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WHIM syndrome, an extremely rare congenital disease with combined immunodeficiency,
is mainly caused by heterozygous gain-of-function mutation in the CXCR4 gene. There
have been no previous case reports of WHIM syndrome with Kawasaki disease. We
herein report a case of a boy who developed Kawasaki disease at the age of 1 year. After
treatment, the number of neutrophils in his peripheral blood decreased continuously. His
medical history revealed that he had been suffering from leukopenia, neutropenia and low
immunoglobulin since birth, and his neutrophils could return to the normal level in the
presence of infection or inflammation. Clinical targeted gene sequencing of 91 genes
associated with granulocyte-related disease revealed that the patient had a novel
heterozygous NM_003467; c.1032_1033delTG;p.(E345Vfs*12) variant in exon 2 of
CXCR4 gene. Family verification analysis by Sanger sequencing showed that his father
also had heterozygous variation at this site, while other family members did not. The
computer prediction software indicated that the variation had a high pathogenicity. The
computational structure analysis of the mutant revealed significant structural and
functional changes in the CXCR4 protein. It should be noted that when unexplained
persistent neutropenia with low immunoglobulin occurs after birth, especially when there
is a family history of neutropenia, immunodeficiency should be investigated with
genetic testing.
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INTRODUCTION

WHIM syndrome, an extremely rare congenital disease with combined immunodeficiency, is caused
by autosomal dominant inheritance (1). In 1964, Krill and his colleagues first described this disease,
which was then named by the acronym of its four main clinical manifestations (warts,
hypogammaglobulinemia, infections, and myelokathexis) and included in the online Mendelian
human inheritance in 1990 (2, 3). In 2003, George Diaz first confirmed that this disease is caused by
heterozygous mutations of CXCR4 gene (4). C-X-C chemokine receptor type 4 (CXCR4), encoded by
org April 2022 | Volume 13 | Article 8575271

https://www.frontiersin.org/articles/10.3389/fimmu.2022.857527/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.857527/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.857527/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.857527/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:fyj322@189.cn
https://doi.org/10.3389/fimmu.2022.857527
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.857527
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.857527&domain=pdf&date_stamp=2022-04-13


Ma et al. Novel CXCR4 Mutation in WHIM
the CXCR4 gene located on human chromosome 2q22.1, is a
member of chemokine receptor family and its ligand is bone
marrow stromal cell-derived factor (SDF-1, CXCL12). It is widely
expressed in a variety of nucleated cells and plays an important
role in many cellular functions, including hematopoiesis, immune
monitoring, tumor growth and metastasis (5–7). Like all G
protein coupled receptors (GPCRs), CXCR4 consists of 7
transmembrane helices, an extracellular N-terminal domain and
an intracellular C-terminal domain (8). In addition to
participating in intracellular signal transduction, its C-terminal
also acts as a mutation-prone site, as confirmed by in silico
analyses on the three-dimensional (3D) structure of CXCR4
protein predicted by AlphaFold from its amino acid sequence
(Figure 1A) (9, 10). As of October 2021, a total of 113 cases have
been reported (including 2 reported in this article) and most cases
were reported to have specific CXCR4 heterozygous mutations.
However, two siblings from Slovenia were found to have an
autosomal recessive loss-of-function mutation in CXCR2 with a
frameshift (p.H323fs329X), presenting with myelokathexis and
recurrent infections (11). Previous studies have shown that
CXCR2 counter-regulates CXCR4 in terms of promoting the
release of neutrophils from bone marrow to peripheral blood
(12–14). Thus, both loss-of-function CXCR2mutations and gain-
of-function CXCR4 mutations cause myelokathexis. Currently,
most of the reported cases are in Europe (especially France, Italy)
and the United States. In recent years, a few cases have also been
reported in Asia (15–17).

