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Abstract

Purpose We aimed to report the characteristics of leukocyte adhesion deficiency-I (LAD-I) and four novel mutations in the
ITGB?2 gene in a Chinese cohort.

Methods Seven patients with LAD-I were reported in our study. Clinical manifestations and immunological phenotypes were
reviewed. The expression of CD18 was detected by flow cytometry. Next-generation sequencing (NGS) and Sanger sequencing
were performed to identify gene mutations.

Results The mean onset age of all the patients was 1.3 months. Recurrent bacterial infections of the skin and lungs were the most
common symptoms. Most patients (6/7) had delayed cord separation. The number of white blood cells (WBC) was increased
significantly, except that two patients had a mild increase in the number of WBC during infection-free periods. The expression of
CD18 was very low in all patients. Homozygous or compound heterozygous mutations in the /7GB2 gene were identified in each
patient. Four mutations were novel, including c.1794dupC (p.N599Qfs*93), c.1788C>A (p.C596X), ¢.841-849del9, and ¢.741+
1delG. Two patients had large deletions of the /TGB2 gene. Five patients were cured by hematopoietic stem cell transplantation
(HSCT).

Conclusions This study reported the clinical and molecular characteristics of a Chinese patient cohort. It is helpful in under-

standing the current status of the disease in China.
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Introduction

Leukocyte adhesion deficiency (LAD) is an autosomal reces-
sive primary immunodeficiency that has been divided into
three types: LAD-L 11, and III, in which LAD-I is the most
common (prevalence of 1 in 1,000,000 live births) [1]. The
distinct features of LAD patients are recurrent bacterial and
fungal infections, omphalitis with delayed umbilical stump
separation, significant leukocytosis especially neutrophilia
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during infection periods, impaired pus formation, and delayed
traumatic or surgical wound healing [2, 3].

LAD-I is caused by integrin beta-2 subunit (/7GB2) gene
deficiency, which results in the decreased expression or func-
tion of CD18, the 32 subunit of leukocyte 32 integrins, and
leads to severely impaired leukocyte adhesion to the vascular
wall and leukocyte migration to sites of inflammation [4].
Flow cytometry is considered a useful tool for rapid diagnosis
of the disease. The study of CD18 and CDI11 (a, b, ¢) expres-
sion patterns in peripheral blood leukocytes helps to distin-
guish different phenotypes of LAD-I. In general, patients with
>2% CD18 expression tend to have a less severe infection and
often survive until adulthood, whereas < 2% CD18 expression
often results in death in infancy [5-8]. Different types of mu-
tations in /TGB2 gene have been reported, such as deletion,
truncation, substitution, frameshifts, and intronic mutations,
of which substitution and frameshift are the most frequent
[9]. Thus, detection of /TGB2 gene mutation is routinely used
for diagnosis of the disease.
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Although the disease has been known for nearly 40 years,
only a few cases were reported in China until now [10-13]. In
this study, we reported the clinical and genetic characteristics
of seven Chinese patients with LAD-1.

Methods

This study was approved by the Ethics Committee of the
Children’s Hospital of Fudan University. Written informed
consent was obtained from the parents of all patients.

Patients

Children with LAD-I admitted to our hospital between
January 2016 and November 2018 were included in this study.
LAD-I was diagnosed by clinical manifestations, laboratory
findings, and genetic data. Relevant information was collected
and summarized, including gender, age, family history, infec-
tion symptoms, treatment, and prognosis.

Routine Immune Function Evaluation

Routine blood counts and immunological function analyses
were performed. We used nephelometry to detect immuno-
globulins, including IgG, IgA, and IgM as previously reported
[14], while lymphocyte subsets were measured by flow cy-
tometry (Becton Dickinson, Franklin Lakes, NJ, USA).

Expression of CD18

Heparin sodium—anticoagulated blood (approximately 1 ml)
was collected from the patients and their parents. The expres-
sion of CD18 on peripheral blood neutrophils was detected by
using a FACSCalibur flow cytometer (Becton Dickinson,
Franklin Lakes, NJ, USA). PE anti-human CD18 and
isotype-matched control antibodies (BD Biosciences) were
added to the reaction system for staining, followed by red
blood cell lysis, and washing twice with PBS. The analysis
was performed using FACSDiva software (BD Biosciences).

