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Immune thrombocytopenia (ITP) is the consequence of a complex, still incompletely
understood immunological dysregulation. Proposed mechanisms include autoantibody-
induced platelet destruction, impaired platelet production as well as abnormalities in T-cell
immunity, such as T helper cells (Th1) polarization, a high proportion of Th17 cells, and a
reduced number of regulatory T cells. Although the etiology of ITP is incompletely
understood and considered multifactorial in most cases, genetic variants are thought to play
a key role in susceptibility to ITP, especially in persistent or chronic ITP. Efforts are
currently underway to uncover possible predisposing genetic factors for the development
of ITP. Single-nucleotide polymorphisms and copy number variations have been identified
in several immune-related genes, such as cytokine genes, Fcy receptor genes or T-cell
costimulation genes, and have been associated with patients’ susceptibility to ITP. However,
because of the clinical heterogeneity and low incidence of ITP it remains challenging to
perform genetic analyses with sufficiently large sample size within informative patient
populations, highlighting the need for collection of well-annotated biomaterials in clinical
trials or registry projects. Another significant challenge is to go beyond performing
association studies alone and to establish genotype-phenotype associations, thus proving
causality between a genetic alteration and ITP pathogenesis. This review summarizes our
current knowledge on genetic alterations identified as potential predisposing factors for the
development of ITP in adults, thereby addressing signaling pathways considered critical for
ITP pathogenesis.

Introduction

Immune thrombocytopenia (ITP) is an immune-mediated disorder in which defects in immune self-
tolerance lead to accelerated platelet destruction and impaired platelet production, both resulting in
a thrombocytopenic state with variable bleeding symptoms.” Once considered idiopathic, ITP is now
seen as a condition with a complex autoimmune pathogenesis characterized by multiple processes of
immune system dysregulation.” The formation of antiplatelet autoantibodies is considered to be the
pivotal mechanism of platelet destruction together with impaired megakaryopoiesis and thrombopoiesis
in the bone marrow.** More recently, T-cell-mediated processes have been shown to play an equally
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crucial role in the development and perpetuation of ITP.>” Several
mechanisms, such as the disturbed balance of T helper cells (Th1/
Th2),%° a decreased number and dysfunction of regulatory T
cells,'®"" and cytotoxic T lymphocyte-mediated platelet destruc-
tion'*'® have been identified. Moreover, it is increasingly recog-
nized that platelets are not only targets of autoinflammatory
processes but might directly play an active role in ITP onset and
progression via their role as both immune sensing and immune
effector cells."*'®

Despite the advances in understanding the pathogenesis of ITP, the
principle immune mechanism that initiates ITP has not yet been
identified. ITP is considered to be a multifactorial disease caused,
and sustained by, interactions between environmental as well as
genetic factors.'®"'® Although the contribution of individual genetic
factors, and their impact on the emergence and course of ITP are
still largely unknown, efforts are underway to uncover potential host
genetic factors associated with the development of ITP. Discovering
causative genes or pathways is crucial for identifying populations
that are at risk and for developing new therapeutic strategies that
may prevent chronicity. Single-nucleotide polymorphisms (SNPs)
and copy number variations (CNVs), the most common patterns of
genetic variants, have been identified in various immunity-related
genes, such as cytokine genes,”®?® Fcy receptor (FcyR) genes,>*
26 or T-cell costimulatory genes,®’®® and have been linked to
patients’ susceptibility to develop ITP (Figure 1).

Although familial ITP is a very rare disease, only 2% of ITP cases
reported to be familial,”® there is also some anecdotal evidence for a
hereditary component in ITP development. Besides descriptive
reports of ITP in monozygotic twins or families with multiple affected
members®’, recent family-based linkage studies used high-
throughput sequencing methods that enabled the identification of
germ line mutations in genes such as IKZF1®' or TNFRSF13B°? as
predisposing factors for familial ITP. The phenomenon of hereditary
ITP has to be clearly separated from defined genetic disorders
associated with thrombocytopenia, including common variable
immunodeficiency, myosin heavy-chain 9-related disorders, auto-
immune lymphoproliferative syndrome related to defects in the FAS
pathway, and Wiskott-Aldrich syndrome/X-linked thrombocytopenia.

Although the clinical definition of ITP is similar between children
and adults, there appear to be several profound differences in
disease development.®® Childhood ITP is usually associated with a
viral infection and tends to be self-limiting, with ~80% of cases
resolving spontaneously within 6 months. The transient nature of
viral-mediated ITP in children is well established and was demon-
strated to result from the occurrence of molecular mimicry between
viral antigens and host platelet proteins.>* In contrast, adult ITP is
rarely, or at least less evidently, triggered by infection and
frequently develops into a chronic disease in which spontaneous
resolution is uncommon, pointing to profound immunological dif-
ferences between ITP in children and adults. Although the clinical
condition in adolescents and adults with chronic ITP (cITP)
appears similar, it remains questionable whether pediatric and adult
cases can simply be pooled together for the purpose of genetic
analysis. To our knowledge, the first review of potential predis-
posing genetic factors for pediatric ITP was published by Bergman
et alin 2010.%° To account for potential immunological differences,
this review will focus on genetic studies of adult ITP only. This
review summarizes the current evidence on genetic alterations
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identified as predisposing factors for the development of ITP and
highlights the associated signaling pathways considered crucial to
the pathogenesis of ITP.

Literature search

A systematic search of PubMed/Medline (performed in September
2022) was conducted to identify appropriate studies. The following
keyword combinations were used: ([ITP] OR [immune thrombo-
cytopenia] OR [immune thrombocytopenic purpura] OR [idiopathic
thrombocytopenic purpura] AND [polymorphism*], [mutation*],
[gene*], [variant*], [gwas], [snpl, and [molecular]. In addition, the
reference lists of all retrieved articles were reviewed to identify
additional sources. All studies published in English between 2000
and 2022 were individually assessed. Studies were excluded if 1 of
the following conditions was fulfilled: (1) not related to ITP; (2)
inappropriate publication type, including reviews, case reports,
letters to the editors, correspondences, and abstracts; (3) insuffi-
cient data; or (4) exclusively dealing with pediatric ITP. A total of 36
publications were included.

Polymorphisms in cytokine and cytokine
receptor genes

As a typical autoimmune disease, ITP is associated with the dys-
regulation of cytokine production and activity. In patients with cITP,
several studies have shown a distinct Th1-polarized cytokine pro-
file®®°” and a significantly higher Th1:Th2 ratio.® Thus, Th1 polar-
ization appears to be a central mechanism in the pathogenesis of
ITP. In this context, the association between cytokine gene poly-
morphisms and ITP susceptibility has been extensively studied.

One of the main cytokines used to distinguish Th1 from other
CD4* subsets is interferon gamma (IFN-y), which is secreted
mainly by Th1 and natural killer cells and exerts proinflammatory
activities.>® Among patients with cITP, several investigations have
shown IFN-y to be upregulated at both the messenger RNA
(mRNA) and protein levels.®%° In line with these findings and as
further confirmation of a disturbed Th1:Th2 ratio, it was reported
that serum levels of interleukin-4 (IL-4) are decreased in patients
with cITP.%%

The polymorphism rs2430561 of the IFN-y gene (IFNG), which is
located in the nuclear factor kB binding site of the IFN-y promotor,
has been reported to affect IFN-y production, with the homozygous
minor T/T genotype being associated with higher production of
IFN-y than with the A/A genotype.*' Several studies have already
shown an association between the proinflammatory, high expres-
sion T/T genotype and the occurrence of various autoimmune
diseases.*? In contrast, conflicting data have been reported in ITP.
Although Pehlivan et al reported a significantly higher frequency of
the T/T genotype in a cohort of Turkish patients with cITP
compared with healthy controls,*® Chen et al observed no signifi-
cant association between the /IFNG rs2430561 T allele and ITP
risk in a cohort of Chinese patients with cITP.** A possible source
of inconsistency between results in this case may be the study of
diverse ethnic groups, because SNP distribution can vary greatly
among different ethnicities.

The influence of different functional Th1/Th2 cytokine and cytokine
receptor polymorphisms was further investigated by Takahashi
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Figure 1. Selection of genetic polymorphisms associated with ITP susceptibility. Schematic illustration of the major signaling pathways in ITP pathophysiology and

genetic polymorphisms identified in associated genes. The featured polymorphisms represent a selection of SNPs whose significant influence on ITP susceptibility and/or severity

has been confirmed in several independent studies. Minor alleles and their effect on protein expression/function are written in bold. Figure created with BioRender.com.

et al.*® Although their data showed no significant association of the

IFNG rs2430561 non-A/A genotype with ITP susceptibility,
patients with the minor T allele or homozygous T/T genotype had
more severe thrombocytopenia and a significantly higher Th1:Th2
ratio.*® Takahashi et al further demonstrated that patients with cITP
with the mutant C/C genotype of /L-4 rs2243250, which report-
edly is associated with lower IL-4 levels,*® had a higher number of
treatment regimens than patients who did not have the C/C
genotype. From these data, one might speculate that the /L-4
rs2243250 C/C genotype contributes to an impaired Th1/Th2
ratio, which in turn appears to lead to a more refractory disease
course.

3712 GEORGI et al

Satoh et al observed that the frequency of the mutant G/G
genotype of tumor necrosis factor  polymorphism rs909253 was
significantly higher in Japanese patients with ITP compared with
that in healthy controls.?® The potential pathogenetic significance
of this SNP was further supported by the group’s finding that fre-
quencies of circulating antiglycoprotein llb/llla antibody—producing
B cells were significantly higher in patients with ITP with the
homozygous mutant G/G genotype than in patients with the G/A or
A/A genotypes. Taken together, these study results indicate that
proinflammatory genotypes of IFN-y pathway components
contribute to a higher Th1:Th2 ratio in patients with [TP and may
thus increase the likelihood and/or severity of ITP.

