observed in human
patients with amegakaryocytic thrombocytopenia caused by
loss-of-function mutations in c-Mpl.72 These patients progress to
bonemarrow failure as early as 2months of age.73 These suggest

the critical importance of maintaining threshold levels of TPO on
hematopoiesis. The long-term sequelae on the HSC pool in
chronically lower TPO levels in our GPIba-deficient mice or,
more importantly, in human BSS patients, have not been ex-
plored and may be worthwhile for future studies.

A recent report identified the role of the platelet in hepatic TPO
generation.21 This elegant study demonstrated that desialylated
platelets drive hepatic TPO generation through the AMR. In-
terestingly, we observed that desialylation and asialofetuin did
not significantly alter the inability of GPIba2/2 platelets to induce
hepatic TPO generation (Figure 5). One possible explanation to
reconcile our data with the previous report is that desialylated
GPIba on platelets is the binding partner of the AMR, which
would not be unreasonable because GPIba is the most heavily
glycosylated platelet surface antigen.74 However, we do find
increased binding to hepatocytes when GPIba2/2 platelets are
desialylated, which is reduced in the presence of asialofetuin.
These findings suggest that the AMR does not exclusively bind
GPIba. Furthermore, our data showed that blocking of the
N-terminal ligand binding domain with monoclonal antibody
NIT G can effectively inhibit platelet-mediated hepatic TPO
generation (Figure 7B), suggesting that this is the site of the
functional epitope that drives hepatic TPO generation. Given
that there are no glycosylation sites at the N terminus of murine
GPIba, it is unlikely that this epitope binds the AMR. As well, it
was recently shown that desialylated epitopes on GPIba do not
significantly bind the AMR.75 This evidence supports the idea of
an AMR-independent pathway in GPIba-mediated hepatic TPO
generation. This may be also the reason why Aspgr12/2 (AMR-
deficient) mice do not exhibit a significant decrease in plasma
TPO.21 We propose that the AMR and GPIba work synergisti-
cally, whereby the AMR attracts and binds desialylated platelets,
which then brings GPIba at a proximal advantage to induce TPO
generation or vice versa. However, GPIba is required, whereas
desialylation enhances this process. Future investigations may
open new therapeutic avenues for potential receptor agonists
(eg, GPIba-anchored liposomes) that could potentially serve as
alternatives to TPO mimetics.

AlthoughmurineGPIba does not have anNXS/T sequencemotif
for N-glycosylation, which contains the AMR high-affinity ga-
lactose residues,76 we cannot exclude the possibility that the
AMR can recognize murine GPIba O-glycan–linked galactose
residues within the mucin-like region. As previous studies
demonstrated, neuraminidase-treated murine GPIba plays an
important role in AMR-dependent clearance,30,77 suggesting the
presence of potential AMR-recognition sites on murine
GPIba.76,78 We also showed that recombinant murine GPIba–
coupled beads stimulated hepatic TPO mRNA production,
indicating that the GPIba ectodomain is sufficient for the he-
patocyte response (Figure 6J). However, it is still unclear whether
the N terminus alone can mediate the AMR response or whether
the mucin-like region is also required. Future studies are re-
quired to further elucidate the recognition pattern(s) of hepatic
receptor(s).

In conclusion, our study demonstrates that de novo platelet-
mediated synthesis of TPO in the liver requires GPIba. These
findings should have significant impact on our understating of TPO
regulation and TPO therapies. These will also have broad im-
plications in disease conditions (eg, BSS and immune-mediated
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auto- and alloimmune thrombocytopenias) and therapeutics that
target GPIba.79-84
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37. Yougbaré I, Lang S, Yang H, et al. Maternal
anti-platelet b3 integrins impair angiogenesis
and cause intracranial hemorrhage. J Clin In-
vest. 2015;125(4):1545-1556.

38. Zhu G, Zhang Q, Reddy EC, et al. The integrin
PSI domain has an endogenous thiol isomer-
ase function and is a novel target for

antiplatelet therapy. Blood. 2017;129(13):
1840-1854.

39. Wang Y, Reheman A, Spring CM, et al. Plasma
fibronectin supports hemostasis and regulates
thrombosis. J Clin Invest. 2014;124(10):
4281-4293.

40. Lei X, Reheman A, Hou Y, et al. Anfibatide, a
novel GPIb complex antagonist, inhibits
platelet adhesion and thrombus formation in
vitro and in vivo in murine models of throm-
bosis. Thromb Haemost. 2014;111(2):
279-289.

41. Tao L, Zeng Q, Li J, et al. Platelet desialylation
correlates with efficacy of first-line therapies
for immune thrombocytopenia. J Hematol
Oncol. 2017;10(1):46.

42. Li J, Callum JL, Lin Y, Zhou Y, Zhu G, Ni H.
Severe platelet desialylation in a patient with
glycoprotein Ib/IX antibody-mediated im-
mune thrombocytopenia and fatal pulmonary
hemorrhage. Haematologica. 2014;99(4):
e61-e63.

