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Abstract
To study the genetic characteristics of primary hemophagocytic lymphohistiocytosis (pHLH) in China, we investigated the
genetic data and clinical features of Chinese HLH patients. We retrospectively reviewed the genetic and clinical data of patients
with HLH from November 2015 to June 2018. As a result, 26 patients were diagnosed with pHLH. The median age at diagnosis
was 2.8 years (range 0.1–13.7 years). The probable overall survival at 12 and 24 months was 87.6% and 62.6%, respectively.
Mutations in PRF1 (38.4%) andUNC13D (26.9%) were the most common genetic abnormalities. Furthermore, we identified 19
novel mutations that had not been previously reported and were predicted to likely be pathogenic. In addition to HLH-associated
genes, there were 27 other genes identified. Genotype-phenotype analysis showed that patients with disruptive mutations were
significantly younger at diagnosis than those with other mutation types (2.9 years vs. 6.4 years,P = 0.036). Familial HLH patients
were more prone to central nervous system involvement and seizures compared with other patients (83.3% vs. 37.5%, P = 0.019;
55.6% vs. 12.5%, P = 0.04, respectively). In summary, numerous new mutations in HLH-related genes and other genes were
identified in Chinese children with pHLH. Significantly, disruptive mutation types were more likely to be found in younger
patients, and familial HLH patients tended to exhibit central nervous system involvement and seizures.
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Introduction

Hemophagocyt ic lymphohist iocytosis (HLH), or
hemophagocytic syndrome, is a rare and fatal disorder charac-
terized by continuous activation of monocytes/macrophages,
cytotoxic T cells, and natural killer (NK) cells. These
overactivated cells can secrete a multitude of cytokines,
resulting in uncontrolled hypercytokinemia and injury [1, 2].
There are two different types of HLH: primary HLH (pHLH),
also known as inherited HLH, and secondary or acquired HLH.
Primary HLH includes familial HLH (FHL), primary
immunodeficiency-associated HLH, and EBV-driven HLH.
FHL can be further divided into FHL2, FHL3, FHL4, and
FHL5 according to the different causative genetic defects, such
as PRF1, UNC13D, STX11, and STXBP2, respectively.
However, no gene has yet been associated with FHL1 [3].
Mutations in the RAB27A, LYST, and AP3B1 genes, found in
Griscelli syndrome type II, Chediak-Higashi syndrome, and
Hermansky-Pudlak syndrome type II, respectively, impair in-
tracellular granule trafficking, resulting in both pigmentary ab-
normalities and defective cytotoxicity. In addition, EBV-driven
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pHLH can be found in patients with SH2D1A, BIRC4, ITK,
CD27, and MAGT1 mutations [3].

Significant improvements in pHLH patient survival have
been achieved in the last two decades, due to the improved
diagnostic criteria and treatment protocols (HLH-94 or HLH-
2004) established by the International Histiocyte Society [1].

To date, the correlation between genetic characteristics and
clinical features in pediatric pHLH has not been fully investi-
gated. There had been no large cohort study in Chinese pedi-
atric pHLH. In the present study, we conducted a large cohort
analysis of genetic and immunological findings in children
with pHLH, to clarify the genetic characteristics of Chinese
pediatric pHLH.

Patients and methods

Patients

Patients with HLH underwent genetic and immunological
tests (including the determination of natural killer (NK) cell
cytolysis activity and CD107a on NK cells and cytotoxic lym-
phocytes (CTL)) at the Hematology Oncology Center of
Beijing Children’s Hospital from November 2015 to
June 2018. The patients came from nonconsanguineous fam-
ilies. Clinical data including demographic characteristics,
family history, and treatment outcomes were collected. The
patients were treated according to either the HLH-94 or
HLH-04 protocol. Written informed consent was obtained
from the parents, and the study was approved by the Beijing
Children’s Hospital Ethical Committee.

Molecular studies

In all HLH patients, nucleotide sequencing of a panel of 726
immunodeficiency-associated genes (supplementary Table 1)
was performed on the Illumina HiSeq 2000 platform
(Illumina, USA). For mutations in pHLH-related genes, in-
cluding PRF1, UNC13D, STX11, STXBP2, LYST, AP3B1,
RAB27A, SH2D1A, BIRC4, CD27, ITK, andMAGT1, we ver-
ified the inherited genes by Sanger sequencing. The pathoge-
nicity of single-nucleotide polymorphisms was predicted with
SIFT databases and Polyphen2 [4, 5]. To verify whether a
pathogenic variant has been previously reported, information
was obtained from the Human Gene Mutation Database
(http://www.hgmd.cf.ac.uk/ac/index.php) or the Clinvar
database (https://www.ncbi.nlm.nih.gov/clinvar/).