25 JULY 2023 . VOLUME 7, NUMBER 14 @ blood advances

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en julio 19, 2023.
Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.


http://BioRender.com

In addition to Th1-driven mechanisms, it is increasingly recognized
that a specific lineage of effector T cells, that is, Th17 cells, plays
an equally important role in the development of ITP.***” Th17 cells
play a central role in mucosal and epithelial host defense against
extracellular pathogens, whereas abnormal activation has been
linked to the pathogenesis of several autoimmune diseases.*®
There is more and more evidence that the circulating number of
Th17 cells is significantly higher in patients with ITP than that in
healthy controls.*®" Furthermore, Hu et al found that the fre-
quency of another subset of IL-17—-producing CD8" cells, the so
called Tc17 cells, was significantly increased in patients with newly
diagnosed ITP compared with that in patients who already had
achieved a complete remission.’”> Considering the key role of
Th17/Tc17 in immunity, the effector cytokine IL-17 is thought to
play a crucial role in autoimmune disease in general and also in the
pathogenesis of ITP.°® Within all known members of the IL-17
family, IL-17F is best characterized and considered to be primar-
ily responsible for the activity of Th17 cells.’*°° Saitoh et al
examined an association between the IL-17F gene (/L-17F) SNP
rs763780 and susceptibility to ITP.5” Functional in vitro analyses
have previously shown that IL-17 expression and activity may be
downregulated in carriers of the minor C allele.°® Saitoh et al found
a significantly lower frequency of the minor C allele and C/C
genotype in patients with cITP than that in healthy controls, sug-
gesting that the /L-17F rs763780 C allele might be a protective
factor for cITP development. Furthermore, patients with the
homozygous T/T genotype showed a more severe thrombocyto-
penia at diagnosis than in patients with the T/C genotype. These
results are consistent with studies performed by Liu et al and Li
et al in Chinese Han populations, both showing that the frequency
of the IL-17F rs763780 C allele was significantly decreased in
patients with ITP.>*58 Tolba et al further highlighted the role of
IL-17 rs763780 and ITP susceptibility in a cohort of Egyptian
patients with ITP (pediatric and adult). In this study, the rare
homozygous C/C genotype was exclusively detected in the control
group. The minor C allele was also significantly more prevalent in
the control group, again suggesting that the /L-17 rs763780 C
allele is inversely associated with development of ITP and might
have a protective effect.®®

In addition to the aforementioned cytokines, polymorphisms in
genes coding for several other cytokines or cytokine receptors
have been investigated in adult ITP, for example, /L-1B, IL-10,
IL-18, or IL-23R (summary in Table 1), for most of which associ-
ations remain uncertain or controversial and further studies are
needed to elucidate their potential role in disease onset and
treatment response.

Polymorphisms in genes regulating T-cell
activity

Immune checkpoints, including costimulatory and coinhibitory
signaling pathways, are among the central regulatory mechanisms
of T-cell-mediated immune responses and pivotal for maintaining
self-tolerance.®®®? The costimulatory molecules of T cells consist
of CD28, inducible costimulatory (ICOS), TNF ligand superfamily
member 4 (TNFSF4), and DNAX accessory molecule 1 (DNAM1);
the coinhibitory molecules include T-cell immunoglobulin and
mucin domain containing 3 (TIM3), cytotoxic T lymphocyte—
associated protein 4 (CTLA-4), programmed cell death protein 1
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(PDCD1), and lymphocyte-activation 3 (LAG3).°*®” Of these,
CD28 and CTLA-4 are considered of critical importance and have
been extensively studied.

Chen et al recently investigated the prevalence of different SNPs in
the promoter region of CTLA4 and CD28 in patients with ITP and
the effects of these SNPs on gene expression.®® Genotype fre-
quencies of CTLA4 rs11571315 and rs5742909 differed signifi-
cantly between ITP cases and healthy controls, yet rs5742909
reached statistical significance only in the group of patients with
secondary ITP. Investigation of the biological effects of these SNPs
revealed that the minor T allele of rs5742909 was associated with
an 80% decrease in transcriptional activity of a CLTA-4 reporter.
Based on these results, the authors speculate that polymorphisms
in the promoter region of CTLA4 contribute to T-cell overactivation
due to the reduced expression of the coinhibitory molecule CTLA-4
and, thus, contribute to the pathogenesis of ITP. However, these
findings might be biased because of the inclusion of patients with
secondary ITP, which is mainly caused by other autoimmune dis-
eases. It must be considered that polymorphisms found in the
CTLA4 promoter are primarily related to the underlying autoim-
mune disease and not necessarily causal for the development of a
thrombocytopenic state.

In addition to their potential impact on susceptibility, there is some
evidence suggesting that polymorphisms in immune checkpoint—
related genes may influence the clinical features of ITP. In a
Japanese cohort, Kasamatsu et al found that the CTLA4
rs11571316 G allele and rs3087243 G allele, both of which
correlate with a low expression of CTLA-4, were associated with a
significantly higher than normal frequency of bleeding symptoms
and lower platelet counts at diagnosis.”® These results are
consistent with the findings of Guo et al, showing that the CD28/
CTLA-4 ratio of circulating T cells in patients with cITP was
inversely correlated with platelet counts.®® In addition to CTLA4
and CD28, Wang et al investigated the contribution of SNPs in
several other immune checkpoint-related genes (ie, /COS,
PDCD1, TNFSF4, TIM3, DNAM1, and LAG3) to ITP susceptibil-
ity.”° Their results indicated that the CD28 rs1980422 C allele was
associated with a significantly increased risk of primary ITP. At the
functional level, the authors further demonstrated that CD28
expression was significantly increased at both the mRNA and
protein levels in patients with the C/T genotype compared with
those with the T/T genotype. Furthermore, Wang et al found that
the PDCD1 rs36084323 T allele and the DNAM1 rs763361 T
allele to be associated with ITP severity and corticosteroid-
resistance, respectively.”®

In addition to the molecules mentioned earlier, the CD40/CD40
ligand (CD40L) axis is thought to play a critical role in the patho-
genesis of various autoimmune diseases, including ITP.”"”? The
interaction of CD40L on activated T cells with its receptor CD40
on B cells is essential for B-cell proliferation, isotype switch, and
generation on memory B cells. In [TP, perturbations in the CD40/
CD40L interaction have been demonstrated by significantly
elevated levels of CD40L on the platelet surface, potent to induce
proliferation of B cells in spatial proximity to potential autoantigens,
such as platelet glycoproteins.”®”® Hence, interruption of the
CD40-CD40L interaction via anti-CD40L monoclonal antibodies
has been considered a possible therapeutic strategy in patients
with refractory ITP.”® Regarding genetic alterations in this pathway,
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Table 1. Studies reporting genetic polymorphisms in immunoregulatory genes in patients with ITP

Publication

Genetic polymorphisms

Cohort

Ethnicity

ITP type

Patient numbers
(patients with ITP; controls)

Cytokine and cytokine receptor gene polymorphisms

Satoh et al*®

Chen et al**

Saitoh et al®’

Pehlivan et al*®

Sarpatvari et al''®

Zhan et al''®

Lietal''”

Lietal''®

El Ghannam et al''®

Pavkovic et al®’

Liu et al*®

Yadav et al'*°

Takahashi et al*®

Yadav et al'?’

Li et al®®

Yu et al®®

Tolba et al®®

TNFA (rs1800629 and rs1800629)
TNFB (rs909253)
IL-1B (rs16944 and rs1143634)

IFNG (rs2430561)
IL-4 (IVS3)

IL-17F (rs763780)

TNFA (rs1800629)

TGFB1 (rs1982073 and rs1800471)

IL-10 (rs1800896, rs1800871, and rs1800872)
IL-6 (rs1800796)

IL-1RA (VNTR)

IFNG (rs2430561)

IL-10 (rs1800871 and rs1800872)
TNFA (rs1800629)

TGFB1 (rs4803457)

IL-1A (rs1800587)

IL-4RA (rs1801275)

IL-23R (rs10889677, rs1884444, rs7517847,
and rs11209032)

IL-18 (rs187238 and rs1946518)
IL-17F (rs763780)
IL-10 (rs1800896, rs1800871, and rs1800872)

IL-1B (rs16944)
TNFB (rs909253)
TNFA (rs1800629)

IL-17A (rs2275913)
IL-17F (rs763780)

TNFA (rs1800629)
TNFB (rs909253)

IFNG (rs2430561)
IFNGR (rs1327474)
IL-4 (rs2243250)
IL-4RA (rs1801275)

IL-1B (rs1143627 and rs16944)
IL-1RA (VNTR)

IL-2 (rs6822844)

IL-18 (rs1946518)
IL-1B (rs16944)

IL-17F (rs763780)

Asian (Japanese)

Asian (Chinese)

Asian (Japanese)

Caucasian (Turkish)

Caucasian

Asian (Chinese)

Asian (Chinese)

Asian (Chinese)

African (Egyptian)
Caucasian (Macedonian)
Asian (Chinese)

Asian (Indian)

Asian (Japanese)

Asian (Indian)

Asian (Chinese)

Asian (Chinese)

African (Egyptian)

Adult-onset, primary, and chronic

Adult- and childhood-onset, acute, persistent, and
chronic

Adult-onset and chronic

Adult-onset and chronic

Adult-onset and primary

Adult-onset, primary, and acute

Adult- and childhood-onset, primary, and chronic
Adult- and childhood-onset, primary, and chronic
Adult-onset and chronic

Adult-onset and primary

Adult-onset, primary, and chronic

Adult-onset and primary

Adult-onset and chronic

Adult-onset and primary

Adult-onset and primary

Adult- and childhood-onset and primary

Adult- and childhood-onset and primary

84, 56

196; 128

102; 188

71; 71

206; 618

75; 81

181; 163

165; 149

62; 73

125; 120

146; 137

80; 100

126; 202

118; 100

312; 154
403; 336

105; 112

Genetic polymorphisms significantly associated with ITP susceptibility and/or severity are written in bold.

