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Abstract
Thrombopoietin	(TPO),	a	glycoprotein	hormone	produced	predominantly	in	the	liver,	
plays	important	roles	in	the	hematopoietic	stem	cell	(HSC)	niche,	and	is	essential	for	
megakaryopoiesis	 and	 platelet	 generation.	 Long-	standing	 understanding	 proposes	
that	TPO	is	constitutively	produced	by	hepatocytes,	and	levels	are	fine-	tuned	through	
platelet	 and	 megakaryocyte	 internalization/degradation	 via	 the	 c-	Mpl	 receptor.	
However,	in	immune	thrombocytopenia	(ITP)	and	several	other	diseases,	TPO	levels	
are	inconsistent	with	this	theory.	Recent	studies	showed	that	platelets,	besides	their	
TPO	clearance,	can	induce	TPO	production	in	the	liver.	Our	group	also	accidentally	
discovered	that	platelet	glycoprotein	(GP)	Ibα	 is	required	for	platelet-	mediated	TPO	
generation,	which	is	underscored	in	both	GPIbα−/−	mice	and	patients	with	Bernard-	
Soulier	 syndrome.	 This	 review	will	 introduce	 platelet	 versatilities	 and	 several	 new	
findings in hemostasis and platelet consumption but focus on its roles in TPO regula-
tion.	The	implications	of	these	new	discoveries	in	hematopoiesis	and	the	HSC	niche,	
particularly	in	ITP,	will	be	discussed.
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1  |  INTRODUC TION

Platelets,	first	identified	130	years	ago,	are	small	(1–	2	μm)	anuclear	
cells in the blood.1,2 They are the second most abundant cells in 
circulation	next	 to	 red	blood	cells,	with	an	average	 range	of	100–	
450 × 109/L	 in	 healthy	 adults.	 Platelets	 are	 produced	 from	 their	
precursor	megakaryocytes	in	the	bone	marrow,3,4 where immature 
larger	proplatelets	from	megakaryocyte	extensions	are	released	into	
the	blood	due	to	local	shear	stresses,	with	each	megakaryocyte	gen-
erating an estimate of thousands of platelets.5,6	Interestingly,	recent	
studies	suggest	that	platelets	can	also	be	produced	from	megakary-
ocytes	in	the	lungs,7,8	although	the	proportion	of	lung-	derived	plate-
lets	 in	 blood	 and	 whether	 these	 platelets	 have	 unique	 functions,	
such	as	immune	response	in	respiratory	system	infection,9 remain to 
be further investigated.

Increasingly	recognized	for	their	versatility,	platelets	have	impli-
cations	 in	 the	 immune	 system,2,10,11 angiogenesis and liver regen-
eration,2,12	 and	 tumor	 metastasis,13	 among	 others,	 in	 addition	 to	
hemostasis.14,15	At	the	site	of	vascular	injury,	subendothelial	matrix	
proteins,	such	as	collagen,	are	exposed,	which	 is	subsequently	an-
chored	with	von	Willebrand	factor	(VWF)	and	allows	for	glycopro-
tein	(GP)	Ibα	interaction,	mediating	platelet	tethering,	particularly	at	
high shear rates.16-	18	 The	 transient	 VWF-	GPIbα interactions slow 
platelets	down,	allowing	for	GPVI-	collagen	interactions	for	further	
platelet activation.19 The activated platelets then express active 
conformations of integrins such as αIIbβ3	 (GPIIbIIIa).	 Through	 in-
teraction	with	 ligands	on	vessel	walls,	 these	 integrins	can	mediate	
firm platelet adhesion.20-	22	Following	the	first	layer	of	adhesion,	ag-
gregation between adjacent platelets can occur through binding of 
fibrinogen to activated αIIbβ3.22,23	Very	interestingly,	although	the	
theory that fibrinogen is required for platelet aggregation has been 
prevalent	 for	more	 than	half	a	century,	we	 found	 that	platelet	ag-
gregation	still	occurs	in	mice	lacking	fibrinogen,	and	even	more	sur-
prisingly	 in	 fibrinogen	 and	VWF	double-	deficient,	 and	 fibrinogen/
VWF/plasma	 fibronectin	 triple-	deficient,24,25 but not β3-	deficient	
mice.26	 This	 clearly	 demonstrated	 the	 presence	 of	 a	 fibrinogen-	
independent pathway in platelet aggregation.18,27-	30 In addition to 
platelet	 adhesion	 and	 aggregation	 (ie,	 platelet	 accumulation—	the	
first	wave	of	hemostasis),	activated	platelets	also	express	phospha-
tidylserine	 and	 negatively	 charged	 surfaces,31,32	 which	 markedly	
facilitates	 thrombin	generation	and	blood	coagulation	 (ie,	 the	 sec-
ond	wave	of	hemostasis).	Furthermore,	platelets	may	contribute	to	a	
newly termed “protein wave of hemostasis” through release of their 
α-	granule	components	such	as	fibronectin.27	Although	clearance	of	
these	 aggregated	platelets/thrombi	 (platelet	 consumption)	 are	not	

fully	understood,	macrophage	and	reticuloendothelial	system	(RES),	
as	demonstrated	in	immune-	mediated	thrombocytopenia,	are	likely	
the important contributors.33-	35