To date, all the twelve known heterozygous gain-of-function
CXCR4 WHIM mutations are in the genomic region that
encodes the C-terminal domain of the receptor (Figure 1A).
And c.1000C> T (p. Arg334Ter, also written informally as
R334X) is the most frequent (Figure 1B), which is consistent
Frontiers in Immunology | www.frontiersin.org 2
with a previous review (18, 19). The nucleotide changes,
mutation types, amino acid changes and the proportion of
WHIM patients with CXCR4 mutation are also summarized
(Figure 1B) (17). Here, we report a child presenting with a
combination of WHIM syndrome and Kawasaki disease (KD),
and harboring a novel heterozygous mutation in exon 2 of
CXCR4 gene confirmed by clinical targeted sequencing.
CASE PRESENTATION

The boy, born full term, is the first child of Chinese unrelated
parents. His mother was healthy during pregnancy. His father
had non-cyclic and persistent neutropenia. Besides, he also had
lymphopenia, low immunoglobulins and very low circulating B
cells. So, he had suffered from frequent respiratory infections,
almost once a month, for a long time. But he did not present with
monocytopenia or human papillomavirus (HPV) infection. On
the third day after birth, the boy was treated for jaundice in a
local hospital. Blood routine tests showed decreased white blood
cells and neutrophils with no periodic changes, mild anemia, and
normal platelet count (Supplementary Table 1). After the skin
condition was improved, his parents requested discharge with
the patient’s leukopenia and neutropenia unsolved. At the age of
1 year, the boy was admitted to our hospital with a history of a
recurring fever for six days and cough for two days. Before
referral, the boy had a red rash on the torso and was treated with
antimicrobials in a local hospital, but without any improvement.

Physical examination after admission revealed red
maculopapular rashes scattered in the extremities, oral and
pharyngeal congestion, red lips, and bilateral congested bulbar
conjunctiva without exudate. The patient’s body temperature was
A B

FIGURE 1 | WHIM syndrome caused by mutations in C-terminal of CXCR4 and other causes. (A) Three-dimensional (3D) structure of CXCR4, predicted by using
AlphaFold developed by DeepMind and EMBL-EBI, is shown on the left with stars (*) demarcating locations of WHIM mutations. The novel mutation identified in this
study is marked in red, with the rectangular box showing its 3D structure, and the previously reported mutations in the CXCR4 gene are marked in black. AlphaFold
produces a per-residue confidence score (pLDDT) between 0 and 100. Some regions below 50 pLDDT is unstructured in isolation, which is a reasonably strong
predictor of disorders. (B) Summary of 111 reported cases in the WHIM syndrome spectrum literature and two novel cases (in this study). Neo-sequence imposed
by frame-shift mutations is in red. The novel mutation is highlighted with orange background.
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39.5°C and the heart rate was 140-160 bpm with normal heart
sounds. Results of lung and neurological examinations were
normal. Routine haematologic test results were as follows: white
blood cell count (WBC), 9.56×109cells/L; neutrophil count,
8.2×109cells/L; hemoglobin (Hb) level of 103g/L; platelet count,
269×109/L. Laboratory tests revealed a serum C-reactive protein
(CRP) level of 133 mg/L, serum procalcitonin (PCT) level of 2.8
ng/mL, and erythrocyte sedimentation rate (ESR) level of 83mm/
h. Cellular immune function test revealed CD3+, 70.7%; CD3
+CD4+, 62.19%; CD3+CD8+, 7.52%; CD19+, 5.12%; and CD16
+56+, 21.25%. Humoral immune function test showed C4 level of
0.115g/L and IgG level of 1.87g/L. Biochemistry test revealed a TP
level of 46.8g/L and ALB level of 31.8g/L. Chest X-ray image
showed bilateral pneumonia with slight infiltrates in both
lungs, which was not typical imaging feature of KD. Based on
the above examination results, the boy was initially diagnosed
with bronchopneumonia. However, he demonstrated no
improvement after being administered potent anti-bacterial
treatment and had recurrent fevers over 5 days with a history of
Frontiers in Immunology | www.frontiersin.org 3
a red rash on the torso at the local hospital. So, KD was considered
a likely diagnosis, but as insufficient evidence was available to
confirm this at the time, a broad-spectrum antibiotic (Latamoxef
sodium) was administered empirically. On the next day after
admission, echocardiography showed short and thick trunk of
the left coronary artery, mild dilated anterior descending artery
(internal diameter 2.3mm), and mitral regurgitation. Ultrasonic
examination revealed cervical lymphadenopathy (diameter,
14mm). Platelet count increased gradually over normal limits.
The above clinical features and laboratory tests were not typical
according to the guidelines of the Chinese and American
Association (20, 21). However, considering that the boy had
granulocytopenia, and his WBC count was rising significantly
during the disease course, we thought the boy had been attacked
by incomplete KD (iKD) (Figure 2D). Upon the diagnosis of iKD,
intravenous immunoglobulin (IVIG, 2g/kg), aspirin and
dipyridamole were administered, which gradually improved the
patient’s condition. On the second day of administration, the boy’s
body temperature returned to normal, rash gradually subsided,
A D