CARDS; caspase recruitment domain family member 8; FCGR2A, Fcy receptor lla; FCGR2B, Fcy receptor llb; FCGR2C, Fcy receptor lic; FCGR3A, Fcy receptor llla; FCGR3B, Fcy receptor lllb; FCRLS3, Fcy receptor like 3; FOXP3,
Forkhead box P3; GBET1, 1,4-a-glucan branching enzyme 1; GP1A, glycoprotein la; GP2, glycoprotein Il; GP3A, glycoprotein llla; ICOS, inducible T-cell costimulator; IFNGR, interferon-y receptor 1; IL-1A, interleukin-1a;; IL-1RA, IL-1 receptor
antagonist; IL-1B, IL-1p; IL-4RA, IL-4 receptor subunit «; IRF5, interferon regulatory factor 5; ITGAM, integrin subunit « M; LAGS, lymphocyte-activation gene 3; LINC02027, long intergenic nonprotein coding RNA 2027; MBL2, mannose
binding lectin 2; NFkB1, nuclear factor kB subunit 1; NLRP3, NLR family pyrin domain containing 3; OSBPLS, oxysterol binding protein like 6; PDCD1, programmed cell death protein 1; PTPN22, protein tyrosine phosphatase nonreceptor
type 22; SH2B3, SH2B adapter protein 1; STAT4, signal transducer and activator of transcription 4; SYN3, synapsin lll; TENM4, teneurin transmembrane protein 4; TGFB1, transforming growth factor 1; TIM3 T-cell immunoglobulin and
mucin domain containing 3; TIMP3, tissue inhibitor of metalloproteinase 3; TNFA, tumor necrosis factor a; TNFAIP3, TNF-a—induced protein 3; TLR9, Toll-like receptor 9; TNFB, tumor necrosis factor p; TNFRSF5, TNF receptor superfamily
member 5; TNFSF4, TNF superfamily member 4; TRAF1, TNF receptor—associated factor 1; TUBB1, tubulin p1 class VI.
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Table 1 (continued)

Cohort

Patient numbers
Publication Genetic polymorphisms Ethnicity ITP type (patients with ITP; controls)

Nomura et al'*? TNFA (rs1800629) Asian (Japanese) Adult-onset 153; 70
TGFB1 (rs1982073)
IL-10 (rs1800896, rs1800871, and rs1800872)

IFNG (rs2430561)

T-cell regulatory gene polymorphisms

[ e TIM3 (rs10053538, rs10515746, and Asian (Chinese) Adult- and childhood-onset, primary, acute, and 187; 128
rs1036199) chronic

Du et al

Li et al*® o DNAM1 (rs763361) Asian (Chinese) Adult-onset and primary 312; 154

22 e PDCD1 (rs36084323 and rs11568821), Asian (Japanese) Adult-onset and chronic 119; 228
o CTLA4 (rs733618,rs11571316, rs231775, and
rs3087243)

Kasamatsu et al

Abdelghafar et al”®

CD40 (rs1883832 and rs4810485) African (Egyptian) Adult-onset and primary 101; 97

Wang et al”®

TIM3 (rs10515746) Asian (Chinese) Adult-onset and primary 307; 295
CD28 (rs1980422)

TNFSF4 (rs2205960)

CTLA4 (rs231779)

PDCD1 (rs36084323)

ICOS (rs67260835)

DNAM1 (rs763361)

LAG3 (rs870849)

Chen et al®®

CTLA4 (rs11571315, rs733618, rs4553808, Asian (Taiwanese) Adult-onset, primary, and secondary 32; 30
rs11571316, rs62182595, rs16840252,

rs5742909, rs231775, and rs3087243)

e CD28 (rs1879877, rs3181096, rs3181097,

rs3181098, rs56228674, rs3116496, and

rs3116496)

Ellithy et al®® e (CDA40 (rs1883832 and rs4810485) African (Egyptian) Adult-onset and chronic 50; 50
FcyR gene polymorphisms

Fujimoto et al*® o FCGR2A (rs1801274) Asian (Japanese) Adult-onset, primary, and chronic 104; 59
FCGR3A (rs396991)

FCGR2A (rs1801274) Caucasian Adult- and childhood-onset 116; 100
FCGR2B (rs1050501)

FCGR3A (rs396991)

FCGR3B HNA1a/HNA1b/HNA1c

FCGR2C (rs759550223)

Xu et al'?® e FCGR2B (rs1050501) Asian (Chinese) Adult- and childhood-onset, acute, and chronic 280; 243

Breunis et al?*®

Xu et al'?* e FCGR2A (rs1801274) Caucasian, Asian, and African Adult- and childhood-onset 741;1092 (meta-analysis)
e FCGR3A (rs396991)

28 o FCGR2A (rs1801274) Caucasian Adult-onset and primary 216; 88
e FCGR2B (rs1050501)
e FCGR3A (rs396991)

Audia et al

Genetic polymorphisms significantly associated with ITP susceptibility and/or severity are written in bold.

CARDS; caspase recruitment domain family member 8; FCGR2A, Fcy receptor lla; FCGR2B, Fcy receptor llb; FCGR2C, Fcy receptor lic; FCGR3A, Fcy receptor llla; FCGR3B, Fcy receptor lllb; FCRL3, Fcy receptor like 3; FOXP3,
Forkhead box P3; GBET1, 1,4-a-glucan branching enzyme 1; GP1A, glycoprotein la; GP2, glycoprotein Il; GP3A, glycoprotein llla; ICOS, inducible T-cell costimulator; IFNGR, interferon-y receptor 1; IL-1A, interleukin-1a; IL-1RA, IL-1 receptor
antagonist; IL-1B, IL-1p; IL-4RA, IL-4 receptor subunit «; IRF5, interferon regulatory factor 5; ITGAM, integrin subunit o M; LAG3, lymphocyte-activation gene 3; LINC02027, long intergenic nonprotein coding RNA 2027; MBL2, mannose
binding lectin 2; NFkB1, nuclear factor kB subunit 1; NLRP3, NLR family pyrin domain containing 3; OSBPLS, oxysterol binding protein like 6; PDCD1, programmed cell death protein 1; PTPN22, protein tyrosine phosphatase nonreceptor
type 22; SH2B3, SH2B adapter protein 1; STAT4, signal transducer and activator of transcription 4; SYN3, synapsin lll; TENM4, teneurin transmembrane protein 4; TGFB1, transforming growth factor p1; TIM3 T-cell immunoglobulin and
mucin domain containing 3; TIMP3, tissue inhibitor of metalloproteinase 3; TNFA, tumor necrosis factor a; TNFAIP3, TNF-a—induced protein 3; TLR9, Toll-like receptor 9; TNFB, tumor necrosis factor f; TNFRSF5, TNF receptor superfamily
member 5; TNFSF4, TNF superfamily member 4; TRAF1, TNF receptor—associated factor 1; TUBB1, tubulin p1 class VI.
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Table 1 (continued)

Publication

Genetic polymorphisms

Cohort

Ethnicity

ITP type

Patient numbers
(patients with ITP; controls)

Pavkovic et al®’

Li et al®®

FCGR3B HNA1a/HNA1b/HNA1c
FCGR2C (rs759550223)

FCGR2A (rs1801274)
FCGR3A (rs396991)

FCGR2A (rs1801274)
FCGR2B (rs1050501)
FCGR3A (rs396991)

Polymorphisms in miscellaneous genes

Pehlivan et al*®

Basciano et al'*®

Ge et al™*

Li et al®®

Yu et al®®

Hassan et al’®

Zhang et al®’

Tian et al'?®

GWASs

Xu et al'®’

GP1A (rs1126643)
GP2 (VNTR)

GP3A (rs4918)
MBL2 (rs1800450)

TUBB1 (rs6070697)
PTPN22 (rs2488457)

CD24 (rs52812045)

FCRL3 (rs945635, rs7528684, rs3761959, and
rs11264799)

IRF5 (rs2280714, rs2004640, and rs10954213)
ITGAM (rs1143679)

NLRPS3 (rs4353135, rs35829419, and
rs10754558)

CARDS (rs2043211)

PTPN22 (rs33996649 and rs1310182)
SH2B3 (rs3184504)

STAT4 (rs10181656 and rs7574869)
TNFAIP3 (rs10499194, rs2230926, rs5029939,
and rs6920220)

TRAF1 (rs10818488)

NLRP3 (rs35829419)
CARDS (rs2043211)
NFKBT1 (rs28362491)

TLR9 (rs352140)

FOXP3  (rs5902434, rs3761548, and
rs2232365)

PTPN22 (rs2476601 and rs2488457)

GBE1/LINC02027 (rs117503120)
TIMP3/SYN3 (rs5998634)
TENM4 (rs4483616)

OSBPL6 (rs16866133)

Caucasian (Macedonian)

Caucasian and Asian

Caucasian (Turkish)

Asian (Chinese)

Asian (Chinese)

Asian (Chinese)

African (Egyptian)
Asian (Chinese)

Caucasian, Asian, and African

Asian (Chinese)

Adult-onset, primary, and chronic

Adult- and childhood-onset

Adult-onset and chronic

Adult-onset and chronic

Adult- and childhood-onset, primary, acute, and
chronic

Adult-onset and primary

Adult- and childhood-onset and primary

Adult-onset and primary

Adult- and childhood-onset, primary, and chronic

Adult- and childhood-onset, and primary

Adult-onset and primary

125; 120

1200; 1723 (meta-analysis)

71; 71

191; 361

191; 216

312; 154

403; 336

40; 40

329; 279

932; 2112 (meta-analysis)