Platelet generation and clearance must be well controlled to 
avoid	 thrombosis	 and	 bleeding	 disorders.	 First	 described	 in	 1958	
as	a	humoral	factor	promoting	platelet	production,	thrombopoietin	
(TPO)	 is	 the	physiological	 regulator	 of	megakaryocyte	differentia-
tion,36-	38 and is crucial for maintenance of the hematopoietic stem 
cell	(HSC)	niche.	TPO	is	a	glycoprotein	hormone	produced	primarily	
by	the	liver	(>65%	of	circulating	levels).39	Adequate	circulating	TPO	
levels	 are	 important	 for	 the	maintenance	of	 hemostasis;	 however,	
the mechanism of regulation in its entirety remains unclear. This re-
view will discuss recent discoveries pertaining to TPO regulation and 
their	 respective	 implications	 in	 hematopoiesis	 as	well	 as	 immune-	
mediated thrombocytopenias such as immune thrombocytopenia 
(ITP).

2  |  PRE VAILING VIE WS OF TPO 
REGUL ATION

Major	 achievement	 in	 understanding	 the	 mechanisms	 regulating	
platelet	production	(thrombogenesis)	was	made	following	the	iden-
tification of the cognate receptor40	c-	Mpl	and	subsequent	cloning	of	
TPO.41	 In	 thrombopoiesis,	TPO	binds	 to	c-	Mpl	expressed	on	meg-
akaryocytes	 and	 its	HSC	 progenitors	 to	 stimulate	 their	 expansion	
and differentiation.4,42-	44	However,	TPO	 is	not	 required	 for	mega-
karyocyte	platelet	shedding	or	proplatelet	production.45,46 In addi-
tion	to	its	crucial	role	in	thrombopoiesis,47,48 TPO is required for the 
maintenance	of	 the	hematopoietic	stem	cell	 (HSC)	niche.49,50 Both 
TPO−/−	and	Mpl−/− mice have decreased numbers of erythroid and 
myeloid	progenitors,47 and loss of TPO signaling is associated with 
bone	marrow	failure	and	thrombocytopenia,	as	TPO	supports	HSC	
quiescence during adult hematopoiesis.51,52 TPO can be expressed 
by	 multiple	 cell	 types	 such	 as	 osteoblasts,	 megakaryocytes,	 and	
stromal	cells,	and	has	recently	been	found	in	human	and	rat	brain,53 
with an interesting observed protective effect against apoptosis in 
neural and endothelial cells.54	However,	contributions	from	hepat-
ocytes	 above	 all	 are	 specifically	 critical	 for	HSC	maintenance	 and	
quiescence.55

The	 regulation	 of	 circulating	 steady-	state	 TPO	 levels	 has	 long	
been thought to be constitutively produced by the liver39 and 
regulated	 through	 platelet/megakaryocyte	 internalization	 and	
degradation	via	the	c-	Mpl	receptor.37 TPO in circulation binds the ex-
tracellular	portion	of	predimerized	c-	Mpl,	likely	resulting	in	a	change	

Essentials

•	 Thrombopoietin	(TPO)	regulates	megakaryocyte	differentiation	and	thus	platelet	production.
•	 Prevailing	theory	posits	that	TPO	is	constitutively	produced	and	levels	fine-	tuned	by	platelet	uptake.
•	 We	identified	that	platelet	glycoprotein	(GP)	Ibα drives liver TPO generation.
•	 This	discovery	has	broad	implications	in	liver	biology,	hematopoiesis,	and	thrombocytopenia.
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of	 dimer	 arrangement	 equilibrium,	 activating	 signaling	 cascades	
within the cell and thus receptor phosphorylation.56 Phosphorylated 
c-	Mpl	 is	 then	 internalized	 and	 undergoes	 proteasomal,	 via	 c-	Mpl	
ubiquitination,	or	lysosomal	degradation	within	the	cell,57,58 contrib-
uting	to	the	downregulation	of	circulating	TPO	levels.	Studies	have	
shown	 that	 reappearance	of	 cell	 surface	c-	Mpl	 is	due	 to	 recycling	
of	the	internalized	receptor	rather	than	receptor	reserve	intracellu-
lar	storage,56,59	allowing	for	further	TPO	internalization.	In	support	
of	constitutive	theory,	TPO	levels	have	been	shown	to	be	elevated	
in	 patients	 with	 congenital	 amegakaryocytic	 thrombocytopenia,60 
thrombocytopenia-	absent	radius,61 and acquired aplastic anemia.62 
Moreover,	mice	with	hemizygous	deletion	of	the	TPO	gene	showed	
no	compensatory	response	from	the	wild-	type	(WT)	locus.	In	each	
of	these	cases,	TPO	levels	are	inversely	correlated	to	platelet	counts,	
suggesting that TPO levels are dependent on or at least downregu-
lated	by	platelet	and	megakaryocyte	mass.