43. Fedorov K, Blaszykowski C, Sheikh S, et al.
Prevention of thrombogenesis from whole
human blood on plastic polymer by ultrathin
monoethylene glycol silane adlayer.
Langmuir. 2014;30(11):3217-3222.

44. Kim J, Seidler P, Wan LS, Fill C. Formation,
structure, and reactivity of amino-terminated
organic films on silicon substrates. J Colloid
Interface Sci. 2009;329(1):114-119.

45. Ducker RE, Montague MT, Leggett GJ.
A comparative investigation of methods for
protein immobilization on self-assembled
monolayers using glutaraldehyde,
carbodiimide, and anhydride reagents.
Biointerphases. 2008;3(3):59-65.

46. Nichol JL, Hokom MM, Hornkohl A, et al.
Megakaryocyte growth and development
factor. Analyses of in vitro effects on human
megakaryopoiesis and endogenous serum
levels during chemotherapy-induced throm-
bocytopenia. J Clin Invest. 1995;95(6):
2973-2978.

47. Ng AP, Kauppi M, Metcalf D, et al. Mpl ex-
pression on megakaryocytes and platelets is
dispensable for thrombopoiesis but essential
to prevent myeloproliferation. Proc Natl Acad
Sci USA. 2014;111(16):5884-5889.

48. Kuter DJ, Beeler DL, Rosenberg RD. The
purification of megapoietin: a physiological
regulator of megakaryocyte growth and
platelet production. Proc Natl Acad Sci USA.
1994;91(23):11104-11108.

49. Fielder PJ, Gurney AL, Stefanich E, et al.
Regulation of thrombopoietin levels by c-mpl-
mediated binding to platelets. Blood. 1996;
87(6):2154-2161.

50. Tomer A, Scharf RE, McMillan R, Ruggeri ZM,
Harker LA. Bernard-Soulier syndrome: quan-
titative characterization of megakaryocytes
and platelets by flow cytometric and platelet
kinetic measurements. Eur J Haematol. 1994;
52(4):193-200.

51. Sungaran R, Markovic B, Chong BH.
Localization and regulation of thrombopoietin
mRNa expression in human kidney, liver, bone
marrow, and spleen using in situ hybridization.
Blood. 1997;89(1):101-107.

52. Kaser A, Brandacher G, Steurer W, et al.
Interleukin-6 stimulates thrombopoiesis
through thrombopoietin: role in inflammatory
thrombocytosis. Blood. 2001;98(9):
2720-2725.

53. Bergmeier W, Piffath CL, Goerge T, et al. The
role of platelet adhesion receptor GPIbalpha
far exceeds that of its main ligand, von
Willebrand factor, in arterial thrombosis.
Proc Natl Acad Sci USA. 2006;103(45):
16900-16905.

54. Neves MAD, Wang YGZ, et al. Novel integrin
aIIbb3 and GPIba coatings that feature anti-
fouling properties for platelet research and
clinical diagnostics. Res Pract Thromb
Haemost. 2017;1(suppl 1):17-18.

55. Neves MAD, Wang YGZ, et al. Development
of anti-fouling detection methods for novel
platelet ligands and pathogenic platelet an-
tibodies. Vox Sang. 2017;112(suppl S2):
147-148.

56. Beardsley DS, Ertem M. Platelet autoanti-
bodies in immune thrombocytopenic purpura.
Transfus Sci. 1998;19(3):237-244.

57. McMillan R. The pathogenesis of chronic im-
mune thrombocytopenic purpura. Semin
Hematol. 2007;44(4 suppl 5):S3-S11.

58. Webster ML, Sayeh E, Crow M, et al. Relative
efficacy of intravenous immunoglobulin G in
ameliorating thrombocytopenia induced by
antiplatelet GPIIbIIIa versus GPIbalpha anti-
bodies. Blood. 2006;108(3):943-946.

59. Zeng Q, Zhu L, Tao L, et al. Relative efficacy of
steroid therapy in immune thrombocytopenia
mediated by anti-platelet GPIIbIIIa versus
GPIba antibodies. Am J Hematol. 2012;87(2):
206-208.

60. Shao L, Wu Y, Zhou H, et al. Successful
treatment with oseltamivir phosphate in a
patient with chronic immune thrombocyto-
penia positive for anti-GPIb/IX autoantibody.
Platelets. 2015;26(5):495-497.

61. Quach ME, Dragovich MA, Chen W, et al. Fc-
independent immune thrombocytopenia via
mechanomolecular signaling in platelets.
Blood. 2018;131(7):787-796.

62. Peng J, Ma SH, Liu J, et al. Association of
autoantibody specificity and response to in-
travenous immunoglobulin G therapy in im-
mune thrombocytopenia: amulticenter cohort
study. J Thromb Haemost. 2014;12(4):
497-504.

63. Stoffel R, Wiestner A, Skoda RC.
Thrombopoietin in thrombocytopenic mice:
evidence against regulation at themRNA level
and for a direct regulatory role of platelets.
Blood. 1996;87(2):567-573.