200; 200

Genetic polymorphisms significantly associated with ITP susceptibility and/or severity are written in bold.
CARDS; caspase recruitment domain family member 8; FCGR2A, Fcy receptor lla; FCGR2B, Fcy receptor llb; FCGR2C, Fcy receptor lic; FCGRS3A, Fcy receptor llla; FCGR3B, Fcy receptor lllb; FCRL3, Fcy receptor like 3; FOXP3,
Forkhead box P3; GBE1, 1,4-a-glucan branching enzyme 1; GP1A, glycoprotein la; GP2, glycoprotein Il; GP3A, glycoprotein llla; ICOS, inducible T-cell costimulator; IFNGR, interferon-y receptor 1; IL-1A, interleukin-1a; IL-1RA, IL-1 receptor
antagonist; IL-1B, IL-16; IL-4RA, IL-4 receptor subunit «; IRF5, interferon regulatory factor 5; ITGAM, integrin subunit « M; LAG3, lymphocyte-activation gene 3; LINC02027, long intergenic nonprotein coding RNA 2027; MBL2, mannose
binding lectin 2; NFkB1, nuclear factor kB subunit 1; NLRP3, NLR family pyrin domain containing 3; OSBPLS, oxysterol binding protein like 6; PDCD1, programmed cell death protein 1; PTPN22, protein tyrosine phosphatase nonreceptor type
22; SH2B3, SH2B adapter protein 1; STAT4, signal transducer and activator of transcription 4; SYN3, synapsin lll; TENM4, teneurin transmembrane protein 4; TGFB1, transforming growth factor p1; TIM3 T-cell immunoglobulin and mucin
domain containing 3; TIMP3, tissue inhibitor of metalloproteinase 3; TNFA, tumor necrosis factor a; TNFAIP3, TNF-a—induced protein 3; TLR9, Toll-like receptor 9; TNFB, tumor necrosis factor §; TNFRSF5, TNF receptor superfamily member 5;
TNFSF4, TNF superfamily member 4; TRAF1, TNF receptor—associated factor 1; TUBB1, tubulin 1 class VI.



it has been proposed that the CD40 polymorphism rs1883832
affects the interaction between CD40 and CDA40L via altered
expression of CD40 on B cells. Currently, it has not been definitively
clarified whether this is due to an increased expression of CD40
and, thus, increased stimulation of autoreactive B cells’” or a
decreased expression of CD40 leading to the decreased formation
of CD8" regulatory T cells, which are the central mediators of
immune tolerance.”® AbdelGhafar et al evaluated the impact of the
CDA40 polymorphism rs1883832 on the risk of developing ITP in
101 Egyptian patients and found that carriers of the mutant T/T
genotype had a significantly higher risk of developing ITP, indicating
an association of CD40 polymorphisms and ITP susceptibility.”®
Similar findings were obtained by Ellithy et al, who found that car-
riers of combined gene polymorphisms CD40 rs1883832 and
CD40 rs4810485 have a higher risk of developing cITP.%°

Taken together, these results clearly point to an important role of
costimulatory molecules in ITP, but further exploration of the
genetic diversity in these pathways is urgently needed to unravel
their potential association and, more importantly, causality in the
context of ITP development.

FcyR polymorphisms

FcyR-mediated phagocytosis of antibody-sensitized platelets is the
primary pathogenic mechanism by which autoantibodies induce
thrombocytopenia.?’ The central role of FcyR in ITP is underscored
by the fact that intravenous immunoglobulin treatment and sple-
nectomy (removal of the platelet-destructing organ) are proven
treatment options.?” In FcyR biology, balanced coexpression of
both activating (FcyRI, FcyRlla, FeyRllc, FeyRllla, and FeyRIllb) and
inhibitory receptors (FcyRIIb) is considered to be crucial for pre-
venting autoreactivity.>®> Genetic polymorphisms affecting FcyR
expression or immunoglobulin G subclass binding were found
primarily in genes encoding activating FcyRs, such as FCGR2A,%*
FCGR3A,®® and FCGR3B.%°

In ITP, Fujimoto et al investigated the role of FcyR polymorphisms
for disease susceptibility by assessing the frequencies of FCGR2A
rs1801274 and FCGR3A rs396991 in 104 Japanese patients with
clTP.?° Results revealed a significantly lower frequency of the
FCGR3A rs396991 wild-type T/T genotype in patients with ITP,
whereas the frequency of FCGR2A rs1801274 genotypes did not
differ between patients and controls. Furthermore, patients with the
mutant G/G genotype of FCGR3A rs396991 showed significantly
higher complete remission rates after treatment with corticoste-
roids or other immunosuppressive agents than patients with the
G/T or T/T genotypes, suggesting that FCGR3A polymorphisms
might affect both ITP susceptibility and treatment response.

One of the largest studies published by Pavkovic et al investigated the
genotype distributions and allele frequencies for FCGR2A
rs1801274 and FCGR3A rs396991 in 125 Macedonian patients
with cITP.®” In accordance with Fujimoto et al, frequency of the
mutant G allele of FCGR3A rs396991 differed significantly between
patients with ITP and controls as well as between patients with
steroid-responsive ITP and those with steroid-unresponsive [TP.
Overrepresentation of the FCGR3A rs396991 G allele was also
observed in a study by Audia et al who examined FcyR polymorphisms
in human splenic macrophages from 24 patients with primary ITP who
had undergone splenectomy in comparison with such polymorphisms
in posttraumatic splenectomy control specimens.®®
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A unique investigation of the impact of genetic variation of the FcyR
gene cluster on predisposition to ITP was performed by Breunis
et al. The group developed a multiplex ligation-dependent probe
amplification assay that allows for the simultaneous identification of
both SNPs and CNVs in FCGR2A, FCGR2B, FCGR2C,
FCGR3A, and FCGR3B.%° In a study comparing the frequency of
FcyR gene variations in patients with ITP (children and adults) and
healthy controls, results confirmed the previously observed over-
representation of the FCGR3A rs396991 G allele. Moreover, they
identified a significant overrepresentation of a FCGR2C open
reading frame allele in patients with ITP. This activating open
reading frame allele is determined by a SNP in exon 3
(rs759550223) of the pseudogene FCGR2C and was shown to
result in the expression of a functionally active FcyRllc.

Recently, a large comprehensive meta-analysis on FcyR poly-
morphisms and ITP has been published, combining the results of
the aforementioned studies as well as various publications on
pediatric ITP. The pooled analyses of pediatric and adult patients
with ITP performed by Li et al showed a significant association of
the FCGR3A rs396991 G allele with a higher risk for both child-
hood-onset and adult ITP, suggesting that this polymorphism can
indeed be considered a predisposing factor for ITP development.®®

In summary, polymorphisms in FcyR genes have been shown to
contribute to genetic susceptibility to ITP, although the exact
nature of their contribution remains poorly understood. Moreover,
rather than asingle genetic variant, multiple SNPs and CNVs within
the FcyR cluster collectively cause a change in the balance
between activating and inhibitory receptor signals.

In addition to improving our understanding of predisposing factors
for ITP emergence, exploring polymorphisms in FcyR genes could
help to identify potential predictors of treatment response.
Because blockage of FcyRs has been proven useful in the thera-
peutic management of ITP,%° a difference in FcyR expression due
to genetic variants could have a pivotal influence on the efficacy of
such treatment modalities. Studies on the impact of FcyR poly-
morphisms on clinical factors or therapeutic responses in ITP,
however, are scarce. A study conducted by Cooper et al provided
evidence that the rs1801274 and rs396991 polymorphisms of
FCGR2A and FCGR3A, respectively, may affect cytokine and
platelet responses after anti-D treatment.® Ellity et al explored the
influence of the aforementioned gene polymorphisms on the
response to rituximab in patients with cITP and observed an
association of the wild-type C allele of FCGR2A rs1801274 with a
better response to rituximab.’” Although available data are limited,
the influence of FcyR polymorphisms on therapy response is an
intriguing research area and could potentially influence treatment
decisions in the future.

Genetic variants in miscellaneous genes

Based on previous research findings and a pathogenetic under-
standing of other autoimmune diseases, several other immune-
related genes have been investigated for a possible association
with an individual's susceptibility to ITP. Li et al performed a
comprehensive analysis on the contribution of 25 SNPs in 13
inflammation-related genes to disease susceptibility and treatment
response in a cohort of 312 Chinese patients with primary ITP.>®
The selected SNPs were chosen based on their clear
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association with autoimmunity in previously published work. Data
analysis showed a significant difference in the frequency of
rs10499194 in the TNF-a—induced protein 3 gene (TNFAIP3)
between patients with ITP and healthy controls, suggesting that the
minor T allele of this SNP may be a protective factor for the
development of ITP. The group further demonstrated a genotype-
phenotype correlation; individuals with the C/T genotype on the
TNFAIP3 rs10499194 locus had higher TNFAIP3 mRNA expres-
sion compared with patient with the wild-type C/C genotype.
Interestingly, the rs10499194 T allele was also associated with
corticosteroid sensitivity.

Part of the analysis by Li et al as well as several other working
groups was analyzing a potential relationship between ITP devel-
opment and polymorphisms in PTPN22, a gene encoding the
protein tyrosine phosphatase nonreceptor type 22, which is criti-
cally involved in the regulation of signal transduction via T-cell
receptors.”® Available research on this topic has shown conflicting
results, with some studies insufficiently powered to show signifi-
cant results.”®°*°° A recent meta-analysis conducted by Tian et al,
which included 10 studies with a total of 932 cases, showed that
the SNPs rs2476601 and rs2488457 in PTPN22 may contribute
to genetic susceptibility to primary ITP.

Additional candidate genes, which are under investigation for a
potential impact on ITP risk, include genes encoding components
of the inflammasome,®® regulators of regulatory T-cell function,®’
Toll-like receptors,98 or T-cell immunoglobulin and mucin domain
family proteins.®®

The majority of studies focused on identifying genetic factors
associated with susceptibility for, or persistence of, ITP, thereby
obtaining further insights into the pathophysiology of the disease.
However, in ITP, there is an equally compelling need for predictive
biomarkers that allow for better prediction and monitoring of
treatment response. An interesting contribution in this respect has
been made by Basciano et al, who investigated a SNP in $1-tubulin
chain gene (TUBBT) as a response biomarker in patients with ITP.
B1-tubulin is primarily responsible for the assembly of platelet
microtubules and thus essential for platelet production and func-
tion. The study showed that allele frequencies of TUBBT
rs6070697 did not differ between 191 patients with ITP and 361
healthy controls, indicating that the SNP does not play a direct
etiologic role in ITP. However, patients with TP with the minor A
allele (both heterozygous and homozygous) received significantly
more lines of therapy and had a significantly higher risk of failure
with immunomodulatory therapies, particularly rituximab. Although
the detailed pathological mechanisms remain to be elucidated in
this case, these data again highlight the potential of genetic vari-
ants to serve as biomarkers in ITP.

