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Abstract

The pathogenesis of chronic refractory immune thrombocytopenia (C/RITP) is mechanistically complex and considerably varies
across patients. Few studies have focused on the genetic characteristics of C/RITP in children. The aim of this study was to ana-
lyze and summarize the clinical manifestations and genetic characteristics of C/RITP children with mutations in immune-related
genes. In the study, 51 children with variants in immune-related genes (mutation group) and 103 children with no abnormal
mutations (control group) were enrolled. Children in the mutation group showed severity of hemorrhage, a higher incidence
of abnormal immunological indices, and an increased expression of SLE biomarkers. The number of peripheral T and B lympho-
cytes in the mutation group significantly increased. Nine patients (17.6%) had probable pathogenic variant genes associated with
primary immunodeficiencies (TNFRSFI3B, CARD I I, CBL, and RAG2), and 42 patients (82.4%) had variants of uncertain significance
in 23 genes. C/RITP patients with variants in immune-related genes had more severe bleeding, abnormal immunological indices,
and an increased expression of SLE biomarker. Next-generation sequenciong (NGS) might be a useful way to differentiate those

patients from C/RITP.
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Introduction

Immune thrombocytopenia (ITP) is an acquired hemorrhagic
autoimmune disease. However, because of its complex, heteroge-
neous pathogenesis, its mechanistic cause remains unclear.
Various studies have reported that ITP results from a mixture
of genetic and acquired factors.! ITP is a self-limiting disease
with good prognosis, and the extent of bleeding in children is
usually mild.>™* Only 20% children eventually develop chronic
ITP (CITP) or refractory ITP (RITP)." The presence of platelet
autoantibodies is used to diagnose classical ITP. T lymphocytes
and B lymphocytes play an important part in the initiation and
maintenance of C/RITP. T lymphocyte abnormalities in C/
RITP have been demonstrated, such as unbalance of Th1/Th2
ratios, decrease in T-regulatory cells, and increase in Th17 and
Th22 cells.””’ Moreover, autoimmune disorders, such as sys-
temic lupus erythematosus, antiphospholipid antibody syndrome,
and rheumatoid arthritis are prone to developing ITP.® Therefore,
detection of relevant immunological indices is particularly

important for C/RITP patients, such as SLE biomarkers (antinu-
clear antibodies titer), antinuclear antibodies, antidouble-stranded
DNA antibody, anti-ENA antibodies, anticardiolipin antibody,
and rheumatoid factor. One study found that some chronic ITP
children have a positive family history of ITP.’ There is also evi-
dence for a genetic predisposition to ITP, which might in part lie
within immune-related genes.'°

However, few studies have focused on the clinical features and
genetic basis of C/RITP children with mutations in
immune-related genes. To date, studies have not compared C/
RITP in children with and without mutations in immune-related
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Figure |. Summary of inclusion patients.

The numbers in brackets represent patients with complete clinical data.

genes. In this study, we retrospectively screened the high-
throughput next-generation sequencing (NGS) data of children
with C/RITP. Notably, we found significant differences in the
clinical outcomes of C/RITP children with immune-related muta-
tions compared to children without detectable genetic
abnormalities.

Materials and Methods

Patients

We retrospectively evaluated the NGS data of 252 C/RITP chil-
dren from March 2016 to March 2019 in our medical center. In
total, 40 patients out of 252 patients with C/RITP were diagnosed
with hereditary thrombocytopenia, 140 patients without any
identified genetic defect, and 72 patients with a high frequency
of gene mutation. According to the NGS data, we divided the
72 patients to two groups, immune-related gene mutation
group and non immune-related gene mutation group (Figure 1).

In the study group, 51 patients with immune-related gene
mutation of 72 patients with a high frequency gene mutation
were included (Figure 1). The inclusion criteria were as
follows: We enrolled children with (1) clinically relevant
gene variants associated with thrombocytopenia and/or autoim-
mune diseases, as determined by NGS, especially those affect-
ing proteins predicted to be “harmful” or mutations in genes
located in key protein domains. (2) A mutation that was a het-
erozygous mutation of an autosomal dominant inheritance or a
complex heterozygous mutation of autosomal recessive inheri-
tance, but the pathogenicity of the mutation was uncertain sig-
nificance (usually an uncommon mutation without prior
literature report). Additionally, 103 patients with complete

clinical data out of 140 patients without any identified genetic
defect were included in the control group.