B

C

FIGURE 2 | Clinical data. (A) Levels of leukocytes and neutrophils of the patient since birth. “a” and “d”: normal stage; “b”, “c” and “e”: stage of infection or immune
reaction. (B) A bone marrow (BM) smear stained with Wright-Giemsa (×1000) shows a hypercellular BM with mild granulocytic hyperplasia (myeloid: erythroid, 3.19:1)
and plentiful granulocytic cells with right-shifted maturation, which is not consistent with peripheral neutropenia. Some neutrophils have coarse granules (▲),
cytoplasmic vacuoles (↑), and multi-lobed nuclei (★). (C) Pedigree of the family. (D) Diagnosis of incomplete KD. Patient clinical features or laboratory tests highlighted
in red showed the process of our clinical decision making. Due to WHIM syndrome, laboratory tests highlighted in green are controversial issues in the diagnosis of
KD. (*) In the absence of a “gold standard” for diagnosis, this algorithm cannot be evidence based but rather represents the informed opinion of the expert committee.
Consultation with an expert should be sought any time assistance is needed. (**) Patients who lack full clinical features of classic KD are often evaluated for incomplete
KD. If coronary artery abnormalities are detected, the diagnosis of KD is considered confirmed in most cases.
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and heart rate returned to normal. After seven days of IVIG
treatment, his lymphadenopathy resolved, serum levels of CRP
and PCT were normalized, serum levels of ESR gradually
decreased, and platelet count gradually increased (up to
524×109/L), all confirming our clinical decision again. However,
his white blood cells and neutrophils in the peripheral blood kept
decreasing. Therefore, the patient received bone marrow (BM)
morphological examination, which indicated a hypercellular BM
with mild granulocytic hyperplasia (myeloid: erythroid, 3.19:1),
and plentiful granulocytic cells with right-shifted maturation.
Some neutrophils showed coarse granules, cytoplasmic vacuoles,
and multi-lobed nuclei (Figure 2B). Two weeks after
administration, except for leukopenia, neutropenia and low
immunoglobulin, his general condition was normal without
other specific abnormalities. Then he was discharged and
followed up regularly in our hospital. During the follow-up, his
cardiac imaging showed that his coronary artery improved
without aneurysms or thrombi and platelet count returned to
normal. But the trunk at the beginning of the left coronary artery
was still short and thick. Besides, his abnormal blood routine and
immune function were also unresolved. (Supplementary Table 2).

The patient’s medical history demonstrated that due to
leukopenia, neutropenia and low immunoglobulin, he had
been suffering from frequent infections, including respiratory
tract, gastrointestinal tract and urinary tract infections since
birth. Surprisingly, his white blood cell and neutrophil levels
could return to normal when he developed infection or
inflammation (Figure 2A). Blood samples (EDTA, 2ml) from
the boy and his parents were collected with their consent and
sent to MyGenostics Inc. By high-throughput sequencing in 91
Frontiers in Immunology | www.frontiersin.org 4
gene exons of granulocyte-related disease, and with the mutation
sites with frequency less than 0.05 excluded through 1000
Genomes Project, Exome Variant Server and The Exome
Aggregate Consortium database, we found the boy had a novel
heterozygous variant in the CXCR4 gene (NM_003467; exon2)
(Supplementary Table 3). According to the genetic variation
classification criteria and guidelines of the American College of
Medical Genetics and Genomics (ACMG) (22), the variation was
preliminarily determined to be of unknown clinical significance
and the pathogenic grade was PVS1_PM4+PM2+PP3. The
variant, c.1032_1033delTG, is a frameshift mutation located in
the last 10% of the coding region of CXCR4 gene, resulting in the
original stop-codon loss and the prolonged protein (p.
E345Vfs*12), which may make the function of CXCR4 protein
changed (PVS1_PM4, Figure 3B). The mutation was not found
in the normal population database (Exome Sequencing Project
EAST, 1000 Genomes Project and The Exome Aggregation
Consortium) (PM2). In silico modeling revealed the
p.E345Vfs*12 variant is predicated to be damaging or
deleterious by predication tools with high confidence,
including Mutation Taster (https://www.mutationtaster.org/)
and Provean (http://provean.jcvi.org/seq_submit.php) (PP3).
Besides, the Combined Annotation-Dependent Depletion
(CADD) score (PHRED=34) indicates pathogenicity(https://
cadd.gs.washington.edu/score). PCR and Sanger sequencing
confirmed the heterozygous variation at this site in the
patient’s father, but not in his mother, suggesting that the
variation is a novel autosomal dominant mutation (Figure 3A
and Supplementary Table 4). PCR primer pairs were designed
by Primer 3.0 online software (http://primer3.ut.ee/). The PCR
A B