Gene Analysis

Genomic DNA was extracted from the EDTA-anticoagulated
blood of patients and their parents by the QIAmp® DNA
Blood Mini Kit (Qiagen, Hilden, Germany). The concentra-
tion and quantity of the DNA samples were measured using a
NanoDrop ultraviolet spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) and then prepared for next-
generation sequencing by panel, which included all previously
reported immunodeficiency genes.

In accordance with the instructions of the SureSelect
Human All Exon Kit, the genomic DNA underwent ultrasonic
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fragmentation, end repair, adapter connection, and hybridiza-
tion. The captured DNA library was sequenced on the
[lumina HiSeq 2000 platform (Illumina, San Diego, CA).
The raw data were converted to a VCF file containing the
basic information for the mutation sites through splicing and
comparison. We completed the variation annotation by using
ANNOVAR and VEP software. The annotation of the muta-
tion frequency referred to databases, including the 1000
Genomes Project, the EXAC browser, and internal databases.
Mutation predictions were performed using SIFT, PolyPhen-
2, and MutationTaster software. Deletion was identified by
NGS coverage depth analysis [15], and the point mutation
was confirmed by Sanger sequencing.

Results
Clinical Manifestations
Overview

Seven LAD-I patients (four females, three males) were diag-
nosed during the past 3 years. None of the patients were con-
sanguineous marriages. The mean age of onset was 1.3 months
(range, 4 days—3 months), and four patients presented their
first clinical manifestations during the neonatal period.
However, the age of diagnosis of the seven patients was about
2 years old. Patient 1 (P1) had a positive family history. His
older sister died at the age of 5 months due to right orbital
cellulitis and Pseudomonas aeruginosa sepsis, but whether
she had LAD-I was unclear. P5 developed initial symptoms
at 3 months of age but was not diagnosed definitively until she
was 10 years old. The mother of P5 had two previous preg-
nancies that showed embryo dysplasia. The umbilical cord
separation was delayed (after 14 days) in six patients. The
characteristics of these patients are summarized in Table 1.

Infection Characteristics

Infections were the most common clinical signs, varying in
severity. During the neonatal period, two patients had pneu-
monia and one had omphalitis. The other affected children
often first presented with recurrent fever of unknown cause
shortly after birth. Subsequent follow-up of these patients re-
vealed that five patients were diagnosed with sepsis accompa-
nied by significant increases in blood inflammatory markers.
Two cases mainly manifested as repeated gingivitis with age,
while one patient experienced oral and rectal ulcers that were
misdiagnosed as “Behcet’s syndrome” by local hospital. P7
had difficult healing after trauma mainly due to infection.
Surgical treatment was performed in three patients, two of
whom developed perianal skin infections and then underwent
incision and debridement of abscesses. P1 underwent surgery
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for urachal fistula and intestinal obstruction. Postoperative
wound healing was slow in these patients.

The patients were at high risk for bacterial and fungal in-
fections. Pseudomonas aeruginosa, Staphylococcus aureus,
Enterococcus faecium, and Candida parapsilosis were usual-
ly detected in the blood or secretions from these patients by
culture. In addition, two of seven patients had
Cytomegalovirus (CMV) infections confirmed by CMV anti-
bodies and CMV DNA detection, and these patients recovered
with effective ganciclovir therapy.

In the absence of infection, these patients had persistent
leukocytosis ranging from 10.7 to 21.5 x 10°/L (median,
17.6 x 10°/L), but no specific morphological changes were
found. When the patients were infected, the WBC was signif-
icantly higher, especially neutrophilia, which returned to base-
line levels after aggressive antibiotic treatment.

Immune Function Evaluation

No obvious abnormalities were found in the routine assess-
ment of immune function, including Ig and lymphocyte sub-
sets. A significant defect in CD18 expression was found in all
of the affected children compared to normal controls. The
expression levels of CD18 were varied from 0.7 to 6.5%
(Table 1). The results of one representative patient are shown
in Fig. 1.
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Fig. 1 The expression of CD18 in one typical patient and her healthy
parents by flow cytometry. Histogram showing expression of CD18 on
neutrophils: Absent expression of CD18 in patient (blue) and normal
expression of CD18 in her mother (green) and father (orange), as
compared to the isotype-matched control (red). P5: Patient 5. M: mother
of P5. F: father of P5
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Genetic Characteristics

The mutations of the /7GB2 gene were identified in all seven
cases. Only one patient had homozygous mutation, and the
other six were compound heterozygous mutation. All of their
parents were heterozygous mutation carriers, except the moth-
er of P1 with no mutation. Previously reported mutations were
found, including one splice site, one nonsense, and five mis-
sense mutations. Four novel mutations were detected, includ-
ing ¢.1794dupC (p.N599Qfs*93), c.1788C>A (p.C596X),
¢.841-849del9, and c¢.741+1delG (Table 2). In particular, the
data analysis revealed a large chromosomal deletion in P4 and
P7, including a whole /T7GB2 gene deletion and an exon 2—
exon 8 deletion, respectively. The compound heterozygous
mutations of P7 are presented in Fig. 2.