Genome Wide Association Studies

As previously demonstrated, several susceptibility loci for ITP have
been identified using traditional candidate gene approaches,
including direct sequencing and polymerase chain reaction
restriction fragment length polymorphism analysis. These
approaches are largely limited by their reliance on prior knowledge
of the functional aspects of potential candidate genes, which can
lead to selection bias. In contrast, genome-wide association
studies (GWASSs), which take a more holistic approach, are a
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powerful tool in identifying novel gene variants in complex
diseases.'”°

So far, the number of GWASs in ITP is very limited. Xu et al per-
formed a pooling GWAS involving 200 ITP cases and 200 controls
from a Chinese Han population.’®' Via SNP microarrays and pools
analysis, their study revealed SNPs in 4 novel loci (glycogen
branching enzyme, tissue inhibitor of metalloproteinase 3 [TIMP3],
teneurin transmembrane protein 4, and RNA binding motif protein
45) to be strongly associated with ITP. For some of these genes,
literature research already reveals a potential pathogenetic link to
ITP. TIMP3 for example is an inhibiting matrix metalloproteinase
protein,102 which has been shown to have a statistically positive
correlation with IL-4 levels and platelet count but a negative cor-
relation with IFN-y levels in patients with ITP, suggesting that this
protein may contribute to Th1-polarization.’°® In addition, this study
found further evidence for the pathogenetic relevance of the JAK-
STAT pathway in ITP, which is reportedly involved in the etiological
mechanism of pediatric ITP'°* and plays a key role in the phar-
macological mode of action of the thrombopoietin receptor agonist
eltrombopag.’®® The results of this study show that GWASs can
provide a powerful stimulus for in-depth assessment of previously
understudied genetic loci and may potentially reveal novel path-
ways linked to the etiology of ITP.

Current challenges and future directions

Although the etiology of ITP is incompletely understood and
considered multifactorial in most cases, genetic variants are
thought to play a pivotal role in the susceptibility to ITP, especially
in cases of persistent or cITP. Accordingly, to date, several studies
have focused on the association between host genetic factors in
immunologically relevant genes and ITP.

There is considerable evidence in the literature that poly-
morphisms in immunity-associated genes contribute to the sus-
ceptibility of ITP and, probably, also to the progression and
chronicity of the disease. The most convincing data on the matter
have been obtained for genes such as IFN-y, IL-4, and IL-17 as
well as for individual members of the FcyR family. In addition to
these genes, there is a large data set on genetic alterations in ITP
that is difficult to interpret and lacks the scope for generalization.
Because of the low incidence of ITP and the fact that sporadic
cases are highly heterogeneous, designing genetic analyses with
sufficiently large sample sizes and informative patient populations
remains challenging. Most reported studies deal with small sam-
ple numbers, limiting the power of these analyses to clearly
identify certain genetic associations. Therefore, it is critical to first
perform calculations on the minimum sample size, depending
primarily on whether it is an analysis of candidate genes with a
limited number of independent tests or a GWAS scenario, and on
the allele frequency and expected relative risk of the genetic
variant under investigation.'°® As important as calculating the
required sample size is defining the phenotype of interest as
precisely and specifically as possible, taking into account disease
etiology, disease duration, and patient age. Nonspecific case
definition will increase both the genetic and environmental het-
erogeneity in underlying causal factors and can therefore
decrease the power of detection of an effect. Furthermore,
replication of a study will be difficult if the phenotype has not been
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adequately defined. In ITP, care should be taken when selecting
cases for genetic studies to avoid mixing primary and secondary
ITP as well as acute and chronic disease, at a minimum. For such
a rare disease as ITP, these considerations clearly highlight the
importance of collecting well-annotated biomaterial in clinical tri-
als or registry projects.

Association studies with candidate genes are a valuable approach
to elucidate the genetic background of a complex disorder such as
ITP. Such studies, which typically include patient cases and healthy
age- and sex-matched controls, can be performed in a relatively
simple and economic manner and allow the identification of genes
that have small effects. Unfortunately, this approach is hampered
by its reliance on prior knowledge of possible candidate genes,
which makes selection bias unavoidable.

In ITP, a large number of candidate gene association studies shows
inconsistent results or insufficient statistical significance. The dif-
ferences in these results can be explained mainly by small sample
size, biological heterogeneity, and selection of different subgroups
of patients, as well as statistical bias because of multiple testing
procedures.

In contrast, GWASSs usually proceed without any prior assumptions
regarding the functional significance of the investigated genes. The
identified risk loci often implicate genes of unknown function or of
previously unsuspected relevance, thereby motivating experimental
follow-up and potentially leading to the discovery of novel disease
mechanisms.'°° However, there is concern that most of the iden-
tified genotype-phenotype associations reflect variants and genes
with no direct biological relevance to the underlying disease.
However, with a rare disease such as ITP, the major challenge is
again to achieve a sufficient sample size to conduct a GWAS with
reliable and conclusive results. The smaller the effect and the lower
the prevalence of any given polymorphism, the larger a population
needs to be for the gene to be discovered. To complicate matters,
the distribution of SNPs can vary greatly between different ethnic
groups, making it essential to have controls that match the ethnic
background of the study population. Overrepresentation of
different ethnic groups in previous analyses complicates the
accurate interpretation of the existing genetic data on ITP
because there may be a difference in ITP pathophysiology
between Western and Asian populations. For example, an asso-
ciation between HLA and ITP has been found in Asian pop-
ulations,'°”'°® whereas every attempt to assess this in Western
populations has failed. Therefore, it remains to be verified whether
the results obtained in predominantly Asian populations can be
generalized to other ethnic groups.
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To add further value to data collected on the genetic background
of ITP, research agendas should go beyond conducting associa-
tion studies alone and should aim to demonstrate clear genotype-
phenotype associations. After all, studies on various other
autoimmune diseases have shown similar associations with poly-
morphisms as those observed in ITP,*>"°°""" which raises the
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causative for TP or potentially related to autoimmunity in general.
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of the basic genetic and proteomic mechanisms of ITP."">""* |n
the future, the generation of knockin mouse models that allow
detailed functional analysis of the effects of genetic alterations on
molecular and cellular processes in vivo may help elucidate the
impact of genetic predisposition in [TP.

The complex etiology of ITP and its diverse clinical presentation
most likely results from an equally heterogeneous genetic
background. Many different SNPs may affect the response to
different environmental factors and precipitating events. This
makes the identification of a definite driver mutation highly
unlikely. Consequently, there are currently no genetic markers
that are individually sufficiently powerful to provide a causal
explanation for the development of ITP. However, there is no
question that further genetic analyses will lead the way in deci-
phering the pathogenic mechanisms of ITP and identifying
potential biomarkers or treatment targets required for stratified
and targeted therapies.

Authorship

Contribution: J.-A.G. wrote the manuscript; JM.M., M.B., AM,, and
K.T.-G. read and edited the manuscript; and all authors contributed
to the article and approved the submitted version.

Conflict-of-interest  disclosure: The authors declare no

competing financial interests.
ORCID profile: M.B., 0000-0002-5916-3029.

Correspondence: Julia-Annabell Georgi, Medizinische Klinik
und Poliklinik I, Universitatsklinikum Carl Gustav Carus der Tech-
nischen Universitdt, FetscherstraBe 74, 01307 Dresden, Germany;
email: julia-annabell.georgi@uniklinikum-dresden.de.

1. Cooper N, Ghanima W. Immune thrombocytopenia. N Engl J Med. 2019;381(10):945-955.
McCrae K. Immune thrombocytopenia: no longer 'idiopathic’. Cleve Clin J Med. 2011;78(6):358-373.

3. Chang M, Nakagawa PA, Williams SA, et al. Inmune thrombocytopenic purpura (ITP) plasma and purified ITP monoclonal autoantibodies inhibit

megakaryocytopoiesis in vitro. Blood. 2003;102(3):887-895.

Liu X, Hou Y, Peng J. Advances in immunopathogenesis of adult immune thrombocytopenia. Front Med. 2013;7(4):418-424.

McKenzie CG, Guo L, Freedman J, Semple JW. Cellular immune dysfunction in immune thrombocytopenia (ITP). Br J Haematol. 2013;163(1):10-23.
Vrbensky JR, Nazy |, Clare R, Larché M, Arnold DM. T cell-mediated autoimmunity in immune thrombocytopenia. Eur J Haematol. 2022;108(1):18-27.

€ blood advances 25 juLy 2023 - voLumE 7, NUMBER 14

GENETIC POLYMORPHISMS IN ADULT ITP 3719

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en julio 19, 2023.
Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.


https://orcid.org/0000-0002-5916-3029
mailto:juliaannabellgeorgiuniklinikumdresdende
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref1
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref2
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref3
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref3
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref4
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref5
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref6
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref6

Malik A, Sayed AA, Han P, et al. The role of CD8+ T cell clones in immune thrombocytopenia. Blood. 2023;141(20):2417-2429.

8. Semple JW, Milev Y, Cosgrave D, et al. Differences in serum cytokine levels in acute and chronic autoimmune thrombocytopenic purpura: relationship
to platelet phenotype and antiplatelet T-cell reactivity. Blood. 1996;87(10):4245-4254.

9. Panitsas FP, Theodoropoulou M, Kouraklis A, et al. Adult chronic idiopathic thrombocytopenic purpura (ITP) is the manifestation of a type-1 polarized
immune response. Blood. 2004;103(7):2645-2647.