FIGURE 3 | Genetic analysis and illustration of the heterozygous c.1032_1033delTG mutation of CXCR4 gene. (A) Sanger sequencing of CXCR4 cDNA from the
patient and his family, showing TG deletion from exon2(c.1032_1033del)in the proband and his father. The red arrow indicates the variant site of exon2. (B) Base
deletion (exon2; NM_003467; c.1032_1033delTG) results in original stop-codon loss, frameshift, and prolonged protein.
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products were confirmed by Sanger sequencing and analyzed on
ABI 3130 Genetic Analyzer (Applied Biosystems).

To identify the source of this variation, with the consent of
other members of the family, peripheral blood samples were
collected from them and sent to Tsingke Biotechnology Co. Ltd.
Using the same method, we failed to find this variation in the
other family members (Figure 2C). Combined with the gene
examination results and clinical manifestations, the final
diagnosis of WHIM syndrome was made (1, 23, 24).
Considering p. E345Vfs*12 is novel mutation, we adopted I-
TASSER, ranked as the No. 1 protein structure prediction server
in the 14th CASP experiment, to model the mutation and wide
type (WT) in the 3D structure of CXCR4 and create PDB files,
and used DeepViwer to analyze the molecular structure and
graphics (25–27). The results showed that the p. E345Vfs*12
variant significantly disrupted spatial structure of the N- and C-
terminal region, when compared with WT CXCR4 (Figure 4).
Using COFACTOR and COACH based on the I-TASSER
structure prediction, the function of WT CXCR4 and the p.
E345Vfs*12 variant was further predicted, showing that the
ligand binding sites and active site residues of CXCR4
receptors were changed, and the number of them were
increased, which may lead to conformational rearrangement
(Figure 4). We speculate this is the reason for the enhanced
stability of p.E345Vfs*12 variant bound to ligands.
Frontiers in Immunology | www.frontiersin.org 5
At present, the boy and his father have no serious clinical
manifestations, except for mild infections. The infections can be
treated with antibiotics and well alleviated. Considering chronic
sequelae of repeated infection, we strongly recommend them to
visit regularly the local hospital for follow-up, and receive
immunoglobulin replacement therapy (IgRT) and granulocyte
colony-stimulating factor injections (G-CSF) when necessary.
DISCUSSION