We recorded the relevant clinical data including the sex, age,
predisposing factors, location of hemorrhage, severity of hem-
orrhage, blood count results, serum immunoglobulin levels,
immune parameters, type of treatment, treatment response,
and death. The response criteria were defined according to the
consensus of Chinese experts.!' The severity of hemorrhage
was recorded according to the score sheet developed by
Buchanan.'> We also collected the data from the parents of
patients and follow up.

The study was conducted according to the Declaration of
Helsinki. The parents of all patients provided informed
consent, and this study was approved by the Ethical
Committee of Beijing Children’s Hospital.

Genetic Analysis

DNA samples were isolated from whole blood using a DNA
extraction kit (Qiagen, China). Targeted genes associated with
thrombocytopenia and/or autoimmune diseases were selected
using a gene capture strategy and a GenCap custom enrichment
kit (MyGenostics, China). The immune-related genes are as
follows: TNFRSF13B, CARDI1I, CBL, RAG2, AIRE, CIR,
LAT, LRBA, CASP10, CD40LG, CTLA4, FASLG, CATA2,
IFIH2, IL2KG, JAK2, LZTRI, NHEJI, NLRPI, NLRP2,
NLRP12, PIK3CD, PIK3RI, and PLCG2. The NGS panel
was designed according to the Human Gene Mutation
Database (HGMD). The biotinylated capture probes were
designed to tile all the exons without any repeated regions.
The captured DNAs were eluted, amplified, and purified. The
enriched libraries were sequenced for 150-bp paired-end reads
using [llumina HiSeq X Ten.
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The raw data were saved in the FASTQ file format. Illumina
sequencing adapters and low-quality reads (<80 bp) were filtered
using Cutadapt. Clean reads were aligned to the University of
California Santa Cruz hgl9 human reference genome using the
Burrows—Wheeler Alignment tool (BWA,V.0.7.3). Duplicated
reads were removed using Picard. Insertions, deletions, and
single-nucleotide polymorphism variants were detected and fil-
tered using a Genome Analysis Toolkit. Then, the identified var-
iants were annotated using ANNOVAR (ANNOtate VARiation).
The pathogenicity of mutations was assessed according to the
American College of Medical Genetics and Genomics (ACMG)
guidelines. All the genetic results and pathogenicity analysis
were verified by three genetics experts and two clinicians.

Statistical Analysis

Statistical analysis was performed using SPSS software. All the
data are reported as mean +standard deviation (SD) or as

Table 1. Clinical Characteristics of the 154 Patients With C/RITP.

frequency and percentage. Where appropriate, student’s st-tests,
x* testing, or Fisher exact test were performed for comparisons
between controls and patients with immune-related mutations.

Results

In total, we identified 252 C/RITP patients who were to be eval-
uated for a cause by NGS. 72 patients with a high frequency of
gene mutation cannot be diagnosed with hereditary thrombocy-
topenia. We divided the 72 patients into immune-related gene
mutation group and non immune-related gene mutation
group. We focused on the clinical features and genetic basis
of 51 patients with immune-related gene mutation. 103 patients
with complete clinical data of 140 patients without any identi-
fied genetic defect were included in the control group
(Figure 1). The complete demographics and clinical character-
istics are shown in Table 1, and the information about mutant
genes is shown in Table 2.

Mutation group Control group P, mutation group

N=5I N=103 versus control group

Median age at the initial onset of thrombocytopenia (min-max), y 4.9 (0.16-12.64) 4.3 (0-12.96)
Sex ratio (female/male) 0.6 (19/32) 0.9 (48/55) 0.271
Median time from first thrombocytopenia to therapy (min-max), y | (0.08-8.00) I (0-10.17)
Predisposing factors, %(n)

Infections 45.1 (23/51) 42.7 (44/103) 0.779

others 0 (0/51) 16.5 (17/103)

No 54.9 (28/51) 40.8 (42/103) 0.098
Location of hemorrhage, %(n)

Skin only 64.7 (33/51) 45.6 (47/103) 0.026

Mucosal 23.5 (12/51) 41.8 (43/103) 0.026

Gastrointestinal 2 (1/51) 5.8 (6/103) 0.426

Intracranial 0 (0/51) 1.9 (2/103) 0.241

No 9.8 (5/51) 4.9 (5/103) 0.193
Severity of hemorrhage®, %(n)
22 62.7 (32/51) 32 (33/103) <0.0001
Absolute platelet count before therapy (x 10%/L, mean + SD) 27.8+3.2 (51/51) 25.5+2.1 (103/103) 0.525
Absolute T lymphocyte count (x 10°/L, mean + SD) 2184 +285.3 (31/51) 786+ 196.6 (52/103) <0.0001
Absolute B lymphocyte count (x 10%/L, mean + SD) 644 +153.8 (32/51)  222+54.6 (51/103) 0.003
Abnormal immune parameters, %(n) 66.7 (34/51) 35.9 (37/103) <0.0001
Median no. of abnormal immune parameters® (min-max) 2 (0-4) 0 (0-4) 0.001
SLE biomarker<, %(n) 25.5 (13/51) 7.8 (8/103) 0.003
Serum immunoglobulin level (g/L, mean + SD)