10. Liu B, Zhao H, Poon MC, et al. Abnormality of CD4(+)CD25(+) regulatory T cells in idiopathic thrombocytopenic purpura. Eur J Haematol. 2007;
78(2):139-143.

11, Yu J, Heck S, Patel V, et al. Defective circulating CD25 regulatory T cells in patients with chronic immune thrombocytopenic purpura. Blood. 2008;
112(4):1325-1328.

12.  Olsson B, Andersson PO, Jernas M, et al. T-cell-mediated cytotoxicity toward platelets in chronic idiopathic thrombocytopenic purpura. Nat Med.
2003;9(9):1123-1124.

13. Zhang F, Chu X, Wang L, et al. Cell-mediated lysis of autologous platelets in chronic idiopathic thrombocytopenic purpura. Eur J Haematol. 2006;
76(5):427-431.

14. Guo L, Rondina MT. The era of thromboinflammation: platelets are dynamic sensors and effector cells during infectious diseases. Front Immunol.
2019;10:2204.

15.  Maouia A, Rebetz J, Kapur R, Semple JW. The immune nature of platelets revisited. Transfus Med Rev. 2020;34(4):209-220.

16. Cines DB, Bussel JB, Liebman HA, Luning Prak ET, et al. The ITP syndrome: pathogenic and clinical diversity. Blood. 2009;113(26):6511-6521.

17.  Gernsheimer T. Chronic idiopathic thrombocytopenic purpura: mechanisms of pathogenesis. Oncologist. 2009;14(1):12-21.

18. Neunert C, Lim W, Crowther M, Cohen A, Solberg L Jr, Crowther MA; American Society of Hematology. The American Society of Hematology 2011
evidence-based practice guideline for immune thrombocytopenia. Blood. 2011;117(16):4190-4207.

19. Johnsen J. Pathogenesis in immune thrombocytopenia: new insights. Hematology Am Soc Hematol Educ Program. 2012;2012:306-312.

20. Satoh T, Pandey JP, Okazaki Y, et al. Single nucleotide polymorphisms of the inflammatory cytokine genes in adults with chronic immune
thrombocytopenic purpura. Br J Haematol. 2004;124(6):796-801.

21.  Wu KH, Peng CT, Li TC, et al. Interleukin 4, interleukin 6 and interleukin 10 polymorphisms in children with acute and chronic immune
thrombocytopenic purpura. Br J Haematol. 2005;128(6):849-852.

22.  Rocha AM, De Souza C, Rocha GA, et al. IL1RN VNTR and IL2-330 polymorphic genes are independently associated with chronic immune
thrombocytopenia. Br J Haematol. 2010;150(6):679-684.

23. Liu S, Xiong YZ, Li T, et al. Interleukin-17A and -17F gene polymorphisms in Chinese population with chronic immune thrombocytopenia. Ann Clin Lab
Sci. 2016;46(3):291-297.

24. Foster CB, Zhu S, Erichsen HC, et al. Polymorphisms in inflammatory cytokines and Fcgamma receptors in childhood chronic immune
thrombocytopenic purpura: a pilot study. Br J Haematol. 2001;113(3):596-599.

25.  Fujimoto TT, Inoue M, Shimomura T, Fujimura K. Involvement of Fc gamma receptor polymorphism in the therapeutic response of idiopathic
thrombocytopenic purpura. Br J Haematol. 2001;115(1):125-130.

26. Breunis WB, van Mirre E, Bruin M, et al. Copy number variation of the activating FCGR2C gene predisposes to idiopathic thrombocytopenic purpura.
Blood. 2008;111(3):1029-1038.

27. LiH, GeJ, Zhao H, et al. Association of cytotoxic T-lymphocyte antigen 4 gene polymorphisms with idiopathic thrombocytopenic purpura in a Chinese
population. Platelets. 2011;22(1):39-44.,

28. Kasamatsu T, Ino R, Takahashi N, et al. PDCD1 and CTLA4 polymorphisms affect the susceptibility to, and clinical features of, chronic immune
thrombocytopenia. Br J Haematol. 2018;180(5):705-714.

29. Kihne T, Berchtold W, Michaels LA, et al. Newly diagnosed immune thrombocytopenia in children and adults: a comparative prospective observational
registry of the Intercontinental Cooperative Immune Thrombocytopenia Study Group. Haematologica. 2011;96(12):1831-1837.

30. Pujol-Moix N, Jiménez B, Mufiz-Diaz E, Roca MM, Souto JC. Familial immune thrombocytopenia. Report of 16 cases and literature review. J Rare Dis
Res Treat. 2018;3(4):52-60.

31.  Sriaroon P, Chang Y, Ujhazi B, et al. Familial immune thrombocytopenia associated with a novel variant in IKZF1. Front Pediatr. 2019;7:139.

32. Peng HL, Zhang Y, Sun NN, et al. A gain-of-function mutation in TNFRSF13B is a candidate for predisposition to familial or sporadic immune
thrombocytopenia. J Thromb Haemost. 2017;15(11):22569-22609.

33. Despotovic JM, Grimes AB. Pediatric ITP: is it different from adult ITP? Hematology Am Soc Hematol Educ Program. 2018;2018(1):405-411.

34. Wright JF, Blanchette VS, Wang H, et al. Characterization of platelet-reactive antibodies in children with varicella-associated acute immune
thrombocytopenic purpura (ITP). Br J Haematol. 1996;95(1):145-152.

35. Bergmann AK, Grace RF, Neufeld EJ. Genetic studies in pediatric ITP: outlook, feasibility, and requirements. Ann Hematol. 2010;89(suppl 1):
S95-S103.

36. Semple JW, Freedman J. Increased antiplatelet T helper lymphocyte reactivity in patients with autoimmune thrombocytopenia. Blood. 1991;78(10):
2619-2625.

3720 GEORGI et al 25 JULY 2023 - VOLUME 7, NumBer 14 © blood advances

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en julio 19, 2023.
Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.


http://refhub.elsevier.com/S2473-9529(23)00188-X/sref7
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref8
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref8
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref9
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref9
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref10
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref10
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref11
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref11
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref12
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref12
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref13
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref13
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref14
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref14
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref15
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref16
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref17
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref18
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref18
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref19
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref20
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref20
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref21
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref21
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref22
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref22
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref23
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref23
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref24
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref24
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref25
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref25
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref26
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref26
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref27
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref27
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref28
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref28
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref29
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref29
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref30
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref30
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref30
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref30
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref31
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref32
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref32
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref33
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref34
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref34
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref35
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref35
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref36
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref36

37. Ogawara H, Handa H, Morita K, et al. High Th1/Th2 ratio in patients with chronic idiopathic thrombocytopenic purpura. Eur J Haematol. 2003;71(4):
283-288.

38. Billiau A, Matthys P. Interferon-gamma: a historical perspective. Cytokine Growth Factor Rev. 2009;20(2):97-113.

39. Zhao H, DuW, Wang D, et al. The expression of IFN-gamma, IL-4, Foxp3 and perforin genes are not correlated with DNA methylation status in patients
with immune thrombocytopenic purpura. Platelets. 2010;21(2):137-143.

40. Andersson J. Cytokines in idiopathic thrombocytopenic purpura (ITP). Acta Paediatr Suppl. 1998;424:61-64.

41. Pravica V, Asderakis A, Perrey C, Hajeer A, Sinnott PJ, Hutchinson IV. In vitro production of IFN-gamma correlates with CA repeat polymorphism in the
human IFN-gamma gene. Eur J Immunogenet. 1999;26(1):1-3.

42. Lee YH, Bae SC. Association between interferon-y +874 T/A polymorphism and susceptibility to autoimmune diseases: a meta-analysis. Lupus. 2016;
25(7):710-718.

43. Pehlivan M, Okan V, Sever T, et al. Investigation of TNF-alpha, TGF-beta 1, IL-10, IL-6, IFN-gamma, MBL, GPIA, and IL1A gene polymorphisms in
patients with idiopathic thrombocytopenic purpura. Platelets. 2011;22(8):588-595.

44. Chen X, Xu J, Chen Z, et al. Interferon-gamma +874A/T and interleukin-4 intron3 VNTR gene polymorphisms in Chinese patients with idiopathic
thrombocytopenic purpura. Eur J Haematol. 2007;79(3):191-197.

45. Takahashi N, Saitoh T, Gotoh N, et al. The cytokine polymorphisms affecting Th1/Th2 increase the susceptibility to, and severity of, chronic ITP. BMC
Immunol. 2017;18(1):26.

46. Rosenwasser LJ, Borish L. Promoter polymorphisms predisposing to the development of asthma and atopy. Clin Exp Allergy. 1998;28(suppl 5):13-15.
discussion 26-28.

47. MaD, Zhu X, Zhao P, et al. Profile of Th17 cytokines (IL-17, TGF-beta, IL-6) and Th1 cytokine (IFN-gamma) in patients with immune thrombocytopenic
purpura. Ann Hematol. 2008;87(11):899-904.

48. Awasthi A, Kuchroo VK. Th17 cells: from precursors to players in inflammation and infection. Int Immunol. 2009;21(5):489-498.

49. Zhu X, Ma D, Zhang J, et al. Elevated interleukin-21 correlated to Th17 and Th1 cells in patients with immune thrombocytopenia. J Clin Immunol. 2010;
30(2):2563-259.

50. Rocha AM, Souza C, Rocha GA, et al. The levels of IL-17A and of the cytokines involved in Th17 cell commitment are increased in patients with
chronic immune thrombocytopenia. Haematologica. 2011;96(10):1560-1564.

51. JiL, Zhan Y, HuaF, et al. The ratio of Treg/Th17 cells correlates with the disease activity of primary immune thrombocytopenia. PLoS One. 2012;7(12):
e€50909.

52.  HuY, Ma DX, Shan NN, et al. Increased number of Tc17 and correlation with Th17 cells in patients with immune thrombocytopenia. PLoS One. 2011;
6(10):e26522.