64. Dütting S, Gaits-Iacovoni F, Stegner D, et al.
A Cdc42/RhoA regulatory circuit downstream
of glycoprotein Ib guides transendothelial
platelet biogenesis. Nat Commun. 2017;8:
15838.

65. Chang M, Nakagawa PA, Williams SA, et al.
Immune thrombocytopenic purpura (ITP)
plasma and purified ITP monoclonal autoan-
tibodies inhibit megakaryocytopoiesis in vitro.
Blood. 2003;102(3):887-895.

66. McMillan R, Wang L, Tomer A, Nichol J,
Pistillo J. Suppression of in vitro megakaryo-
cyte production by antiplatelet

PLATELET GPIba INDUCES THROMBOPOIETIN GENERATION blood® 9 AUGUST 2018 | VOLUME 132, NUMBER 6 633

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/132/6/622/1372711/blood820779.pdf by guest on 07 M

ay 2024



autoantibodies from adult patients
with chronic ITP. Blood. 2004;103(4):
1364-1369.

67. Alimardani G, Guichard J, Fichelson S, Cramer
EM. Pathogenic effects of anti-glycoprotein
Ib antibodies on megakaryocytes and
platelets. Thromb Haemost. 2002;88(6):
1039-1046.

68. Alexander WS, Roberts AW, Nicola NA, Li R,
Metcalf D. Deficiencies in progenitor cells of
multiple hematopoietic lineages and de-
fective megakaryocytopoiesis in mice lacking
the thrombopoietic receptor c-Mpl. Blood.
1996;87(6):2162-2170.

69. Forsberg EC, Prohaska SS, Katzman S, Heffner
GC, Stuart JM, Weissman IL. Differential ex-
pression of novel potential regulators in he-
matopoietic stem cells. PLoS Genet. 2005;
1(3):e28.

70. Qian H, Buza-Vidas N, Hyland CD, et al.
Critical role of thrombopoietin in maintaining
adult quiescent hematopoietic stem cells. Cell
Stem Cell. 2007;1(6):671-684.

71. Carver-Moore K, Broxmeyer HE, Luoh SM,
et al. Low levels of erythroid and myeloid
progenitors in thrombopoietin-and c-mpl-
deficient mice. Blood. 1996;88(3):803-808.

72. Ballmaier M, Germeshausen M, Schulze H,
et al. c-mpl mutations are the cause of con-
genital amegakaryocytic thrombocytopenia.
Blood. 2001;97(1):139-146.

73. Ballmaier M, Germeshausen M, Krukemeier S,
Welte K. Thrombopoietin is essential for the
maintenance of normal hematopoiesis in hu-
mans: development of aplastic anemia in
patients with congenital amegakaryocytic
thrombocytopenia. Ann N Y Acad Sci. 2003;
996(1):17-25.

74. Okumura I, Lombart C, Jamieson GA. Platelet
glycocalicin. II. Purification and characteriza-
tion. J Biol Chem. 1976;251(19):5950-5955.

75. Li Y, Fu J, Ling Y, et al. Sialylation onO-glycans
protects platelets from clearance by liver
Kupffer cells. Proc Natl Acad Sci USA. 2017;
114(31):8360-8365.

76. Quach ME, Chen W, Li R. Mechanisms of
platelet clearance and translation to improve
platelet storage. Blood. 2018;131(14):
1512-1521.

77. Grewal PK, Aziz PV, Uchiyama S, et al.
Inducing host protection in pneumococcal
sepsis by preactivation of the Ashwell-Morell
receptor. Proc Natl Acad Sci USA. 2013;
110(50):20218-20223.

78. Li R, Hoffmeister KM, Falet H. Glycans and
the platelet life cycle. Platelets. 2016;27(6):
505-511.

79. Xu XR, Gallant RC, Ni H. Platelets, immune-
mediated thrombocytopenias, and fetal hemor-
rhage. Thromb Res. 2016;141(suppl 2):S76-S79.

80. Li J, Sullivan JA, Ni H. Pathophysiology of
immune thrombocytopenia. Curr Opin
Hematol. In press.

81. Zdravic D, Yougbare I, Vadasz B, et al. Fetal
and neonatal alloimmune thrombocytopenia.
Semin Fetal Neonatal Med. 2016;21(1):19-27.

82. Xu XR, CarrimN, NevesMA, et al. Platelets and
platelet adhesion molecules: novel mecha-
nisms of thrombosis and anti-thrombotic
therapies. Thromb J. 2016;14(suppl 1):29.

83. Xu XR, Yousef GM, Ni H. Cancer and platelet
crosstalk: opportunities and challenges for
aspirin and other antiplatelet agents. Blood.
2018;131(16):1777-1789.

84. Fontayne A, Meiring M, Lamprecht S, et al.
The humanized anti-glycoprotein Ib mono-
clonal antibody h6B4-Fab is a potent and safe
antithrombotic in a high shear arterial
thrombosis model in baboons. Thromb
Haemost. 2008;100(4):670-677.

634 blood® 9 AUGUST 2018 | VOLUME 132, NUMBER 6 XU et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/132/6/622/1372711/blood820779.pdf by guest on 07 M

ay 2024