Treatment

Five patients received umbilical cord blood stem cell trans-
plantation (UCBSCT) generally at 5.4 + 3.4 months after di-
agnosis and all patients survived. P1 was followed-up for the
longest time until 2 years after transplantation and was in good
health condition without any complication.

Discussion

LAD is one kind of classical primary immunodeficiency dis-
case. It was first reported by Hayward AR et al. [16] in 1979,
and the molecular defects were found in 1984 [17]. LAD-I
affects approximately 1 per 1,000,000 live births with no de-
scribed racial or ethnic predilection [1]. In China, the total
number of newborns is approximately 17,000,000 per year.
However, there has been a lack of reports of Chinese patients
until now, indicating that many patients were misdiagnosis.
Moreover, the median age of onset of all patients was
1.3 months and the age at diagnosis was often within 2 years
old in our study. The diagnosis was significantly delayed.
Although all patients had recurrent infection and were treated
in local hospital, no one was told that he/she had LAD-I before
they transferred to our hospital. The results suggest that many
doctors do not know the disease in China.

LAD-I is a severe disease that often manifests early in life
as recurrent bacterial and fungal infections with a reduced
inflammatory response and no pus formation [2]. In this study,
pneumonia and omphalitis were presented in patients during
the neonatal period. All of the patients had developed recur-
rent infections, including pneumonia, sepsis, skin infection
especially perianal infection, otitis media, periodontitis, gas-
trointestinal ulcer, and diarrhea. Several cases with severe
periodontitis have been reported in LAD-I patients [18, 19].
Oral manifestations have been recorded in patients mostly
older than 1 year [3, 20, 21]. Periodontitis occurred in two
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Table2 Mutations of ITGB2 gene identified in patients

Patients ~ Zygosity Exon/Intron Mutation Amino acid Source of variation ~ Novelty Affected domain

P1 Homozygous Exon7 c.817G>A p.G273R Paternal Reported ~ VWFA

P2 Compound heterozygous ~ Exonl3 ¢.1794dupC p-N599Qfs*93  Paternal Novel CYS4
Exon7 c.850G>A p-G284S Maternal Reported  VWFA

P3 Compound heterozygous ~ Exonl3 c.1788C>A p-C596X Paternal Novel CYS4
Exon7 c.817G>A p-G273R Maternal Reported ~ VWFA

P4 Compound heterozygous  Exon7 c.841-849del9 - Paternal Novel VWFA
Entire gene deletion - Maternal Reported —

PS5 Compound heterozygous  Exon6 ¢.533C>T p-Prol78Leu Paternal Reported ~ VWFA
Exon7 c.769C>T p-Arg257Trp Maternal Reported ~ VWFA

P6 Compound heterozygous ~ Exon6 c.741+1delG - Paternal Novel -
Exon7 c.897+1G>A - Maternal Reported  —

P7 Compound heterozygous  Exon2-Exon8  deletion - Paternal Novel -
Exon4 c.322C>T p-R108X Maternal Reported  —

patients who were beyond 1 year old in our study. Thus, pa-
tients with severe periodontitis in early life should be trans-
ferred to an immunologist. The pathogens including
Pseudomonas aeruginosa, Staphylococcus aureus,
Enterococcus faecium, and Candida parapsilosis have been
found in our patients, which are similar to the previously re-
ported cases. Interestingly, CMV infection is very common in

a
M
F

Fig.2 Gene analysis of /TGB2 in P7 family. a Point mutation (c.322C>T,
p-R108X) in P7 family. P7: Patient 7 had a ¢.322C>T homozygous
mutation confirmed by Sanger sequencing. M: mother of P7, who had
¢.322C>T heterozygous mutation. F: father of P7, who had no ¢.322C>T
mutation. b A heterozygous deletion from exon 2 to exon 8 in the /TGB2

our patients. It may be related to the high incidence of CMV
infection in our country.