3  |  PL ATELET AND MEGAK ARYOCY TE 
CLE AR ANCE: INADEQUATE 
UNDERSTANDING OF TPO REGUL ATION IN 
ITP

As	it	was	once	thought	that	platelet/megakaryocyte	mass	solely	reg-
ulates	circulating	TPO	levels,37,39 it therefore follows that regulation 
of platelet clearance is imperative for homeostatic maintenance. In 
a	healthy	adult,	≈1011	platelets	are	produced	and	removed	per	day,	
with	the	spleen	and	liver	as	key	organs	mediating	the	mechanisms	
of platelet clearance.33,35,63,64	 However,	 environmental	 or	 genetic	
factors	can	lead	to	dysfunctional	platelet	production	and	clearance,	
causing thrombocytopenia.65 Inherited thrombocytopenias include 
genetic	defects	leading	to	abnormal	platelet	size	and	function	and/
or	impaired	platelet	production	(ie,	micro-	,	normo-	,	macrothrombo-
cytopenia),66	 and	 malignancy-	associated	 thrombocytopenias	 arise	
due	to	underlying	chronic	conditions	 (ie,	cancer).67 ITP arises from 
immune	destruction	of	one’s	own	platelets	 (autoimmune)33,63,65 or 
response	to	allogenic	platelet	antigens	(alloimmune)	as	seen	in	fetal	
and	neonatal	alloimmune	thrombocytopenia	 (FNAIT)	or	posttrans-
fusion	purpura	(PTP).68-	74

The	 spleen	 is	 a	major	 site	 for	 immune-	mediated	platelet	 clear-
ance,	including	primary	or	secondary	ITP,	which	can	occur	after	in-
fection or drug use.35,65 IgG autoantibodies are thought to be the 
predominant mediators of platelet destruction in the spleen35,75 and 
have	been	found	in	the	bone	marrow	of	patients	with	ITP,	likely	in-
terfering	with	megakaryopoiesis	and	thrombopoiesis.76-	78 Cytotoxic 
T	cells	 (CTLs)	 and	 the	 complement	 system	may	also	play	 a	 role	 in	
ITP	but	CTLs	may	more	effectively	decrease	platelets	via	targeting	
megakaryocytes	in	the	bone	marrow.79-	81	Recently,	anti-	αvβ3 auto-
antibodies,	as	seen	 in	chronic	 ITP,	have	shown	to	have	a	selective	
inhibitory	 impact	on	megakaryocyte	migration,82 contributing to a 
decreased rate of thrombopoiesis in addition to platelet destruc-
tion.	 Glycoprotein	 Ib-	IX	 (GPIb-	IX)	 complex	 and	 GPIIbIIIa	 (αIIbβ3),	
the	 platelet	 receptors	 for	 VWF	 and	 fibrinogen,	 are	 the	 two	most	

abundantly expressed platelet surface receptors and the most com-
mon autoantibody targets seen in ITP.33	 Following	 opsonization,	
platelet	 destruction	was	 thought	 to	 occur	 in	 the	 RES	 (eg,	 spleen)	
through	 binding	 of	 the	 Fc	 portion	 of	 antibodies	 to	 FcγRIIa and 
FcγRIIIa on macrophages.34,35,83,84

Interestingly,	 however,	 we	 and	 our	 colleagues	 found	 that	
anti-	GPIbα-	mediated	ITP	may	be	different	from	those	with	anti–	
GPIIbIIIa-	mediated	ITP,85-	88	and	further	reported	that	anti-	GPIbα 
and	some	anti-	GPIIbIIIa	antibodies	may	cause	platelet	downstream	
signaling,	granule	neuraminidase	surface	translocation	and	enzy-
matic removal of terminal surface sialic acids.63,89,90 In addition to 
Fc—	Fc	 receptor	 interactions,	we	 found	 that	 anti-	GPIbα antibod-
ies	can	induce	platelet	activation	in	an	Fc-	independent	manner	by	
intracellular	 signaling	 cascades,	 which	 is	 similar	 to	 that	 induced	
by	 VWF	 binding.63,91	 Certain	 patient	 anti-	GPIIbIIIa	 antibodies	
were	also	observed	to	cause	platelet	activation	and	desialylation,	
likely	attributable	 to	 the	binding	of	 the	Fc	portion	 to	FcγRIIa on 
the	platelets	and/or	the	adjacent	platelets,	and	signaling	through	
its	 tyrosine-	based	 activation	motif.92	 Anti-	GPIbα-	antibody	 bind-
ing,	subsequent	activation	and	desialylation	lead	to	platelet	clear-
ance	via	non-	Fc	receptors	in	the	liver,	of	which	the	Ashwell-	Morell	
receptor	 (AMR)	 is	 a	 contributor.63	More	 recently,	 it	 has	 become	
apparent that antibody epitope and binding affinity appears to 
be	 critical	 in	 anti-	GPIbα	 antibody-	mediated	 platelet	 clearance.	
Certain	antibodies	targeting	non–	N-	terminus	regions	such	as	the	
mechanosensory	 domain	 (MSD),	 which	 cause	 receptor	 cluster-
ing,	fail	to	induce	platelet	activation	and	Fc-	independent	platelet	
clearance.93	However,	 it	was	 reconciled	 that	higher-	affinity	anti-
bodies	can	exert	a	pulling	force	under	shear,	causing	unfolding	of	
the	MSD	domain,	and	are	 therefore	more	 likely	 to	cause	GPIbα-	
mediated	 Fc-	independent	 hepatic	 clearance.94,95	 Moreover,	 it	 is	
unclear whether sialic acid content influences autoantibody epi-
tope or binding affinity and therefore subsequent mechanisms of 
clearance,	and	thus	requires	further	study.