Functional analysis of T cells and NK cells

The functions of NK cells and CTLs were assessed with flow
cytometry (FACSCalibur flow cytometer, BD Biosciences,
USA) in pHLH patients. The analyses included the

determination of NK cell activity, CD107a degranulation as-
says, and expression analysis of related proteins such as
perforin, granzyme, signaling lymphocytic activation mole-
cule associated protein (SAP), and X-linked inhibitor of apo-
ptosis protein (XIAP) [6].

Definition

The clinical diagnosis of HLH is based on the HLH-2004
diagnostic criteria. It includes fever, splenomegaly, cytopenias
affecting ≥ 2 lineages, hypertriglyceridemia, and/or
hypofibrinogenemia, hemophagocytosis (bone marrow,
spleen, or lymph nodes), low or absent NK cell activity, ferri-
tin ≥ 500 μg/L, and sCD25 (sIL2Rα) ≥ 2400 U/mL. These
criteria (five of eight must be met) were utilized for the diag-
nosis of HLH. Primary HLH was defined as the presence of
HLH-related genes and/or a family history in patients in the
absence of secondary causes of HLH, such as infectious, ma-
lignant, or autoimmune triggers [1, 2, 6–8].

Central nervous system (CNS) involvement was defined as
abnormal neuroradiological imaging and/or cerebrospinal flu-
id and/or the presence of neurological symptoms [9–11]. The
abnormal brain imaging results included hemorrhage, high–
signal intensity lesions, leptomeningeal enhancement, en-
largement of ventricles, severe atrophy, or calcifications in
magnetic resonance imaging. The neurological symptoms in-
cluded coma, seizures, hemiplegia, ataxia, somnolence,
tetraparesis, or meningeal irritation.

Overall survival (OS) was defined from the date of diagno-
sis through the date of death for any reason. The last follow-up
was carried out in June 2018.

Statistics

SPSS version 20.0 (IBM, Armonk, USA) was used for all
statistical analyses of the data. The t test was used to determine
the differences between two numerical variables obeying nor-
mal distribution between two groups. Pearson’s chi-square test
was used to determine whether there was a difference in qual-
itative variables between groups. OS was estimated by
Kaplan-Meier survival analysis and compared with the log-
rank test. The results were considered to be statistically sig-
nificant at P < 0.05.

Results

General information of the pHLH patients

Twenty-six patients with HLHwere diagnosed with pHLH, as
shown in Table 1. In our cohort, there were 14 boys and 12
girls, with a male:female ratio of 1.17: 1. The median age at
diagnosis was 2.8 years (range, 0.1–13.7 years). Ten patients
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had affected siblings. Collectively, twenty children survived
with or without active disease; six patients died due to disease
progression or complications, such as infection. The probabil-
ity of overall survival (OS) at 12 and 24 months after pHLH
diagnosis was 87.6% and 62.6%, respectively (Fig. 1).

Mutations in HLH-related genes

Gene mutations in HLH-related genes were detected in 26
children (Table 1). Generally, mutations in PRF1 (10/26,
38.4%), UNC13D (seven out of 26, 26.9%), and XIAP (four
out of 26, 15.3%) were common in the pHLH patients. In the
present study, mutations were not found in the STX11, AP3B1,
RAB27A, CD27, or MAGT1 genes (Fig. 2, Table 1).
Compound heterozygous pathogenic mutations were found
in 18 patients (PRF1 in 10, UNC13D in 6, LYST in 1, and
ITK in 1). Hemizygous pathogenic mutations in SH2D1A and
BIRC4were detected in 6 patients and were inherited from the
patients’ mothers, as indicated by Sanger sequencing.

Altogether, there were 37mutation sites with possible path-
ogenicity predicted by SIFT and Polyphen2 software. Among
these mutation sites, 13 and 12 mutations were located in
PRF1 and UNC13D, respectively. Further analysis indicated
19 mutations that likely lead to pathogenic consequences but
had not been reported elsewhere (see Table 1, asterisk). This
result indicated the existence of 19/37 likely pathogenic mu-
tations that had not been previously reported. Additionally, 18
mutations that had been previously reported as pathogenic
were found in our study, as shown in Table 1 and supplemen-
tary Table 2 (including the listed reference articles). Notably,
the aforementioned 19 new gene mutations were not only
possible pathogenic sites predicted by SIFT and Polyphen2
software but were also clinically relevant and deleterious.