IgA 1.2+0.2 (49/51) I +£0.1 (103/103) 0.313

IgG 11.7+0.7 (49/51) 12.8+0.6 (103/103) 0.277

IgM 1.8+0.9 (49/51) I.1+£0.04 (103/103) 0.208
Immunosuppressive therapy-effective, %(n) 93.8 (45/48) 96.9 (94/97) 0.398
First-line therapy, %(n) 75 (36/48) 80.4 (78/97) 0.52
Second-line therapy, %(n) 24.5 (12/48) 19.6 (19/97) 0.494
Deaths, %(n) 0 0

Severity of hemorrhage: refer to the score sheet of Buchanan.

®Abnormal immune parameters: . Insulin autoantibody. 2. Thyroid autoantibody. 3. Alexin 4. Anti-nuclear antibodies, Anti-double-stranded DNA
antibody. 5. Anti-ENA antibodies. 6. Lupus anticoagulant. 7. Anti-beta 2 glycoprotein antibody, Anti-cardiolipin antibody. 8. erythrocyte sedimentation

rate. 9. Rheumatoid factor.

SLE biomarkers: antinuclear antibodies titer >1/160 on 2 separate samples, isolated significant auto-antibodies.
Abbreviations: SLE, systemic lupus erythematosus; IgA, immunoglobulin A; IgG, immunoglobulin A; IgM, immunoglobulin M.
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Table 2. Genetic Results of 5| Patients With C/RITP.

Gene(no. of Protein level Source
patients) Exon cDNA mutation mutation Zygosity Pathogenic analysis variation
TNFRSFI3B (8)  exon5 (4) ¢.704_705del (3) p-P235Rfs*169 (3) Heterozygous (8) Probably Mather (4)
pathogenic (6)
CARDI | exon3 (4) c226G>A (2) p-G76S (2) Uncertain (2) Father (1)
c.355delA (1) p-RI19Gfs*35 (1)
c251G>C (I) p.R84 T (1)
c.649G>A (1) p.G217S (1)
CARDI | (7) exon5 (1) c.680T>G (I) p-L227R (I) Heterozygous (7) Probably Spontaneous
pathogenic (1) (N
exon23 c.3059C>T (1) p-S694L (2) Uncertain (6)
)
exonl6é c2081C>T (I) p-R377Q (I)
2)
exon8 (I) c.l130G>A (1) p.R967C (2)
exon22 c2899C>T (1) p-R608H (1)
(1)
exonl5 c.1823G>A (I)
(1)
exon9 (1) c.I259G>T p-R420L Heterozygous (3) Probably Spontaneous
pathogenic (1) (N
exon2 (1) <c203G>A (I) p-R68Q (1) Uncertain (2) Father (1)
exonlé c2612A>T (1) p.Y87IF (1)
)
RAG2 (1) exon2 c.758C>T p.P253L Heterozygous Probably
pathogenic
AIRE (2) exonl | c.1303G>A (I) p-G435R (1) Heterozygous (2) Uncertain (2)
)
exon5 (1) ¢599C>T (I) p-P200L (I)
CIR (2) exon3 (I) c42443G>C(2) splicing (1) Heterozygous (2) Uncertain (2)
exonl | p-P82L (1)
)
LAT (1) exon4 c245C>T p-M759L Heterozygous Uncertain
LRBA (1) exon9 p.T1020M p.T1020M Heterozygous Uncertain
CASP10 (1) exon2 c6IC>T p-R2IC Heterozygous Uncertain Father (I)
CDA40LG (I) exonl| cI56+7T>A splicing Homozygous Uncertain
CTLA4 (2) exon3 (2) c563A>G (2) p-KI88R (2) Heterozygous (2) Uncertain (2) Father (2)
FASLG (1) exon| c28C>T p.P10S Heterozygous Uncertain Mather
GATA2 (1) exon3 c856G>T p-A286S Heterozygous Uncertain Mather
IFIHI (2) exonl (2) ¢307C>T (1) p.P103S (1) Heterozygous (2) Uncertain (2)
c.448_453delAACCGG p.150_151delNR (1)
(1)
IL2KG (2) exon4 (1) c511G>C (1) p-EI71Q (1) Heterozygous (1) Uncertain (2) Mather (1)
exon3 (I) ¢332T>C () pATTT () Homozygous (1)
JAK2 (1) exon25 c3259 to 3T>C splicing Hemizygous Uncertain Mather
LZTRI (1) exonl4 cI561T>A p-F5211 Heterozygous Uncertain
NHEJI(I) exon3 c329G>C p.SHIOT Heterozygous Uncertain
NLRPI (1) exon4 c.1279T>C p.C427R Heterozygous Uncertain
NLRP2 (2) exon8 (1) ¢.2268_2269del (I) p-V757Nfs*9 (I) Heterozygous (2) Uncertain (2)
exonl3 c3178T>G (I) p.-F1060 V (1)
(1)
NLRPI12 (4) exon4 (2) c.2185G>C (2) p.-G729R (2) Heterozygous (4) Uncertain (4)
exon3 (2) c.1870_1872delGAG (1)  p.624delE (1)
c.1022C>T (1) p.-T3411 (I)
PIK3CD (1) exon5 c412G>A p.-DI138N Heterozygous Uncertain
PIK3R1 (1) exon2 cl4G>T p.G5V Heterozygous Uncertain
PLCG2 (4) exon2l| c2307+9C>A (1) splicing (1) Heterozygous (4) Uncertain (4) Mather (1)
(1)