Recent studies have highlighted the importance of platelet gly-
coprotein	modifications	 in	 liver-	mediated	platelet	 clearance.63,96,97 
Platelet glycoproteins are decorated by complex carbohydrate 
N-	linked	 glycans	 (N-	glycans)	 and	mucin-	type	O-	linked	 glycans	 (O-	
glycans)	 that	are	 “capped”	by	sialic	acids.	Platelets	are	a	source	of	
endogenous	 neuraminidase,63,96 which upon stimulation by cold 
storage,	 sepsis,	 or	 senescence,	 for	 example,98 cause desialylation 
and	subsequent	rapid	platelet	clearance.	Moreover,	St3gal4−/− mice 
lacking	the	α2,3-	sialyltransferase	IV	(ST3GalIV)	exhibit	rapid	plate-
let clearance and thrombocytopenia.96	The	AMR,	a	multimeric	en-
docytic receptor found on hepatocytes and more recently Kupffer 
cells,99	 binds	 to	 terminal	 galactose	 (Gal)	 or	N-	acetylgalactosamine	
(GalNAc)	of	glycans100 and is reported to be a major contributor in 
the	rapid	clearance	of	desialylated	platelets.	The	AMR	exhibits	higher	
affinity	and	preference	for	tetra-		or	triantennary	ligands,	as	seen	on	
N-	glycans.96	 However,	 it	 was	 recently	 found	 that	 desialylation	 of	
O-	glycans	on	GPIbα drive receptor signaling and platelet clearance 
through	 surface	 expression	of	 neuraminidase,	which	 is	 postulated	
to	 then	 desialylate	 platelet	 N-	glycans,	 allowing	 for	 the	 possibility	



4 of 10  |    KARAKAS et Al.

of	AMR-	mediated	clearance.96,101	Thus,	the	AMR	is	involved	in	the	
clearance	of	platelets	in	senescence,	sepsis,	or	cold	storage.

Alongside	the	AMR,	Kupffer	cells	have	become	increasingly	rec-
ognized	for	their	requirement	in	platelet	clearance.	Upon	Kupffer	cell	
depletion,	aged	platelets	were	reported	to	accumulate,	and	bleed-
ing was increased due to impaired hemostatic ability of aged plate-
lets.97,99,102 αMβ2/Mac-	1	on	Kupffer	cells	was	reported	to	 interact	
with	clustered	GPIb	to	rapidly	clear	cold-	stored	platelets	upon	their	
transfusion.102 It was also shown that hepatocyte microvilli can be 
found	in	the	liver	lumen,103 and proposed that desialylated platelets 
interact	with	 the	AMR	on	hepatocyte	protrusions,	 to	be	captured	
and	cleared	by	Kupffer	cell	C-	type	 lectin	domain	family	4	member	
F.97 Others alternatively propose that such hepatocyte microvilli in-
teractions are fleeting and rare and that platelet clearance occurs 
by direct Kupffer cell interactions.99 It has been shown that while 
AMR	deficiency	on	Kupffer	cells	alone	has	little	impact	on	platelet	
clearance,	macrophage	galactose	 lectin	 is	 required	 in	 tandem	with	
the	AMR	for	sufficient	senescent	platelet	phagocytosis.

While it has become evident that Kupffer cells play an im-
portant	 role	 in	 the	 clearance	 of	 aged	 platelets,	 the	 effects	 of	
immune-	mediated	 thrombocytopenia	 and	 the	 site	 of	 platelet	 or	
megakaryocyte	 clearance	 (ie,	 spleen	 vs	 liver	 or	 bone	 marrow)	 on	
TPO levels in blood or the local environment have not been ade-
quately addressed and require future investigation.

4  |  PL ATELET-  MEDIATED LIVER 
TPO GENER ATION A S AN EMERGING 
MECHANISM OF REGUL ATION

In line with the prevailing theory of constitutive liver expression 
regulated	by	 c-	Mpl	 internalization,	TPO	 levels	 should	be	 inversely	
proportional	 to	 platelet/megakaryocyte	 mass.	 However,	 patients	
with ITP exhibit TPO levels lower than expected with no signifi-
cant	difference	from	healthy	controls,104 and patients with essential 
thrombocythemia typically have unexpectedly elevated TPO lev-
els.105	Interestingly,	hepatic	TPO	synthesis	has	also	been	shown	to	
be elevated in times of acute inflammatory response106 due to inter-
leukin	(IL)-	6	secretion	from	Kupffer	cells.107	Moreover,	in	addition	to	
the	liver,	reports	showed	that	marrow	stromal	cells	produce	TPO	in	
response to thrombocytopenia in both mice and humans.108,109 This 
suggests	platelet/megakaryocyte	mass	is	not	exclusively	responsible	
for	maintenance	of	TPO	 levels,	 and	more	complex	mechanisms	of	
TPO regulation exist.