Among the 19 novel mutations, five mutations, in PRF1
(c.1450G>A, P1 and c.218C>T, P5), ITK (c.85C>T and
c.243+1G>A, P20), and STXBP2 (c.497C>T, P18), were

proven to be associated with a family history, as affected sib-
lings who were characterized by HLHmanifestation died after
birth without genetic testing and timely diagnosis and treat-
ment. Fourteen mutations were detected in patients with com-
pound heterozygous mutations or hemizygous mutations in
the HLH-related genes. These sites involved were located in
PRF1 (c.65 delC, c.1535T>G, c.394G>A),UNC13D (c.1978-
1979insATTACCG, c.3049G>A, c.596+5G>A, c.2077C>T,
m.284C>A), LYST (c.377del), BIRC4 (c.589C>T, c.1253-
1256delAGAA, c.813delT, exon 4, and exon 5 deletion),
and SH2D1A (c.3G>A). These molecular defects were asso-
ciated with decreased CD107a expression or NK cell activity
or corresponding protein defects, as shown in Table 1.

Among the 18 mutations that were found in pHLH patients
and were reported in other studies (shown in supplementary
Table 2), the most common mutation was c.1349C>T in
PRF1, appearing in the 6 patients with FHL2 (P1, P2, P4,
P7, P8, and P9). Among these 18 mutations, nine mutations
were detected in patients with a family history, and nine mu-
tations were detected in patients with compound heterozygous
mutations or hemizygousmutations in the HLH-related genes.
These mutations were accompanied by impaired CD107a ex-
pression, decreased NK cell activity, or corresponding protein
defects in the patients.

Other gene mutations detected in children with pHLH

Interestingly, 27 genes (affiliated with immunodeficiency-
associated gene panels) that were not common HLH-related
genes were detected in patients with pHLH. Notably, there
were 4 genes in which mutations were found in more than 2
patients, including TFR2, PMS2, DNMT3B, and SPTA1, as
shown in Table 2. The above gene-related pathways are main-
ly shown in Table 2. They included the cytokine signaling
pathway, DNA double-strand break repair pathway, DNA
methylation pathway, and the iron metabolism in placenta
pathway. Specifically, compound heterozygous mutations in
SPTA1were detected in P1. P14 exhibited a family history and
presented heterozygous mutations in UNC13D. It is widely
accepted that HLH is an autosomal recessive inheritance dis-
order. It is possible that intron mutations in UNC13D or syn-
ergistic pathogenicity in other gene mutations remain to be
recovered in P14. Other unknown genes may be involved in
the pathogenesis of HLH, which is currently being examined
in patients.

Correlation between genotypes and clinical features

To determine whether the genotype was related to phenotype
of pHLH patients, we further studied the clinical characteris-
tics of our cohort of pHLH patients. In this study, compound
heterozygous mutations and hemizygous mutations in
SH2D1A and BIRC4 were found in 18 and 6 patients,
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Fig. 1 Overall survival of 26 patients with primary hemophagocytic
lymphohistiocytosis in China
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respectively. These 24 patients were divided into 2 groups:
group 1 was composed of 16 patients with disruptive muta-
tions, including indels, deletions, nonsense mutations, and
splice errors [2]; the others were classified as group 2. The
average age of group 1 was significantly younger than that of
group 2 (2.9 years vs. 6.4 years, F = 3.719, P = 0.036). For
example, P11 (belonging to group 1) exhibited two destructive
mutations of UNC13D (c.2448-13G>A, c.118-308C>T), and
the age at onset was also the earliest (15 days after birth).

All pHLH patients were divided into the FHL (including
FHL2, FHL3, and FHL5, n = 18) and non-FHL groups (n =
8), as shown in Table 1. There was a significant difference in
the incidence of CNS involvement between these two groups
(83.3% vs. 37.5%, χ2 = 5.462, P = 0.019). Additionally, we
found that the incidence of seizure was also different in these
two groups. There were 10 (55.6%, 8, 2 with FHL2, and
FHL3, respectively) and 1 (12.5%, 1 with BIRC4) patients
who experienced seizures in the FHL and non-FHL groups,
respectively (χ2 = 4.206, P = 0.04).

Discussion

This study revealed that mutations in the PRF1 and UNC13D
genes were predominant in Chinese children with pHLH, sim-
ilar to the results from Italian, Turkish, and Korean groups [8,
12, 13]. In addition, this study discovered 19 novel mutations
in HLH-associated genes, most of which were predicted to be
deleterious to protein function. Further pedigree analysis and
functional studies would verify the pathogenicity of these mu-
tations. These studies would benefit from progress in the con-
struction of cell and animal models of HLH [14] and from
gene-editing technology, such as clustered regularly
interspaced short palindromic repeats (CRISPR) technology
[15]. Alternatively, these results indicate the need for the de-
velopment of detection methods for these and other novel or
nonhotspot mutations in future clinical studies in addition to
hotspot mutations.

