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comorbidities in a rare case of infant ARDS
induced by the CD40LG mutation
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Abstract

Background: Acute respiratory distress syndrome (ARDS) causes significant mortality in young children with certain
diseases. Early diagnosis and treatment can reduce infant mortality. Here, we report a rare case of exome sequencing
in the early diagnosis of immunodeficiency in an infant.

Case presentation: A four-month-old full-term male infant presented with severe shortness of breath, hypoxemia,
and unexplained parenchymal lung lesions. A series of examinations were performed to search for potential culprit
viruses but negative results were obtained with the only exception being the rhinovirus that tested positive. The
child’s family history revealed he had a brother who died of severe infection at the age of two years. We performed an
exome sequencing analysis and a mutation analysis of CD40LG to obtain genetic data on the patient. Besides, we used
flow cytometry to measure the CD40LG expression levels of activated T cells. A retrospective review of all the CD40LG
mutant-induced X-linked hyper IgM syndromes (XHIGM) had been conducted to assess the differences between clini-
cal and genetic molecular features. Finally, a regular intravenous immunoglobulin (IVIG) regimen led to steady breath-
ing, the correction of hypoxemia, and a progressive improvement of lung CT scans. During follow-up, the patient
received an IVIG regimen and his CT images improved. Moreover, his parents took advantage of pre-implantation
genetic testing with in vitro fertilization to have a healthy twin offspring who did not carry such a mutation accord-
ing to the early exome sequencing for the proband. Compared with other CD40LG mutant cases in our center, this
proband displayed a normal plasma immunoglobulin level and he should be the youngest infant to have a molecular
diagnosis of XHIGM.

Conclusion: Usually, XHIGM would not be suspected with a normal plasma immunoglobulin concentration. How-
ever, as we could not identify a potential comorbidity or risk factor, exome sequencing helps target this patient’s real
facts. Thus, this case report calls for exome sequencing to be performed in the case of unexplained infections when
immunodeficiency is suspected after general immunological tests, especially for cases with a contributive family his-
tory among infants as the maternal transfused immunoglobulin might mask immune deficiency.
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Background

Acute respiratory distress syndrome (ARDS) is a clini-

cal syndrome characterized by a distortion of the
: : : alveolar epithelial-endothelial barrier’s permeability,
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infections or as secondary effects of systemic inflamma-
tion associated with, for example, sepsis or pancreatitis
[2—4]. In 2015, a specific definition for pediatric ARDS
was coined at the Pediatric Acute Lung Injury Consen-
sus Conference [5]. The differences between adult and
pediatric ARDS lie in its causes and in clinical practice,
with the morbidity and mortality rates among young
children being higher. Pediatric ARDS is a severe condi-
tion and one of the leading causes of ICU deaths, war-
ranting further research to explore the associated risk
factors, comorbidities, precise treatment approaches,
and outcome predictors [6, 7].

A previous review revealed that there has been con-
siderable focus on understanding the conditions that
predispose patients to this disease [8, 9]. Furthermore,
physicians seek to delineate the relationship between
ARDS risk factors and its clinical outcomes. Apart from
the risk factors for ARDS, comorbidities also strongly
contribute to the development and severity of ARDS
[6, 7, 10]. Among these comorbidities, congenital and
acquired cardiac lesions are the most widely recognized
factors. Immune suppression or immune deficiency has
been identified in less than 10% of young patients with
ARDS [11]. However, the associated mortality rate sec-
ondary to immune dysfunction is 46%, which is consider-
ably higher than that associated with prematurity (19%)
and congenital heart diseases (11%) when a timely diag-
nosis, which contributes to precise management, is not
forthcoming [6, 7].

Children with immune deficiencies are always suscepti-
ble to opportunistic infections, neutropenia, autoimmune
diseases, and malignancies [11]. Studies have found that
more than 50% of young male patients develop symptoms
at the age of one year and more than 90% do so at the
age of four years [12, 13]. The fact that ARDS is not the
key symptom of immune deficiency makes the diagnosis
of immune deficiency at the onset of ARDS in children
challenging in the absence of any other symptoms. Such
patients are thereby placed in the high-risk category for
recurrent ARDS, which is associated with a significant
mortality rate [14]. Consequently, it is essential to con-
sider immune deficiency in cases of unexplained ARDS
among young children.