It was reported that aged platelets with reduced sialic content 
on their glycoproteins stimulate TPO synthesis through the hepatic 
AMR	 by	 Janus	 kinase	 2—	signal	 transducer	 and	 activator	 of	 tran-
scription proteins 3 signaling.64	However,	 there	was	no	significant	
difference of plasma TPO concentrations between the WT and 
AMR−/−	mice,	suggesting	that	the	AMR	may	not	be	the	sole	receptor	
responsible	for	platelet-	mediated	TPO	generation.64	Additionally,	it	
has	been	shown	that	serotonin	(5-	hydroxytryptamine	[5-	HT]),	a	neu-
rotransmitter	known	to	largely	be	stored	in	platelet-	dense	granules	

and	released	upon	activation,	promotes	megakaryocyte	proplatelet	
formation	in	vitro,	and	inhibition	of	5-	HT	causes	markedly	reduced	
TPO levels in vivo.110	 These	data	 suggest	 that	5-	HT	may	 increase	
platelet	number	and	subsequent	opportunity	for	platelet-	mediated	
TPO	 generation.	 However,	 the	 extent	 of	 contribution	 from	 this	
mechanism	 to	 platelet-	mediated	TPO	generation	 is	 unclear.	While	
it	was	previously	shown	that	5-	HT	does	not	induce	TPO	generation	
but	proliferation	of	cultured	hepatocytes,111	whether	varying	5-	HT	
levels can increase platelet counts globally in their in vivo models 
requires future investigation.

5  |  PL ATELET GPIbα  IS  REQUIRED 
FOR PL ATELET-  MEDIATED HEPATIC TPO 
GENER ATION

In	2015	and	2018,	we	reported	the	previously	unknown	link	between	
platelet GPIbα and circulating TPO levels in mice and humans.112,113

GPIbα−/−	 mice,	 like	 patients	 with	 Bernard-	Soulier	 syndrome	
(BSS),	 are	macrothrombocytopenic.	As	 existing	 theory	 stated	 that	
TPO	 levels	 inversely	 correlate	 to	 platelet/megakaryocyte	 mass,	
we expected GPIbα-	deficient	 mice	 to	 have	 increased	 TPO	 levels.	
Unexpectedly,	we	observed	approximately	a	twofold	decrease	in	the	
sera and plasma TPO levels of GPIbα−/− compared to WT littermates 
and β3−/− mice. The decreased TPO levels were also seen in patients 
with	BSS,	demonstrating	 that	GPIbα deficiency may lead to lower 
circulating TPO levels.

Since	 GPIbα−/−	 platelets	 are	 larger,	 it	 was	 plausible	 that	 de-
creased	TPO	 levels	 could	be	due	 to	 increased	 c-	Mpl	 number	on	
platelet surface and thus enhanced clearance of circulating TPO. 
While	more	c-	Mpl	was	 found	on	GPIbα−/−	platelets,	 this	 is	coun-
teracted by a significant decrease in platelet number in GPIbα−/− 
mice,	resulting	in	an	overall	net	similar	c-	Mpl	number	to	WT	mice.	
Thus,	the	observed	TPO	levels	are	not	due	to	enhanced	clearance	
by the GPIbα−/−	mice.	Moreover,	we	measured	whether	GPIbα−/− 
platelets	 could	 functionally	 internalize	 more	 TPO	 compared	 to	
WT,	but	found	no	significant	difference,	therefore	demonstrating	
that lower TPO levels in GPIbα−/− mice are not due to enhanced 
TPO clearance.

To determine whether GPIbα−/− mice possessed lower he-
patic	 constitutive	 production	 or	 a	 disruption	 in	 platelet-	mediated	
TPO	 synthesis,	 we	 assessed	 whether	WT	 platelets	 transfused	 to	
GPIbα−/−	mice	could	rescue	TPO	levels,	and	found	that	WT	but	not	
GPIbα−/− platelets significantly raised TPO from baseline. Hepatic 
TPO	mRNA	also	consistently	increased	upon	the	transfusion	of	WT	
but not GPIbα−/− platelets. We also confirmed that there was no dif-
ference	in	IL-	6	levels,	a	proinflammatory	cytokine	previously	shown	
to induce TPO synthesis.106	Thus,	both	mechanisms	of	 regulation,	
including	TPO	internalization/degradation	by	the	c-	Mpl	receptor	on	
platelets/megakaryocytes	 and	 platelet-	induced	 production	 by	 the	
liver,	occur	simultaneously,	and	that	platelet	GPIbα contributes sig-
nificantly to the de novo synthesis of hepatic TPO and thus circulat-
ing TPO levels.
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A	previous	elegant	study	identified	that	desialylated	platelets	
drive	 hepatic	 TPO	 generation	 through	 the	AMR.64	 Interestingly,	
however,	we	observed	that	desialylation	and	asialofetuin,	an	asia-
loglycoprotein	 receptor	 blocker,	 did	 not	 significantly	 alter	 the	
inability GPIbα-	deficient	platelets	to	induce	hepatic	TPO	genera-
tion in vitro.113 It is also important to note that GPIbα−/− platelets 
display	 increased	desialylation	due	 to	 their	 larger	 size	 compared	
to WT and their compensative glycosylation mechanism. One po-
tential explanation is that desialylated GPIbα is the binding part-
ner	of	the	AMR,	which	 is	plausible	considering	that	GPIbα is the 
most	 heavily	 glycosylated	 platelet	 surface	 antigen,	 containing	
≈60%	of	total	platelet	sialic	acid	content.114	Moreover,	a	number	
of	 groups	 converge	 on	 the	 finding	 that	 the	AMR	 is	 required	 for	
platelet	 clearance,97,99,100,102 further consolidating its interaction 
with	 platelets.	However,	 increased	binding	 to	 hepatocytes	 upon	
GPIbα−/−	platelet	desialylation	was	observed,	suggesting	that	the	
AMR	may	not	exclusively	bind	GPIbα.113	Additionally,	as	there	are	
no	 N-	glycans	 on	murine	 GPIbα,	 it	 is	 unlikely	 that	 the	 AMR	 is	 a	
significant binding partner. This is confirmed by the finding that 
desialylated GPIbα	 epitopes	 do	 not	 significantly	 bind	 the	 AMR,	
and desialylation was found to be dispensable in our studies.113 
Altogether,	this	evidence	supports	that	GPIbα-	mediated	TPO	gen-
eration	may	occur	through	an	AMR-	independent	pathway.	While	
one explanation has suggested that glycans on GPIbα are needed 
for	rapid	AMR-	dependent	clearance,	and	in	the	absence	of	GPIbα,	
other	platelet	glycoproteins	act	as	counterreceptors	for	the	AMR,	
Aspgr1−/−	 mice	 do	 not	 display	 significantly	 lower	 TPO	 levels,64 
highlighting that GPIbα	is	indispensable	for	this	process,	whereas	
desialylation only enhances the process.