WHIM syndrome caused by CXCR4 mutation is extremely rare
(1). The clinical symptoms are very clear by definition, including
warts, hypogammaglobulinemia, recurrent infections and
chronic neutropenia, but more than half of the patients fail to
show all symptoms, especially young patients who may have
warts only or no obvious symptoms (23, 28). To date, exploring
the mechanism of combined immunodeficiency in WHIM
syndrome still faces great challenges, the reasons for which are
as follows: (1) the disease is rare; (2) there is substantial
phenotypic heterogeneity; (3) the “WHIM” mouse model
cannot fully simulate the human pathophysiology; (4) it is
difficult to obtain samples due to leukopenia and neutropenia.
Only 5 WHIM-associated CXCR4 mutations (the NS mutations
R334X, G336X, S338X; the MS mutation E343K; the FS mutation
FIGURE 4 | Potentially pathogenic variants may affect the function of CXCR4 protein. 3D modeling of the p. E345V.fs*12 variant reveals disruption of the spatial
structure of the N- and C- terminal region and alterations to the position and numbers of ligand binding site residues and active sites, when compared with WT
CXCR4. There is no active site in three-dimensional modeling of WT CXCR4 predicted by COFACTOR and COACH. Light green balls represent ligand. Ligand
binding site residues are shown by blueline and marked with red number. The active sites are represented by white and gray hockey stick model.
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L329fs341X) have been studied, whereas signaling properties of
remaining mutations are largely unknown (19). It is generally
believed that the mutation-caused C-terminal truncation of
CXCR4 protein results in decreased phosphorylation, which
hinders b-arrestin recruitment and receptor degradation,
continuously activating the downstream signals after CXCR4
receptor binds to its ligand CXCL12, then prolonging the
residence time of receptors on the cell surface, and thereby
resulting in gain-of-function activity and abnormal retention of
neutrophils in bone marrow (19, 24). This change accelerates the
apoptosis of granulocytes in the bone marrow, leading to
cytoplasmic vacuoles and nuclear lysis of granulocytes (1). In
addition, the differentiation of immune cells is also affected,
leading to mild to moderate hypogammaglobulinemia, which is
the main cause of recurrent infection (24). Most reported cases
suffer respiratory tract infection, as well as gastrointestinal, skin,
and urinary system infection, which can be improved by simple
treatment (1). Although the fatality rate of WHIM syndrome is
low and the prognosis is good, HPV and Epstein-Barr virus
(EBV) infection may develop into tumors, threatening the long-
term survival of the patients (18, 29). Some scholars have
suggested that when hypogammaglobulinemia complicated
with neutropenia occurs, CXCR4 gene testing should be
considered (18, 23). But since CXCR4 mutations are not found
in some families of patients with WHIM syndrome, further
exploration is still needed.

The clinical symptoms of our patient are mostly similar to
those of WHIM syndrome. The results of gene detection reveal
that the boy and his father have c.1032_1033delTG heterozygous
mutation, indicating that the variation is inherited from his father.
For this variation, there has been no report in the literature
database and no pathogenicity analysis in Clinvar database. But
this mutation site is in the hot domains of CXCR4 gene mutation,
and there are reports on its upstream frameshift mutation.
Moreover, other known variants near the site are closely related
to WHIM syndrome (18). We speculate this mutation is highly
pathogenic through a variety of prediction software. 3D modeling
analysis of the p. E345Vfs*12 variant shows changed spatial
structure of the N- and C- terminal region, when compared
with WT CXCR4, especially the C-terminal involved in cell signal
transduction. In terms of function, the number of ligand binding
sites and active sites of CXCR4 protein increases, which may
make the binding between receptor and ligand closer, and hinder
the internalization of CXCR4 receptor. Besides, after the base
deletion (c.1032_1033delTG), the C-terminal amino acid
sequence changes significantly. Although the C-terminal amino
acid sequence in the cytoplasm is prolonged, the amino acids that
can be phosphorylated (such as serine, threonine and tyrosine)
are significantly reduced, which may affect the internalization and
degradation of CXCR4 receptor. We speculate that this is the root
cause of the disease.

Interestingly, WHIM syndrome patients usually appear quite
well in between the infectious events. WHIM syndrome is
associated with autoimmune diseases, such as diabetes and
hypothyroidism (16). To the best of our knowledge, this is the
first case of WHIM syndrome with KD, but the nature of the link
between these rare conditions is unclear. The most serious
Frontiers in Immunology | www.frontiersin.org 6
outcome of KD is coronary artery disease, which may
eventually lead to coronary artery aneurysm or dilatation,
ischemic heart disease, or even sudden death. Although the
link between these comorbidities and WHIM syndrome is not
clear, the key role of CXCR4/CXCL12 signaling axis in
autoimmune diabetes, heart and coronary artery development
has been demonstrated in mouse models (30, 31). Li et al. have
found that the expression of CXCR4 is strictly regulated in
arterial endothelial cells, and the enhanced or down-regulated
function of CXCR4 can lead to abnormal development of
coronary artery vessels (32). Meanwhile, vascular endothelial
cell injury and dysfunction is a pathogenetic mechanism of KD.
Some studies have confirmed that the number of endothelial
progenitor cells increased significantly in the acute phase of KD
(33). Whether CXCR4 gain-of-function mutation affects or even
participates in the progression of KD requires further research.
To our surprise, the echocardiographic result reveals short left
coronary artery trunk in our patient. Using murine models to
investigate the role of CXCL12/CXCR4 signaling in cardiac
development, Ivins et al. have found that embryonic Cxcl12-
null hearts lacked intra-ventricular coronary arteries and
exhibited absent or misplaced coronary artery stems,
suggesting CXCL12 is necessary to connect peritruncal and
aortic endothelial cells, which is vital in coronary artery
formation (31). Hence, we speculate that the novel variation in
our patient leads to CXCR4/CXCL12 axis signal disorder and
interferes with the development of left coronary artery.