Out of the seven patients, six patients had a delayed cord
separation after the second week of life in our study. Elena
et al. [9] reviewed 323 cases with LAD-I published before
2017 and concluded that there was a significant correlation
between the absence of umbilical cord complications and
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gene were detected by the reduced NGS sequence reads, which derived
from her father. These data showed that P7 had one allele with ¢.322C>T
heterozygous mutation derived from her mother and another allele with
deletion derived from her father
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survival to 24 months for patients with CD18 less than 2%.
The delayed cord separation is one symptom of concern to
clinicians. Persistent leukocytosis has yet to be another signif-
icant feature of LAD-1[22]. It was noted in all our patients and
the white blood cell count can be even higher during the in-
fection period. Interestingly, two patients in this study present-
ed with only 11 x 10"9/L white blood cells during infection-
free time. These data indicate that we should pay attention to
identify the disease, even if the patient has no leukocytosis.

Flow cytometric analysis of CD18 and CD11 (a, b, c) ex-
pressions on peripheral blood leukocytes is considered a rapid,
sensitive, and hence, commonly used tool for confirmation of
diagnosis [23]. According to the expression of CD18, LAD-I
can be categorized into two forms: the severe form of the
disease (less than 2% expression of CD18) and the moderate
form of the disease (between 2 and 30% expression of CD18)
[7]. In the current study, all seven patients showed low expres-
sion levels of CD18. Two patients showed less than 2% CD18
expression. To make a prenatal diagnosis of LAD-I, the ex-
pression of CD18 can be measured by the age of 20 weeks,
and assessment of CD18 expression on fetal blood lympho-
cytes can be used [24]. However, Wolach et al. [25] reported a
cohort of 18 LAD-I patients in which six patients had positive
CD18 expression and lower CD11a expression. It indicated
that we could not rule out the disease according to the normal
expression of CD18.

The “suspected LAD-I patients” are not conclusive until
genetic information is available. LAD-I is caused by muta-
tions in the /7GB2 gene, which is autosomal recessive inher-
itance. A recent update on genetic analysis of LAD-I revealed
more than 100 different mutations, of which missense and
frameshift mutations were most frequent, moreover, mutations
on exons 5, 6, and 7 accounted for 44% [9]. Four Chinese
patients were reported previously, including the following mu-
tations [10—13]: c.954del G, ¢.1802C>A, ¢.1768T>C,
¢.899A>T, and ¢.897+1G>A. In the present cohort, gene anal-
ysis was performed in all seven patients, which revealed 13
mutations, including missense (38.5%), nonsense (15.4%),
slicing (15.4%), frameshift (15.4%), and gross deletion
(15.4%) mutations. Four novel mutations were identified:
¢.1794dupC, c.1788C>A, ¢.841-849del9, and c.741+1delG.
Six patients had compound heterozygous mutations, whereas
the majority of the previously published cases had homozy-
gous mutations. These results may be associated with the lack
of consanguine marriages in China. P1 was the only homozy-
gote without deletion, whose father was heterozygous and
mother was normal in /TGB2. We guess that might be a de
novo mutation on the other allele of the patient or his mother
had mosaicism in germ cells, which were not genetically test-
ed. In this cohort, we discovered that two patients harbored
one large gene deletion (the entire gene or exon 2-exon 8),
which has only been previously reported in very few cases [,
26-28]. Notably, gross deletions might occur in patients,

@ Springer

which might be overlooked by the clinicians, leading to mis-
diagnoses. Further investigations should be carried out when
the patient manifests typical LAD-I symptoms but only one
mutation is found in the gene.

The disease can be cured by hematopoietic stem cell trans-
plantation (HSCT) [7]. Outcomes for 101 LAD-I patients re-
ceiving HSCT were available in previously reported cases.
Successful transplantation was reported to be 73.3% (74/
101), regardless of the HSCT type, while transplant-related
mortality was 19% [9]. In our study, UCBSCT was performed
in five patients, and all patients achieved successful phenotyp-
ic correction and were in good condition until the last follow-
up. In 2017, Moutsopoulos et al. reported that ustekinumab,
interleukin-12, and interleukin-23 signaling inhibitor, had a
role in the management of LAD-I [29]. It will be the new
direction of management of LAD-I.

In conclusion, we reported the clinical manifestations and
treatment of seven Chinese patients with LAD-I. In addition,
four novel mutations were reported, extending the /TGB2
gene mutation database. These results are helpful in under-
standing the current status of the disease in China.
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