(continued)
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Table 2. (continued)

Gene(no. of Protein level Source
patients) Exon cDNA mutation mutation Zygosity Pathogenic analysis variation
exonl5
(1) c.1363 to 9T>C (I) splicing (1)
exon27 c.2966G>A (1) p.G989E (1)
@
c.2882C>T (1) p.T961M (1)

Clinical Characteristics

No significant difference was observed in the mean platelet count
before therapy across groups. However, we found that the hem-
orrhage of patients was more severe in the mutation group
(Figures 2A and 2B). Infections occurred in 45% of the mutation
group and in 43% of the control group, a nonsignificant differ-
ence. Next, we compared the patients’ immunological indices,
such as insulin autoantibody, thyroid autoantibody, alexin, anti-
nuclear antibodies, antidouble-stranded DNA antibody,
anti-ENA antibodies, lupus anticoagulant, anti-beta 2 glycopro-
tein antibody, anticardiolipin antibody, erythrocyte sedimenta-
tion rate, and rheumatoid factor in the two groups. The patients
in the mutation group had a higher incidence of abnormal immu-
nological indices (Figure 2D) and an increased expression of
SLE biomarkers (P =0.003). The number of peripheral T and
B lymphocytes in the mutation group significantly increased
(Figure 2C). No significant difference was observed in the total
immunoglobulin serum level between the two groups.

Immunosuppressive Therapy

No significant difference in immunosuppressive therapy-effective
was observed between the two groups. Then, we compared the
second-line therapeutic choice between the two groups. 45 chil-
dren (out of 48 children, 94%) needed immunosuppressive
therapy in the mutation group, and 12 of those cases required
further second-line treatment. Similarly, in the control group, 94
children (out of 97 children, 97%) needed immunosuppressive
therapy, and 19 cases needed second-line treatment, a nonsignifi-
cant difference.

Genetic Analysis

A total of nine cases had probably pathogenic mutations in four
genes (TNFRSF13B, CARDII, CBLI, RAG2). Another 42
cases had variants of uncertain significance in 23 genes
(AIRE, CIR, LAT, LRBA, CARDI11, CASP10, CBL, CD40LG,
CTLA4, FASLG, GATA, IFIHI, IL2KG, JAK2, LZIRI,
MHEJI, NLRPI, NLRP2, NLRPI2, PIK3CD, PIK3R,
PLCG2, and TNFRSF13B). In the mutation group, 49 patients
had autosomal heterozygous mutations, and two patients had

autosomal homozygous mutations either in CD40LG (n=1)
or [L2KG (n=1). Nine patients had variants in six genes
(CTLA4, CBL, LRBA, RAG2, PIK3CD, and FASLG) known
to be implicated in primary immunodeficiencies.'*™'® Eight
patients had a variant in a gene (TNFRSF[3B) that has previ-
ously been shown to predispose individuals to familial or spora-
dic ITP." A total of 34 patients had mutations in 17 genes that
are known to be immune related. However, no studies previ-
ously reported a role of these genes in immunodeficiency or
autoimmune disease.