53. Ye X, Zhang L, Wang H, et al. The role of IL-23/Th17 pathway in patients with primary immune thrombocytopenia. PLoS One. 2015;10(1):e0117704.

54. McAllister F, Henry A, Kreindler JL, et al. Role of IL-17A, IL-17F, and the IL-17 receptor in regulating growth-related oncogene-alpha and granulocyte
colony-stimulating factor in bronchial epithelium: implications for airway inflammation in cystic fibrosis. J Immunol. 2005;175(1):404-412.

556. Kawaguchi M, Kokubu F, Huang SK, et al. The IL-17F signaling pathway is involved in the induction of IFN-gamma-inducible protein 10 in bronchial
epithelial cells. J Allergy Clin Immunol. 2007;119(6):1408-1414.

56. Spolski R, Leonard WJ. Cytokine mediators of Th17 function. Eur J Immunol. 2009;39(3):658-661.

57. Saitoh T, Tsukamoto N, Koiso H, et al. Interleukin-17F gene polymorphism in patients with chronic immune thrombocytopenia. Eur J Haematol. 2011;
87(3):253-258.

58. LilJ, Ma S, Shao L, et al. Inflammation-related gene polymorphisms associated with primary immune thrombocytopenia. Front Immunol. 2017;8:744.

59. Tolba FM, Diab SM, Abdelrahman AMN, et al. Assessment of IL-17F rs763780 gene polymorphism in immune thrombocytopenia. Blood Cells Mol Dis.
2019;75:20-25.

60. Curdy N, Lanvin O, Laurent C, Fournié JJ, Franchini DM. Regulatory mechanisms of inhibitory immune checkpoint receptors expression. Trends Cell
Biol. 2019;29(10):777-790.

61. von Boehmer H, Melchers F. Checkpoints in lymphocyte development and autoimmune disease. Nat Immunol. 2010;11(1):14-20.

62. Badami E, Cexus ONF, Quaratino S. Activation-induced cell death of self-reactive regulatory T cells drives autoimmunity. Proc Nat/ Acad Sci U S A.
2019;116(52):26788-26797.

63. Wikenheiser DJ, Stumhofer JS. ICOS co-stimulation: friend or foe? Front Immunol. 2016;7:304.

64. Lim EL, Okkenhaug K. Phosphoinositide 3-kinase 8 is a regulatory T-cell target in cancer immunotherapy. Immunology. 2019;157(3):210-218.

65.  Wolf Y, Anderson AC, Kuchroo VK. TIM3 comes of age as an inhibitory receptor. Nat Rev Immunol. 2020;20(3):173-185.

66. Guercio M, Orlando D, Di Cecca S, et al. CD28.0X40 co-stimulatory combination is associated with long in vivo persistence and high activity of CAR.
CD30 T-cells. Haematologica. 2021;106(4):987-999.

687. Varadé J, Magadan S, Gonzalez-Fernandez A. Human immunology and immunotherapy: main achievements and challenges. Cell Mol Immunol. 2021;
18(4):805-828.

@ blood advances 25 juLy 2023 - VOLUME 7, NUMBER 14 GENETIC POLYMORPHISMS IN ADULT ITP 3721

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en julio 19, 2023.
Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.


http://refhub.elsevier.com/S2473-9529(23)00188-X/sref37
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref37
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref38
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref39
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref39
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref40
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref41
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref41
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref42
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref42
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref42
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref43
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref43
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref44
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref44
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref45
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref45
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref46
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref46
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref47
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref47
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref48
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref49
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref49
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref50
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref50
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref51
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref51
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref52
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref52
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref53
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref54
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref54
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref55
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref55
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref56
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref57
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref57
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref58
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref59
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref59
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref60
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref60
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref60
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref61
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref62
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref62
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref63
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref64
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref64
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref65
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref66
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref66
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref67
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref67
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref67
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref67
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref67
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref67

68. Chen DP, Lin WT, Wen YH, Wang WT. Investigation of the correlation between immune thrombocytopenia and T cell activity-regulated gene
polymorphism using functional study. Sci Rep. 2022;12(1):6601.

69. Guo X, Yasen H, Zhao F, et al. The effect of single course high dose dexamethasone on CD28/CTLA-4 balance in the treatment of patients with newly
diagnosed primary immune thrombocytopenia. Hum Vaccin Immunother. 2016;12(1):97-108.

70. Wang S, Zhang X, Leng S, et al. Inmune checkpoint-related gene polymorphisms are associated with primary immune thrombocytopenia. Front
Immunol. 2020;11:615941.

71. Toubi E, Shoenfeld Y. The role of CD40-CD154 interactions in autoimmunity and the benefit of disrupting this pathway. Autoimmunity. 2004;37(6-7):
457-464.

72.  Schwartz J, Bussel JB. Anti-CD40L: biology and therapy in ITP. Blood. 2004;103(4):1178-1179.

73. Solanilla A, Pasquet JM, Viallard JF, et al. Platelet-associated CD154 in immune thrombocytopenic purpura. Blood. 2005;105(1):215-218.

74. Meabed MH, Taha GM, Mohamed SO, El-Hadidy KS. Autoimmune thrombocytopenia: flow cytometric determination of platelet-associated CD154/
CD40L and CD40 on peripheral blood T and B lymphocytes. Hematology. 2007;12(4):301-307.

75.  Song|, Kim J, Kwon K, Koo S, Jo D. Expression of CD154 (CD40L) on stimulated T lymphocytes in patients with idopathic thrombocytopenic purpura.
Hematology. 2016;21(3):187-192.

76. Patel VL, Schwartz J, Bussel JB. The effect of anti-CD40 ligand in immune thrombocytopenic purpura. Br J Haematol. 2008;141(4):545-548.

77.  Wu CJ, Guo J, Luo HC, et al. Association of CD40 polymorphisms and haplotype with risk of systemic lupus erythematosus. Rheumatol Int. 2016;
36(1):45-52.

78. Wagner M, Sobczynski M, Bilinska M, et al. MS risk allele rs1883832T is associated with decreased mRNA expression of CD40. J Mol Neurosci.
2015;56(3):540-545.

79. AbdelGhafar MT, El-Kholy RA, Elbedewy TA, et al. Impact of CD40 gene polymorphisms on the risk of immune thrombocytopenic purpura. Gene.
2020;736:144419.

80. Ellithy HN, Yousry SM, Abdel-Aal A, Tawadros L, Momen N. Association of CD40 gene polymorphisms and immune thrombocytopenic purpura in the
adult Egyptian population. Blood Res. 2022;57(3):229-234.

81. McMillan R. Chronic idiopathic thrombocytopenic purpura. N Engl J Med. 1981;304(19):1135-1147.

82. Bussel JB. Fc receptor blockade and immune thrombocytopenic purpura. Semin Hematol. 2000;37(3):261-266.

83. Nimmerjahn F. Activating and inhibitory FcgammaRs in autoimmune disorders. Springer Semin Immunopathol. 2006;28(4):305-319.

84. Warmerdam PA, van de Winkel JG, Gosselin EJ, Capel PJ. Molecular basis for a polymorphism of human Fc gamma receptor Il (CD32). J Exp Med.
1990;172(1):19-25.

85. Koene HR, Kleijer M, Algra J, Roos D, von dem Borne AE, de Haas M. Fc gammaRllla-158V/F polymorphism influences the binding of IgG by natural
killer cell Fc gammaRllla, independently of the Fc gammaRllla-48L/R/H phenotype. Blood. 1997;90(3):1109-1114.

86. Huizinga TW, Kerst M, Nuyens JH, et al. Binding characteristics of dimeric IgG subclass complexes to human neutrophils. J Immunol. 1989;142(7):
2359-2364.

87. Pavkovic M, Petlichkovski A, Karanfilski O, Cevreska L, Stojanovic A. FC gamma receptor polymorphisms in patients with immune thrombocytopenia.
Hematology. 2018;23(3):163-168.

88. Audia S, Santegoets K, Laarhoven AG, et al. Fcy receptor expression on splenic macrophages in adult immune thrombocytopenia. Clin Exp Immunol.
2017;188(2):275-282.

89. LiG, Gaol,MaR, Tian W, Mingzhi L. Associations between FCGR polymorphisms and immune thrombocytopenia: a meta-analysis. Scand J Immunol.
2019;89(5):12758.

90. LvY, ShiH, LiuH, Zhou L. Current therapeutic strategies and perspectives in refractory ITP: what have we learned recently? Front Immunol. 2022;13:
953716.

91.  Cooper N, Heddle NM, Haas M, et al. Intravenous (IV) anti-D and IV immunoglobulin achieve acute platelet increases by different mechanisms:
modulation of cytokine and platelet responses to IV anti-D by FcgammaRlla and FcgammaRllla polymorphisms. Br J Haematol. 2004;124(4):511-518.

92.  Ellithy HN, Ahmed SH, Shahin GH, Matter MM, Talatt M. The impact of Fc gamma receptor lla and llla gene polymorphisms on the therapeutic
response of rituximab in Egyptian adult immune thrombocytopenic purpura. Hematology. 2018;23(3):169-174.

93. Hesham M, Hassan T, Fawzy A, et al. PTPN22 gene polymorphism as a genetic risk factor for primary immune thrombocytopenia in Egyptian children.
Expert Rev Hematol. 2021;14(9):877-881.

94. Ge J, LiH, GuD, et al. PTPN22-1123G > C polymorphism is associated with susceptibility to primary immune thrombocytopenia in Chinese
population. Platelets. 2013;24(6):448-453.

95. D'Silva KJ, Zamora MB, Gerlach J, Schwartz KA. Increased representation of the PTPN22 mutation in patients with immune thrombocytopenia.
J Thromb Haemost. 2010;8(9):2076-2078.