To test which portion of GPIbα	is	required	between	the	ligand-	
binding	domain	or	cytoplasmic	portion,	we	examined	TPO	levels	in	
IL4Rα/GPIbα	transgenic	(tg)	mice	where	the	extracellular	portion	of	
GPIbα is replaced by the α	subunit	of	the	IL-	4	receptor,	maintaining	
platelet intracellular integrity. Consistent with our GPIbα−/−	model,	
IL4Rα/GPIbα-	tg	mice	also	had	lower	plasma	and	serum	TPO	levels.	
Furthermore,	we	coated	 recombinant	murine	GPIbα	onto	platelet-	
sized	silica	beads	and	found	that	these	coupled	beads	were	able	to	
stimulate	 hepatic	 TPO	 generation	 in	 vitro,	 signifying	 that	 the	 ex-
tracellular domain of GPIbα but not other platelet components is 
required	for	the	pathway	of	TPO	production.	However,	the	hepato-
cellular signaling pathways leading to TPO synthesis following GPIbα 
stimulation are currently unclear and require further investigation 
(Figure	1).

This	 finding	 may	 present	 previously	 unknown	 perspectives	
in	 the	understanding	of	TPO	regulation	 in	disorders	such	as	 ITP,	
where patients exhibit lower TPO levels than expected in propor-
tion	to	their	platelet/megakaryocyte	mass.	In	these	patients,	it	has	
been speculated that platelet GPIbα may be unable to stimulate 
hepatic	TPO	generation	due	to	antibody	blocking	contact	with	the	
potential GPIbα	cognate	receptor(s).	This	theory	was	recapitulated	
in	our	studies	as	we	reported	that	platelets	opsonized	with	anti-	
GPIbα antibodies were unable to stimulate hepatic TPO genera-
tion	 likely	 attributable	 to	 antibody	 blocking.	 This	 was	 observed	

with	both	polyclonal	anti-	GPIbα antibodies31 and monoclonal an-
tibody	NIT	G	against	the	GPIbα	N-	terminus.	However,	conflicting	
data	reported	hepatic	TPO	mRNA	to	be	upregulated	following	the	
in	vivo	 immunization	of	high-	dose	anti-	GPIbα antibody but unal-
tered	following	low-	dose	immunization	with	the	same	anti-	GPIbα 
antibody.115	Antibody	binding	to	GPIbα that does not hinder the 
N-	terminus	can	 likely	still	allow	for	stimulation	of	 the	GPIbα he-
patic cognate receptor for TPO generation if platelets are local-
ized	to	the	liver	for	clearance.	It	cannot	be	excluded	that	platelet	
activation,	 complement	 activation,	 or	mechanosensory	 signaling	
mediated	by	epitope	specificity,	binding	affinity,	and/or	antibody	
titers	determines	whether	Fc-	independent	clearance	occurs,	thus	
diverting	 platelets	 away	 from	 the	 liver,	 disallowing	 for	 platelet-	
mediated TPO generation.

Another	report	showed	that	ITP	patients	with	anti-	GPIb	auto-
antibodies had no difference in circulating TPO levels compared to 
patients	with	 anti-	GPV	or	 anti-	GPIIb/IIIa	 autoantibodies.116 This 
can	be	attributed	to	differences	that	epitope,	such	as	N-	terminus	
blocking,	 and/or	 binding	 affinity	 may	 cause	 on	 platelet	 clear-
ance	and	subsequent	TPO	generation.	Moreover,	platelet	counts,	
which	control	TPO	clearance,	were	not	 included	and	normalized	
in this study. If platelet counts drastically vary between patient 
cohorts	the	extent	of	circulating	TPO	internalization	will	thus	dif-
fer	and	skew	the	analysis	of	TPO	levels	across	the	patient	groups.	
Therefore,	platelet	counts	should	be	included	in	prospective	clini-
cal	studies	to	provide	normalization	in	accurately	determining	the	
difference in circulating TPO levels across patients with various 
platelet autoantibodies.