Two of the variants were spontaneous mutations (CARDI1
and CBL). Nine children had a set of six variants
(TNFRSF13B, FASLG, GATA2, IL2KG, JAK2, and PLCG2)
inherited from their mothers, and five children had a set of
four variants (TNFRSF'13B, CASP10, CBL, and CTLA4) inher-
ited from their fathers. However, none of the parents of those
children had immunodeficiency or autoimmune disease.

Discussion

This retrospective study focused on identifying differences
between the two observed groups of pediatric patients with C/
RITP:1) patients with mutations in immune-related genes that
could not be diagnosed with hereditary thrombocytopenia and
2) patients without any detected genetic abnormalities.

We found that, compared with the control group, children
with mutations in immune-related genes had more severe bleed-
ing. Further, the incidence of abnormal immune phenotype was
higher in the mutation group, such as the findings of increased
peripheral T and B lymphocytes, a higher incidence of abnormal
immunological indices, and an increased expression of SLE bio-
markers. Self-tolerance is typically maintained by a combination
of central tolerance and peripheral tolerance.”*>* This type of
analysis of immune-related genes can provide a wealth of infor-
mation about the mechanisms of autoimmune-related diseases.
The increased risk of various abnormal immune phenotypes in
the mutation group might indicate a genetic predisposition
toward immunodeficiencies. However, the identification of spe-
cific mechanisms is a topic for future research. Patients in the
mutation group experienced an earlier onset of immune abnor-
malities. In principle, this suggests that they require more fre-
quent immunosuppressive therapy and use of second-line
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treatments, and these children would be expected to have worse
prognosis. To our surprise, no significant difference was
observed in the frequency of immunosuppressive therapy
across the two groups. This may be due to the relatively small
number of patients who underwent immunosuppressive therapy
in our study.

In this study, we found that some children with C/RITP had
variants in immune-related genes that were predicted to be prob-
ably pathogenic. According to our inclusion criteria, we need the
variants of uncertain significance in the pathogenicity, but the
nine cases cannot be diagnosed with hereditary thrombocytope-
nia, gene variants associated with thrombocytopenia, and/or
autoimmune diseases, so we included these patients. However,
we found some variants of genes in primary immunodeficiencies,
including CTLA4, LRBA, PIK3CD, RAG2, and CBL. PLCG2
mutations have been reported to be involved in autoinflammatory
disease with immunodeficiency.>*®* CARDII mutations have
been reported to cause primary immune disorder and even
severe combined immune deficiency.?’® In our cohort, we iden-
tified a number of C/RITP patients with variants in
autoimmunity- or immunodeficiency-related genes. However,
no parents of those children had immunodeficiency or autoim-
mune disease. Some studies have confirmed that the clinical
manifestations of diseases might occur many years later."?
Therefore, according to the current data, we supposed that hetero-
zygosity for the identified probable pathogenic mutations may
not cause disease. The homozygous mutations in CD40LG and
IL2KG were variants of uncertain significance, but the pedigree
validation needs to be verified. Meanwhile, the variants of uncer-
tain significance in genes previously reported to predispose to
ITP or to be in genes related to autoimmunity/immune disease
were still the variants of uncertain significance in this cohort.

This study found that C/RITP patients with variants in
immune genes had more severe bleeding, as well as a greater fre-
quency of abnormal immunological indices and an increased
expression of SLE biomarkers. The NGS panel was based on
the updated HGMD in our study. Therefore, NGS might be an
applicable and useful way to differentiate those patients from
C/RITP. Rivalta et al.®® showed that NGS evolved into a
routine application in evaluating primary immune deficiency
disease in patients with autoimmune cytopenia. Ma etal. found
that NGS could be applied earlier in the differential diagnosis
for suspicious common variable immunodeficiency (CVID) in
children with ITP.*° Because our targeted genes are associated
with thrombocytopenia and/or autoimmune diseases, physicians
should differentiate those patients from the primary immune defi-
ciency disease, such as CVID.

Our study has several important shortcomings. First, this study
is a small, single-center, retrospective study. Second, owing the
technical defects, most of the patients’ mutations had no protein
prediction, and pedigree validation was not performed.

Conclusion

C/RITP patients with variants in immune genes had more
severe bleeding, as well as a greater frequency of abnormal

immunological indices and an increased expression of SLE bio-
markers. NGS might be beneficial for the early diagnosis of
those patients from children with C/RITP. The findings of
this study might have implications for future large-scale, multi-
center studies on the pathogenesis and diagnosis of those pedi-
atric C/RITP.
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