It was noteworthy that genetic data were acquired from
only 726 immunodeficiency-associated genes in this study,
which probably caused most of the information on the whole
exome and genome to be overlooked. The small number of
genes sampled was the primary reason that no mutations were
found in other patients with presumed pHLH due to a positive
refractory or relapse history. It has been illustrated that cis-
regulatory variation modifies the penetrance of coding vari-
ants and that joint regulatory and coding variant effects are an
important part of the genetic architecture of human traits and
contribute to modified penetrance of disease-causing variants
[16]. Therefore, whole-exome sequencing or whole-genome
sequencing can play an important role in the diagnosis, treat-
ment choice, and study of pathogenesis in primary HLH.T
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It is believed that CNS involvement in HLH results from
extension of the abnormal immune response in pHLH to and
through the blood-brain barrier [17]. Imaging examination, for
example, shows gadolinium enhancement supporting the
presence of active inflammation in and around the brain
[18]. We previously demonstrated that a higher percentage
of children with FHL exhibit severe CNS syndrome than other
HLH patients, and seizure, one of the most severe CNS symp-
toms, is associated with the worst prognosis [11, 19]. Thus,
the observation made in this study that children with FHL are
prone to seizure suggests that FHL patients with CNS syn-
drome, particularly seizures, should be treated with salvage
chemotherapy or HSCT as soon as possible.

Mutations in the coding genes of proteins involved in the
cytotoxic pathways of cytotoxic T or NK cells have been
regarded as the main mechanism of pathogenesis in HLH
[20]. In this study, four genes were found to be mutated in
more than 2 patients. Interestingly, the most common pathway
was DNA double-strand break repair or methylation pathway.
It has been reported that defective double-strand break repair
in mice with severe combined immunodeficiency was due to
an abnormal repertoire of antibodies and T cell receptors dur-
ing development [21, 22]. Thus, to a certain extent, mutations
in genes functioning in DNA double-strand damage repair or
regulation may be involved in the pathogenesis of primary
HLH. It was noteworthy that compound heterozygous

mutations in SPTA1 (c.6789-7C>T, c.2805+7T>G) were
found in patient 1. Mutations in the SPTA1 gene result in a
variety of hereditary red blood cell disorders, including hered-
itary elliptocytosis and spherocytosis [23]. This gene encodes
scaffold proteins of the erythrocyte membrane skeleton, which
are commonly responsible for hereditary elliptocytosis [24].
However, the relationship between these gene mutations and
HLH warrants further investigation.

The cumulative effect of polygenic mutations in HLH-
related and other genes on the pathogenesis of HLH and treat-
ment response has not been thoroughly elucidated to date. It
has been hypothesized that multiple mutations in the same or
different pathways result in an increased individual risk of
developing HLH [25, 26]. Therefore, HLHmay be a threshold
disease to some extent. When mutations in 2 or more related
pathway genes exceed this threshold, HLH immunopathology
may occur. This possibility suggests that there might be a
coordinated effect of these mutated genes and the coding pro-
teins in HLH pathogenesis. Alternatively, the existence of
mutations in genes involved in the same or different pathways
indicates the requirement for a specific chemotherapy regimen
or targeted drugs, such as ruxolitinib, in the treatment of HLH
[27–30]. A more precise or targeted treatment strategy may be
helpful in the correction of HLH immunopathology.

In summary, the determination of gene mutations is not
only a good indicator for predicting prognosis in pHLH but

Table 2 Other gene mutations detection and pathways involved in the pHLH patients

Gene Number of patients (n = 26) (%) Nucleotide change Zygosity Signal pathway

SPTA1 2 (8%) c.6789-7C>T, c.2805+7T>G (P1)
c.480C>G (P5)

Com
Het

Cytokine signaling in immune system

PMS2 2 (8%) c.706-5T>- (P1,14) Het DNA double-strand break repair

DNMT3B 2 (8%) c.1603G>A (P14)
c.1804G>A (P21)

Het
Het

DNA methylation

TFR2 2 (8%) c.224C>T (P21)
c.590A>G (P14)

Het
Het

Iron metabolism in placenta

P patient, Het heterozygous mutations, Com compound, heterozygous mutations, SPTA1 spectrin alpha, erythrocytic 1, TFR2 transferrin receptor 2,
PMS2 pms1 homolog 2, DNMT3B dna methyltransferase 3 beta
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Fig. 2 Comparison of the HLH-
causing gene mutations in pHLH
patients. The results show that
UNC13D (n = 7), PRF1 (n = 10),
and BIRC4 (n = 4) were the pri-
mary gene mutations in 26 pHLH
patients. Light gray bars represent
heterozygous mutations in HLH-
causing genes; dark gray bars
represent compound heterozy-
gous, homozygous, or hemizy-
gous mutations in SH2D1A and
BIRC4
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is also an important factor when considering differential treat-
ment. We hope that primary HLH can be rapidly diagnosed to
facilitate the initiation of life-saving treatments and prepara-
tion for HSCT.
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