In	addition	to	thrombopoiesis,	TPO	is	required	for	hematopoi-
esis	and	HSC	niche	maintenance,52	and	thus,	adequate	circulating	
levels	 are	 imperative.	Studies	have	 shown	abnormal	megakaryo-
cyte	 membrane	 demarcation	 system	 (MDS)	 morphology,	 de-
creased	platelet	release,	and	impaired	megakaryocyte	localization	
in GPIbα deficient mice.117,118	 Moreover,	 anti-	GPIbα antibodies 
suppress	 megakaryocyte	 growth,78 and cause reduced GPIbα 
surface	 expression	 on	 generated	 platelets,115	 likely	 decreasing	
subsequent TPO generation and thus further impairing mega-
karyopoiesis.	However,	whether	decreased	circulating	TPO	levels	
due to GPIbα deficiency significantly impairs hematopoiesis and 
the	HSC	niche	 in	patients	with	 ITP	or	BSS,	 for	example,	 remains	
unknown	and	warrants	further	study.

6  |  ISTH 2020 REPORT

Abstracts	presented	at	ISTH	2020	present	novel	 insights	toward	
the importance of understanding homeostatic regulation of circu-
lating TPO levels.119-	121	Platelet	shedding,	the	final	step	in	mega-
karyopoiesis,	occurs	 in	 the	vascular	niche,	where	damage	 is	well	
documented in ITP patients.122,123	However,	it	is	unclear	if	this	is	
due to circulating autoantibodies or chronically lower TPO levels 
that	decrease	megakaryopoiesis,	or	both.	An	ISTH	Congress	2020	
abstract showed that TPO has a protective effect on endothelial 
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progenitor	 cells	 (EPCs)	 from	 patients	 with	 ITP,	 promoting	 their	
tubal formation and migration capacity compared to untreated 
ITP EPCs in vitro.119,120 It is well accepted that a healthy bone mar-
row	microenvironment	is	conducive	for	megakaryopoiesis,	which	
occurs	 through	direct	 interaction	 of	 TPO	and	megakaryocyte	 c-	
Mpl	 receptor.	 Interestingly,	 this	 abstract	 uncovers	 a	 potential	
role	 of	 TPO	 in	 promoting	 the	 bone	 marrow	 microenvironment,	
thereby introducing a mechanism in which TPO indirectly medi-
ates	megakaryopoiesis.	Moreover,	these	data	consolidate	the	no-
tion that low platelet counts in ITP are not solely due to increased 
platelet destruction by autoantibodies against platelet surface 
glycoproteins	 like	 GPIbα,	 but	 also	 faulty	 megakaryopoiesis	 due	
to decreased GPIbα-	mediated	TPO	generation.	Future	studies	are	
needed to determine the impact of low circulating TPO levels on 
the	 bone	 marrow	 microenvironment,	 and	 therefore	 megakary-
opoiesis,	in	vivo.

Furthermore,	 our	 group	presented	 an	 abstract	 detailing	 a	 novel	
method for the detection of ITP antibodies. The current gold standard 
is	the	monoclonal	antibody	immobilization	of	platelet	antigens	(MAIPA)	
assay.	However,	MAIPA	requires	fresh	donor	blood	and	patient	plate-
lets,	and	the	assay	takes	3	to	4	days	to	perform	and	is	prone	to	false	
negatives/positives,	 making	 it	 less	 convenient	 for	 clinicians	 in	 their	
treatment.	Our	group	has	developed	a	novel	 flow	cytometry–	based	

assay	to	detect	patient	antiplatelet	autoantibodies,	in	which	GPIIbIIIa	
or GPIbα	 was	 oriented	 upward-	coupled	 to	 antifouling	 organosilane	
self-	assembled-	monolayer	 (SAM)	beads.121	As	 the	beads	allow	 for	a	
higher	antigen	density	than	found	on	the	platelet	surface,	our	assay	
was	found	to	be	more	sensitive	than	MAIPA	in	our	preliminary	exper-
iments,	taking	only	3	to	4	hours	to	complete	compared	to	3	to	4	days.	
Importantly,	 the	SAM	demonstrated	superior	antifouling	properties,	
which	almost	completely	eliminates	any	nonspecific	 interactions,	al-
lowing	analytical	assays	to	be	performed	without	a	blocking	step,	such	
as	bovine	serum	albumin.	Comparisons	between	MAIPA	and	our	assay	
are ongoing but show promise in the realm of treatment for ITP. This 
new technique should be very useful for ITP autoantibody detection 
and	contribute	to	understanding	whether	anti-	GPIbα	antibodies,	par-
ticularly	 those	with	epitopes	 in	 close	proximity	 to	 the	VWF	 ligand-	
binding	area,	affect	TPO	induction	in	patients.