96. Hassan AE, Shoeib S, Abdelmohsen E, et al. Toll-like receptor 9 (TLR9) gene C/T (rs352140) polymorphisms in adult primary immune
thrombocytopenia. Clin App! Thromb Hemost. 2020;26:1076029620940050.

97. Zhang D, Zhang X, Li H, Xue F, Zhang L, Yang R. Association of FOXP3 gene polymorphisms with chronic immune thrombocytopenia in a Chinese
Han population. Int J Lab Hematol. 2021;43(5):1104-1109.

3722 GEORGI et al 25 JULY 2023 - VOLUME 7, NumBer 14 © blood advances

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en julio 19, 2023.
Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.


http://refhub.elsevier.com/S2473-9529(23)00188-X/sref68
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref68
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref69
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref69
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref70
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref70
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref71
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref71
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref72
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref73
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref74
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref74
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref75
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref75
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref76
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref77
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref77
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref78
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref78
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref78
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref78
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref79
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref79
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref80
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref80
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref81
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref82
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref83
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref84
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref84
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref85
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref85
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref86
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref86
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref87
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref87
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref88
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref88
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref88
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref89
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref89
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref90
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref90
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref91
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref91
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref92
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref92
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref93
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref93
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref94
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref94
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref95
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref95
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref96
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref96
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref97
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref97

98. Yu J, Hua M, Zhao X, et al. NF-kxB-94ins/del ATTG genotype contributes to the susceptibility and imbalanced Th17 cells in patients with immune
thrombocytopenia. J Immunol Res. 2018;2018:8170436.

99. Du WT, Zhao HF, Xu JH, et al. The role of T-cell immunoglobulin- and mucin-domain-containing molecule-3 polymorphisms in idiopathic
thrombocytopenic purpura. Hum Immunol. 2009;70(6):398-402.

100. Hirschhorn JN, Daly MJ. Genome-wide association studies for common diseases and complex traits. Nat Rev Genet. 2005;6(2):95-108.

101. XuY,LiJ, Yang W, et al. A pooling genome-wide association study identifies susceptibility loci and signaling pathways of immune thrombocytopenia in
Chinese Han population. Int J Genomics. 2020;2020:7531876.

102. English WR, Ireland-Zecchini H, Baker AH, Littlewood TD, Bennett MR, Murphy G. Tissue Inhibitor of Metalloproteinase-3 (TIMP-3) induces FAS
dependent apoptosis in human vascular smooth muscle cells. PLoS One. 2018;13(4):e0195116.

103. Shao Q, Ning H, Lv J, et al. Regulation of Th1/Th2 polarization by tissue inhibitor of metalloproteinase-3 via modulating dendritic cells. Blood. 2012;
119(20):4636-4644.

104. Sood R, Wong W, Gotlib J, Jeng M, Zehnder JL. Gene expression and pathway analysis of immune thrombocytopenic purpura. Br J Haematol. 2008;
140(1):99-108.

105. Watari H, Nakajima H, Atsuumi W, et al. A novel sponge-derived protein thrombocorticin is a new agonist for thrombopoietin receptor. Comp Biochem
Physiol C Toxicol Pharmacol. 2019;221:82-88.

106. Zondervan KT, Cardon LR. Designing candidate gene and genome-wide case-control association studies. Nat Protoc. 2007;2(10):2492-2501.

107. Nomura S, Matsuzaki T, Ozaki Y, et al. Clinical significance of HLA-DRB1*0410 in Japanese patients with idiopathic thrombocytopenic purpura. Blood.
1998;91(10):3616-3622.

108. Kuwana M, Kaburaki J, Pandey JP, et al. HLA class Il alleles in Japanese patients with immune thrombocytopenic purpura. Associations with
anti-platelet glycoprotein autoantibodies and responses to splenectomy. Tissue Antigens. 2000;56(4):337-343.

109. Repnik K, Potocnik U. CTLA4 CT60 single-nucleotide polymorphism is associated with Slovenian inflammatory bowel disease patients and regulates
expression of CTLA4 isoforms. DNA Cell Biol. 2010;29(10):603-610.

110. Li X, Chai W, Ni M, et al. The effects of gene polymorphisms in interleukin-4 and interleukin-6 on the susceptibility of rheumatoid arthritis in a Chinese
population. BioMed Res Int. 2014;2014:265435.

111. Shao M, Xu S, Yang H, et al. Association between IL-17A and IL-17F gene polymorphism and susceptibility in inflammatory arthritis: a meta-analysis.
Clin Immunol. 2020;213:108374.

112. Chow L, Aslam R, Speck ER, et al. A murine model of severe immune thrombocytopenia is induced by antibody- and CD8+ T cell-mediated responses
that are differentially sensitive to therapy. Blood. 2010;115(6):1247-1253.

118. Li X, Wang SW, Feng Q, et al. Novel murine model of immune thrombocytopaenia through immunized CD41 knockout mice. Thromb Haemost. 2019;
119(3):377-383.

114. Martinez-Botia P, Meinders M, De Cuyper IM, Eble JA, Semple JW, Gutiérrez L. Dissecting platelet proteomics to understand the pathophysiology of
immune thrombocytopenia: studies in mouse models. Blood Adv. 2022;6(11):3529-3534.

115. Sarpatwari A, Bussel JB, Ahmed M, et al. Single nucleotide polymorphism (SNP) analysis demonstrates a significant association of tumour necrosis
factor-alpha (TNFA) with primary immune thrombocytopenia among Caucasian adults. Hematology. 2011;16(4):243-248.

116. ZhanY, Hua F, JiL, et al. Polymorphisms of the IL-23R gene are associated with primary immune thrombocytopenia but not with the clinical outcome of
pulsed high-dose dexamethasone therapy. Ann Hematol. 2013;92(8):1057-1062.

117. LiH, Nickerson LD, Xiong J, et al. Absence of association of interleukin-18 gene polymorphisms with primary immune thrombocytopenia in a Chinese
Han population. Neuroimage. 2014;98(8):537-546.

118. LiH, Zhou Z, Tai W, et al. Decreased frequency of IL-17F rs763780 site allele G is associated with genetic susceptibility to immune thrombocytopenia
in a Chinese population. Clin App! Thromb Hemost. 2017;23(5):466-471.

119. El Ghannam D, Fawzy IM, Azmy E, Hakim H, Eid I. Relation of interleukin-10 promoter polymorphisms to adult chronic immune thrombocytopenic
purpura in a cohort of Egyptian population. Immunol Invest. 2015;44(7):616-626.

120. Yadav DK, Tripathi AK, Kumar A, et al. Association of TNF-o -308G>A and TNF-p +252A>G genes polymorphisms with primary immune
thrombocytopenia: a North Indian study. Blood Coagul Fibrinolysis. 2016;27(7):791-796.

121. Yadav DK, Tripathi AK, Gupta D, et al. Interleukin-1B (IL-1B-31 and IL-1B-511) and interleukin-1 receptor antagonist (IL-1Ra) gene polymorphisms in
primary immune thrombocytopenia. Blood Res. 2017;52(4):264-269.

122. Nomura S, Abe M, Yamaoka M, lto T. Effect of cytokine gene polymorphisms on eltrombopag reactivity in Japanese patients with immune
thrombocytopenia. J Blood Med. 2021;12:421-429.

123. Xu J, Huang Y, Tao J, et al. An FcgammaRllb transmembrane polymorphism in Chinese ITP patients. Platelets. 2010;21(6):479-485.

124. XulJ, Zhao L, Zhang Y, Guo Q, Chen H. CD16 and CD32 gene polymorphisms may contribute to risk of idiopathic thrombocytopenic purpura. Med Sci
Monit. 2016;22:2086-2096.

@ blood advances 25 juLy 2023 - VOLUME 7, NUMBER 14 GENETIC POLYMORPHISMS IN ADULT ITP 3723

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en julio 19, 2023.
Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.


http://refhub.elsevier.com/S2473-9529(23)00188-X/sref98
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref98
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref98
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref99
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref99
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref100
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref101
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref101
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref102
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref102
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref103
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref103
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref104
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref104
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref105
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref105
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref106
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref107
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref107
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref108
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref108
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref109
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref109
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref110
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref110
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref111
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref111
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref112
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref112
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref113
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref113
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref114
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref114
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref114
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref115
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref115
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref116
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref116
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref117
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref117
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref118
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref118
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref119
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref119
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref120
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref120
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref120
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref120
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref121
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref121
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref122
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref122
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref123
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref124
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref124

125. Basciano PA, Bussel J, Hafeez Z, Christos PJ, Giannakakou P. The beta 1 tubulin R3807H single nucleotide polymorphism is associated with treatment
failures in immune thrombocytopenia (ITP). Br J Haematol. 2013;160(2):237-243.

126. Tian H, Xu W, Wen L, et al. Association of PTPN22 SNP1858 (rs2476601) and gene SNP1123 (rs2488457) polymorphism with primary immune
thrombocytopenia susceptibility: a meta-analysis of case-control studies and trial sequential analysis. Front Genet. 2022;13:893669.

3724 GEORGI et al 25 JULY 2023 - VOLUME 7, NUMBER 14 & blood advances

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en julio 19, 2023.
Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.


http://refhub.elsevier.com/S2473-9529(23)00188-X/sref125
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref125
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref126
http://refhub.elsevier.com/S2473-9529(23)00188-X/sref126

	Deciphering the genetic basis of immune thrombocytopenia: current evidence for genetic predisposition in adult ITP
	Introduction
	Literature search
	Polymorphisms in cytokine and cytokine receptor genes
	Polymorphisms in genes regulating T-cell activity
	FcγR polymorphisms

	Genetic variants in miscellaneous genes
	Genome Wide Association Studies
	Current challenges and future directions
	Authorship
	References