In conclusion, by a clinical sequencing panel, we identified a
novel CXCR4 mutation in a Chinese child with KD manifesting
as WHIM syndrome. It should be noted that when a persistent
decrease of neutrophils with low immunoglobulin occurs after
birth, especially when there is also a family history of
neutropenia, immunodeficiency should be investigated in
combination with genetic testing.
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Good and Bad Faces of the CXCR4 Chemokine Receptor. Int J Biochem Cell
Biol (2018) 95:121–31. doi: 10.1016/j.biocel.2017.12.018

6. Pawig L, Klasen C, Weber C, Bernhagen J, Noels H. Diversity and Inter-
Connections in the CXCR4 Chemokine Receptor/Ligand Family: Molecular
Perspectives. Front Immunol (2015) 6:429. doi: 10.3389/fimmu.2015.00429

7. Scala S. Molecular Pathways: Targeting the CXCR4-CXCL12 Axis–Untapped
Potential in the Tumor Microenvironment. Clin Cancer Res (2015) 21
(19):4278–85. doi: 10.1158/1078-0432.CCR-14-0914

8. Allen AG, Chung C-H, Atkins A, Dampier W, Khalili K, Nonnemacher MR,
et al. Gene Editing of HIV-1 Co-Receptors to Prevent and/or Cure Virus
Infection. Front Microbiol (2018) 9:2940. doi: 10.3389/fmicb.2018.02940

9. Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, et al.
Highly Accurate Protein Structure Prediction With AlphaFold. Nature (2021)
596(7873):583–89. doi: 10.1038/s41586-021-03819-2

10. Varadi M, Anyango S, Deshpande M, Nair S, Natassia C, Yordanova G, et al.
lphafold Protein Structure Database: Massively Expanding the Structural
Coverage of Protein-Sequence Space With High-Accuracy Models. Nucleic
Acids Res (2022) 50(D1):D439–D44. doi: 10.1093/nar/gkab1061

11. Auer PL, Teumer A, Schick U, O'Shaughnessy A, Lo KS, Chami N, et al. Rare and
Low-Frequency Coding Variants in CXCR2 and Other Genes Are Associated
With Hematological Traits. Nat Genet (2014) 46(6):629–34. doi: 10.1038/ng.2962

12. Eash KJ, Greenbaum AM, Gopalan PK, Link DC. CXCR2 and CXCR4
Antagonistically Regulate Neutrophil Trafficking From Murine Bone
Marrow. J Clin Invest (2010) 120(7):2423–31. doi: 10.1172/JCI41649

13. Hoggatt J, Singh P, Tate TA, Chou B-K, Datari SR, Fukuda S, et al. Rapid
Mobilization Reveals a Highly Engraftable Hematopoietic Stem Cell. Cell
(2018) 172(1-2):191–204. doi: 10.1016/j.cell.2017.11.003

14. Martin C, Burdon PCE, Bridger G, Gutierrez-Ramos JC, Williams TJ,
Rankin SM. Chemokines Acting via CXCR2 and CXCR4 Control the Release
of Neutrophils From the Bone Marrow and Their Return Following Senescence.
Immunity (2003) 19(4):583–93. doi: 10.1016/s1074-7613(03)00263-2
15. Aghamohammadi A, Abolhassani H, Puchalka J, Greif-Kohistani N, Zoghi S,
Klein C, et al. Preference of Genetic Diagnosis of CXCR4 Mutation Compared
With Clinical Diagnosis of WHIM Syndrome. J Clin Immunol (2017) 37
(3):282–86. doi: 10.1007/s10875-017-0387-5