7  |  FUTURE DIREC TIONS

Sustained	response	in	ITP	is	inconsistently	achieved	following	taper-
ing	or	withdrawal	of	pre-	existing	 first-	line	 therapies	 such	as	corti-
costeroids,	 intravenous	 immunoglobulin	and	anti-	D.124	Second-	line	
therapies	 include	 splenectomy,	 rituximab,	 fostamatinib,	 and	 other	

F I G U R E  1 Glycoprotein	Ibα (GPIbα)	is	the	driving	force	of	hepatic	thrombopoietin	(TPO)	generation.	TPO	is	constitutively	produced	by	
liver	hepatocytes	and	internalized	and	degraded	by	platelet	and	megakaryocytes	via	the	c-	Mpl	receptor.	Although	the	detailed	mechanism	
is	currently	unknown,	GPIbα	is	required	for	platelet-	mediated	TPO	generation.	The	interactions	between	platelet	GPIbα and hepatocyte 
protrusions	and	Kupffer	cells	may	contribute	to	this	process.	Following	phagocytosis	of	GPIbα-	positive	platelets,	Kupffer	cells	may	interact	
with	hepatocyte	protrusions	or	release	of	soluble	factors,	such	as	interleukin-	6	that	directly	or	indirectly	stimulate	TPO	generation



    |  7 of 10KARAKAS et Al.

immunosuppressive	drugs,	and/or	TPO	receptor	agonists,	which	act	
on	c-	Mpl	as	the	therapeutic	target	stimulating	downstream	signaling	
pathways	 to	 increase	megakaryocyte	 platelet	 generation,	 demon-
strating	 an	≈80%	 long-	term	durability	 rate.125 Current diagnostics 
are	 underdeveloped,	 however,	 platelet	 desialylation	 detected	 by	
Ricinus communis	 agglutinin	 I	binding	could	be	a	promising	marker	
of	patients	likely	to	be	refractory	to	first-	line	treatments.90,126 While 
these advances in ITP therapeutics offer potential solutions for suf-
fering	 patients,	 there	 still	 lacks	 a	 gold	 standard	 of	 treatment	 that	
is efficacious across all patients. Our finding shows that platelet 
GPIbα is the driving force for liver TPO generation and is therefore 
important for the maintenance of homeostatic circulating TPO lev-
els.	Future	studies	should	aim	to	elucidate	the	GPIbα cognate recep-
tor,	and	identification	of	the	downstream	signal	pathways	in	which	
platelet GPIbα	 stimulated	 de	 novo	 TPO	 synthesis,	 and	 whether	
other	 cells	 contribute	 to	 platelet-	mediated	TPO	production	 in	 the	
liver	should	also	be	addressed.	A	comprehensive	understanding	of	
the mechanism behind GPIbα-	mediated	TPO	generation	may	allow	
for	 discovery	 of	 novel	 therapeutics,	 such	 as	GPIbα-	anchored	 lipid	
rafts,	that	could	potentially	serve	as	TPO	mimetics.	Moreover,	it	 is	
currently unclear why patients with ITP do not have higher TPO lev-
els	despite	their	significantly	low	platelet/megakaryocyte	mass	and	
less	TPO	clearance,	and	whether	this	is	due	to	anti-	GPIbα antibodies 
impairing	platelet-	mediated	TPO	generation.	Prior	 studies	 indicate	
that	antibody	titers,	epitope	specificity,	and/or	affinity	dictate	 the	
location	 of	 platelet	 clearance	 and	 the	 extent	 to	which	 anti-	GPIbα 
antibodies impact circulating TPO levels.115,116	 Larger	 clinical	 co-
horts,	normalized	to	platelet	counts,	are	needed	to	understand	the	
extent	 to	which	anti-	GPIbα antibodies impact circulating TPO lev-
els.	Furthermore,	whether	these	patients	with	anti-	GPIbα antibod-
ies will be exceptionally sensitive to and benefit from TPO therapy 
should be studied.127

Patients suffering from ITP can experience severe bleeding and 
are	at	continual	risk	for	fatal	hemorrhage	along	with	comorbidities	
such	 as	 constant	 fatigue,	 increased	 risk	 of	 infection,	 and	 overall	
decreased quality of life.128 These future directions will aid in opti-
mizing	therapies	 for	 these	suffering	patients,	ultimately	benefiting	
their	 quality	 of	 life,	 and	 reducing	 impacts	 on	 the	 health	 care	 sys-
tem.	 Additionally,	 whether	 hematopoiesis	 and	 the	 HSC	 niche	 are	
impacted	in	patients	with	anti-	GPIbα antibodies or in patients with 
BSS	 due	 to	 lower	 circulating	 TPO	 levels	 requires	 further	 explora-
tion.	Notably,	anti-	GPIbα antibodies can occur in both autoimmune 
disorders,	 such	 as	 ITP	or	 drug-	induced	 thrombocytopenia,	 and	 al-
loimmune	 disorders,	 such	 as	 PTP	 and	 FNAIT.	 The	 maternal	 anti–	
human	platelet	antigen-	2	(located	in	the	N-	terminus	of	GPIbα)	may	
cause	 severe	FNAIT	disease	 in	 fetuses	 and	neonates,	 although	 its	
pathogenesis	has	been	poorly	understood.	It	 is	currently	unknown	
whether	these	anti-	GPIbα antibodies affect hematopoiesis and the 
HSC	 niche,	 including	 the	 possible	 interactions	 with	 mesenchymal	
stem cells.129 These questions are important not only for basic sci-
ence	but	also	for	diagnosis	and	therapies	for	patients,	and	therefore	
warrants further investigation.
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