Herein, we report the case of a four-month-old infant
with ARDS in whom all potential risk factors and comor-
bidities had been ruled out. At the same time, we failed
to determine any disorder of immune function via basic
laboratory tests. Nevertheless, as immune deficiency was
suspected, exome sequencing was performed to identify
any potential genetic variants. Ultimately, a hemizygous
mutation of CD40LG was discovered and IVIG adminis-
tration was scheduled, which led to a satisfactory prog-
nosis for this infant.
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Case presentation

Cases involved and ethical compliance

A retrospective review of all the CD40LG mutant-
induced X-linked hyper IgM syndromes (XHIGM,
OMIM #308230) had been conducted according to their
medical archives. All the patients included should have
been diagnosed with a severe infection or immune sys-
tem disorder at least once. The exome sequencing results
and clinical data had been accessed totally. Patients were
excluded if the CD40LG mutation was predicted as a
polymorphism. This study was approved by the ethics
committee of the West China Second Hospital of Sichuan
University (approval no. 2014-034). For all the partici-
pants who were under age of 16, we obtained the written
informed consent to participate in this research from all
the reported seven patient’s parents before performing
exome sequencing and for the inclusion of the patient’s
clinical and imaging details in subsequent publications.
Besides, written informed consents were obtained from
all the involved adults in this study.

History of illness

This proband is a four-month-old full-term male infant
suffering from shortness of breath who was brought to
our pediatric intensive care unit. He demonstrated nor-
mal growth and development prior to the onset of the
disease. The infant developed a violent cough that contin-
ued for five days and was diagnosed with bronchitis. The
cough was treated with a three-day course of antibiotics
despite which the infant presented with severe short-
ness of breath and hypoxemia that required noninvasive
positive pressure ventilation. The parents stated that the
infant had no relevant disease history and declined any
history of perinatal resuscitation and neonatal ICU hos-
pitalization. Moreover, they reported the death of the
infant’s elder brother at the age of two years due to severe
pulmonary infection and septic shock without any risk
factor (Fig. 1A).

Laboratory results

The infant’s respiratory rate rose to 70 breaths/min and
his arterial oxygen saturation dropped to 83% when nasal
oxygen was administered. He responded poorly to exter-
nal stimuli and was irritable. Scattered bilateral wet rales
were perceived in his lungs, and an analysis of his arte-
rial blood gases revealed the following results: pH: 7.312,
pO2: 6.07, kPa: pCO2: 4.82 kPa, and BE: —7.6 mmol/L.
The procalcitonin level increased slightly to 0.075 ng/mL.
Bacterial cultures performed using his blood and bron-
chial secretions were also negative. A series of tests were
performed to identify potential viral infections, of which
only the rhinovirus test result was positive. SARS-CoV-2,
influenza A/B, adenoviruses, respiratory syncytial virus,
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and other viruses associated with respiratory infections
were also ruled out, as were mycoplasma and chlamydia.
The results of CT scans revealed reduced light transmit-
tance of both lung fields and extensive bilateral areas with
diffuse infiltrates, indicating the presence of a parenchy-
mal lung lesion. Ultrasonography revealed pulmonary
edema.

This case had been considered a case of ARDS with-
out any particular risk factor or comorbidities at infancy.
Therefore, immune deficiency was suspected, and general
immunological tests revealed that the proportion of sub-
groups of immune cells was abnormal (the ratio of CD3+
T cells was 41.0% [n.v. 48—-75%] and that of T helper cells
(CD3+ and CD4+) was 25.5% (n.v. 33—58%), while there
was a 50.2% elevation of CD19+ B lymphocytes (n.v.
14-39%) and a 1% reduction of CD27+ lymphocytes
(n.v. 4-10%) had been observed. Although the IgA con-
centration dropped to 0.05 g/L (n.v. 0.1-1.31 g/L), nor-
mal volumes of IgG, IgM, IgE, C3, and C4 were recorded
(the levels of types of immunoglobulins are listed in
Table 1 with the corresponding reference ranges). How-
ever, FACS demonstrated the decreased level (3.16%) of
CD40LG+ activated T cells (CD3+ and CD8—) that was
expressed (Fig. 2, left panel) while his father and mother
demonstrated percentages of 27.9% and 28.1% (Fig. 2,
middle and right panels), respectively. The detailed pro-
tocol for FACS was summarized in Additional file 1.

Molecular results

As previously noted, the infant’s family history revealed
the death of a two-year-old male sibling from an
unknown cause. Therefore, genetic mutations of immune
deficiency were strongly suspected, and exome sequenc-
ing was performed for this patient. A hemizygous muta-
tion of CD40LG at ¢.346+ 1G> T (splicing-inducing) had
been identified. The detailed information on the exome
sequencing analysis is found in the Additional file 1: Sec-
tion. Furthermore, the patient’s mother was a carrier of
the variant. The Sanger confirmation is presented in
Fig. 1B. According to researchers at the American Col-
lege of Medical Genetics, this variant is an uncertain one,
the same as PVS1 + PS4 4 PM2. Further, it has not been
reported in any population, and this is the first reported
case of this site mutation. An analysis performed using
MutationTaster revealed that it was disease-causing
(probability: 1, sequence motif lost, Fig. 1C). SPIDEX also
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revealed a significant impact on RNA splicing (|Z]>2).
The final diagnosis for this patient was pediatric ARDS
induced by XHIGM in response to a rhinovirus infection
during infancy.