16. Takaya J, Fujii Y, Higashino H, Taniuchi S, Nakamura M, Kaneko K. A Case
of WHIM Syndrome Associated With Diabetes and Hypothyroidism. Pediatr
Diabetes (2009) 10(7):484–86. doi: 10.1111/j.1399-5448.2009.00503.x

17. Shin DW, Park SN, Kim SM, Im K, Kim JA, Hong KT, et al. WHIM Syndrome
With a Novel CXCR4 Variant in a Korean Child. Ann Lab Med (2017) 37
(5):446–49. doi: 10.3343/alm.2017.37.5.446

18. Heusinkveld LE, Majumdar S, Gao J-L, McDermott DH, Murphy PM. WHIM
Syndrome: From Pathogenesis Towards Personalized Medicine and Cure.
J Clin Immunol (2019) 39(6):532–56. doi: 10.1007/s10875-019-00665-w

19. Milanesi S, Locati M, Borroni EM. Aberrant CXCR4 Signaling at Crossroad of
WHIM Syndrome and Waldenstrom's Macroglobulinemia. Int J Mol Sci
(2020) 21(16):5696. doi: 10.3390/ijms21165696

20. Subspecialty Group of Cardiology, the Society of Pediatrics, Chinese Medical
Association, Subspecialty Group of Rheumatology, the Society of Pediatrics
and Chinese Medical Association, et al. The Expert Consensus on Diagnosis
and Acute-Phase Treatment of Kawasaki Disease. Zhonghua Er Ke Za Zhi
(2022) 60(1):6–13. doi: 10.3760/cma.j.cn112140-20211018-00879

21. McCrindle BW, Rowley AH, Newburger JW, Burns JC, Bolger AF, Gewitz M, et al.
Diagnosis, Treatment, and Long-TermManagement of Kawasaki Disease: A Scientific
Statement for Health Professionals From the American Heart Association. Circulation
(2017) 135(17):e927-e99. doi: 10.1161/CIR.0000000000000484

22. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and
Guidelines for the Interpretation of Sequence Variants: A Joint Consensus
Recommendation of the American College of Medical Genetics and Genomics
and the Association for Molecular Pathology. Genet Med (2015) 17(5):405–24.
doi: 10.1038/gim.2015.30

23. Walter JE, Ballow M. The WHIM Syndrome Is No Longer a Whim. J Allergy
Clin Immunol Pract (2019) 7(5):1578–79. doi: 10.1016/j.jaip.2019.03.001

24. Al Ustwani O, Kurzrock R, Wetzler M. Genetics on a WHIM. Br J Haematol
(2014) 164(1):15–23. doi: 10.1111/bjh.12574

25. Yang J, Yan R, Roy A, Xu D, Poisson J, Zhang Y. The I-TASSER Suite: Protein
Structure and Function Prediction. Nat Methods (2015) 12(1):7–8.
doi: 10.1038/nmeth.3213

26. Roy A, Kucukural A, Zhang Y. I-TASSER: A Unified Platform for Automated
Protein Structure and Function Prediction. Nat Protoc (2010) 5(4):725–38.
doi: 10.1038/nprot.2010.5

27. Zhang Y. I-TASSER Server for Protein 3D Structure Prediction. BMC
Bioinform (2008) 9:40. doi: 10.1186/1471-2105-9-40

28. Dotta L, Notarangelo LD, Moratto D, Kumar R, Porta F, Soresina A, et al.
Long-Term Outcome of WHIM Syndrome in 18 Patients: High Risk of Lung
Disease and HPV-Related Malignancies. J Allergy Clin Immunol Pract (2019)
7(5):1568–77. doi: 10.1016/j.jaip.2019.01.045
April 2022 | Volume 13 | Article 857527

https://www.frontiersin.org/articles/10.3389/fimmu.2022.857527/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.857527/full#supplementary-material
https://doi.org/10.1111/imr.12719
https://doi.org/10.1056/NEJM196405072701902
https://doi.org/10.1056/NEJM196404022701402
https://doi.org/10.1056/NEJM196404022701402
https://doi.org/10.1038/ng1149
https://doi.org/10.1016/j.biocel.2017.12.018
https://doi.org/10.3389/fimmu.2015.00429
https://doi.org/10.1158/1078-0432.CCR-14-0914
https://doi.org/10.3389/fmicb.2018.02940
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1093/nar/gkab1061
https://doi.org/10.1038/ng.2962
https://doi.org/10.1172/JCI41649
https://doi.org/10.1016/j.cell.2017.11.003
https://doi.org/10.1016/s1074-7613(03)00263-2
https://doi.org/10.1007/s10875-017-0387-5
https://doi.org/10.1111/j.1399-5448.2009.00503.x
https://doi.org/10.3343/alm.2017.37.5.446
https://doi.org/10.1007/s10875-019-00665-w
https://doi.org/10.3390/ijms21165696
https://doi.org/10.3760/cma.j.cn112140-20211018-00879
https://doi.org/10.1161/CIR.0000000000000484
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1016/j.jaip.2019.03.001
https://doi.org/10.1111/bjh.12574
https://doi.org/10.1038/nmeth.3213
https://doi.org/10.1038/nprot.2010.5
https://doi.org/10.1186/1471-2105-9-40
https://doi.org/10.1016/j.jaip.2019.01.045
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Ma et al. Novel CXCR4 Mutation in WHIM
29. Imashuku S, Miyagawa A, Chiyonobu T, Ishida H, Yoshihara T, Teramura T,
et al. Epstein-Barr Virus-Associated T-Lymphoproliferative Disease With
Hemophagocytic Syndrome, Followed by Fatal Intestinal B Lymphoma in a
Young Adult FemaleWithWHIM Syndrome.Warts, Hypogammaglobulinemia,
Infections, and Myelokathexis. Ann Hematol (2002) 81(8):470–73. doi: 10.1007/
s00277-002-0489-9

30. Yano T, Liu Z, Donovan J, Thomas MK, Habener JF. Stromal Cell Derived
Factor-1 (SDF-1)/CXCL12 Attenuates Diabetes in Mice and Promotes
Pancreatic Beta-Cell Survival by Activation of the Prosurvival Kinase Akt.
Diabetes (2007) 56(12):2946–57. doi: 10.2337/db07-0291

31. Ivins S, Chappell J, Vernay B, Suntharalingham J, Martineau A, Mohun TJ,
et al. The CXCL12/CXCR4 Axis Plays a Critical Role in Coronary
Artery Development. Dev Cell (2015) 33(4):455–68. doi: 10.1016/j.devcel.
2015.03.026

32. Li W, Liu C, Burns N, Hayashi J, Yoshida A, Sajja A, et al. Alterations in the
Spatiotemporal Expression of the Chemokine Receptor CXCR4 in Endothelial
Cells Cause Failure of Hierarchical Vascular Branching. Dev Biol (2021)
477:70–84. doi: 10.1016/j.ydbio.2021.05.008

33. Xu M-G, Men L-N, Zhao C-Y, Zhao X, Wang Y-X, Meng X-C, et al. The
Number and Function of Circulating Endothelial Progenitor Cells in Patients
Frontiers in Immunology | www.frontiersin.org 8
With Kawasaki Disease. Eur J Pediatr (2010) 169(3):289–96. doi: 10.1007/
s00431-009-1014-0

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Ma, Wang, Wu, Kang, Hong, Xue, Chen, Li and Fang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
April 2022 | Volume 13 | Article 857527

https://doi.org/10.1007/s00277-002-0489-9
https://doi.org/10.1007/s00277-002-0489-9
https://doi.org/10.2337/db07-0291
https://doi.org/10.1016/j.devcel.2015.03.026
https://doi.org/10.1016/j.devcel.2015.03.026
https://doi.org/10.1016/j.ydbio.2021.05.008
https://doi.org/10.1007/s00431-009-1014-0
https://doi.org/10.1007/s00431-009-1014-0
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Case Report: A Novel CXCR4 Mutation in a Chinese Child With Kawasaki Disease Causing WHIM Syndrome
	Introduction
	Case Presentation
	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