Treatment and clinical outcome

Immediately after the patient’s admission, a CPAP/BiPAP
nasal mask was placed with a FiO2 of 55% to main the
SpO2 at approximately 95%. Vancomycin and mero-
penem were administered. Methylprednisolone was
also added to the treatment regimen to reduce systemic
inflammation. Intravenous immunoglobulin (IVIG) was
administered at a daily dose of 500 mg/kg) for four days
during the acute phase of ARDS. After ten days of anti-
biotic treatment and supportive care, the patient recov-
ered and the non-invasive ventilator was removed. The
results of a CT scan and an X-ray revealed a reduction
in the bilateral parenchymal diffuse infiltrates (Fig. 3).
After that, IVIG administration (1000 mg/kg/month)
was scheduled to prevent recurrent respiratory tract
infections and facilitate normal development during
follow-up.

Next pregnancy using pre-implantation genetic testing
(PGT) + in vitro fertilization (IVF)

Moreover, exome sequencing demonstrated a newly
reported variant of CD40LG and provided a possible
explanation for the ARDS of the proband and the reason
for the early death of the first baby. So, according to the
genetic background screening, the parents underwent
PGT and IVF to have a healthy twin offspring who did
not carry such a mutation.

Discussion and conclusions

It has long been established that preexisting immune
deficiency in both adult and pediatric patients increases
the risk of ARDS development and is associated with
worse post-ARDS outcomes. A previous study reported
that 20.8% of adult patients with ARDS were immuno-
compromised in some way [11]. While human immu-
nodeficiency virus (HIV) infection is the main cause of
immunodeficiency among adult patients, genetic muta-
tions are the dominant cause of pediatric immune defi-
ciency. Exome sequencing is currently the gold standard
for diagnosing genetically-related immune deficiency and
is widely applied given its affordability. Moreover, familial

(See figure on next page.)

Fig. 1 Information on CD40LG mutations in this family. A The family pedigree reveals that the maternal carrier of CD40LG 346+ 1 G>T, and his elder
brother died early without exome sequencing. This proband presented infant ARDS with a hemizygous CD40LG 346+ 1 G>T mutation. Besides,

the next pregnancy of this couple led to the birth of a healthy twin who did not carry the CD40LG 346+ 1 G>T mutation. B Sanger sequencing
validation of this patient and his parents. C The reported cases of CD40LG 346+ 1 G>T mutation in database. And Mutation Taster predictive

result for this mutation. D The genetic and protein sequencing variant results of all the seven patients who had a diagnosis of XHIGM with CD40LG

mutations
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A C Known variant reports of CD40LG ¢.346+1G>T
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Fig. 1 (See legend on previous page.)
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Patient Father Mother
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CD40LG (APC)
Fig. 2 Flow cytometry demonstrated the decreased level (3.16%) of CD40LG+- activated T cells (CD3+ and CD8—) that were expressed (left panel).
Also, his father and mother demonstrated similar CD40LG+ levels of 27.9% and 28.1% (middle and right panels), respectively

Hospital administration

Hospital discharge

Fig.3 CT scanning images for this patient before and after treatment. A-C The section images presented diffused bilateral infiltrates and
parenchymal lung lesions at the time of PICU administration on the transverse view from the apex level to diaphragm level. D-F The images
present the CT scanning results after treatment before discharge on similar transverse views as the previous one

. .

next-generation exome sequencing can be completed
within two weeks. Therefore, for a particular condition,
exome sequencing is of considerable value for determin-
ing whether suspected lesions have a genetic cause, thus
facilitating diagnosis and improving long-term outcomes
as well as enabling the interpretation of a definitive
prognosis.

XHIGM, which accounts for 65-70% of all hyper IgM
(HIGM) cases, is the oldest and most common HIGM
class, which is caused by mutations in the CD40LG
gene [15]. Over 75% of patients with XHIGM develop

symptoms of immunodeficiency in their first year of life.
This gene is located in the long arm of the X-chromo-
some (26.3—27.1) and contains five exons that are respon-
sible for coding amino acids. CD40L, which belongs to
the tumor necrosis factor superfamily, is expressed on
the surface of the activated CD4" T cells. It converts
immunoglobulins secreted by B lymphocytes to trans-
formed classes by acting on CD40 molecules. Follow-
ing mutations of the CD40LG gene, the expression of
CD40L on the surface of T lymphocytes is reduced, and
CD40LG cannot bind with associated molecules or affect
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the formation of CD40 trimers [16]. Thus, the CD40L
gene defect constrains the interactions of T cells and B
cells and affects germinal center formation [17]. To date,
more than 250 unique mutations of the CD40L gene have
been detected [16, 18]. A definitive diagnosis of HIGM
requires the presence of decreased serum IgG along with
one of the following: (1) a CD40LG pathogenic variant or
(2) one or more maternally-related male members with
an HIGM1 phenotype or diagnosis in the patient’s fam-
ily. At this time, we reviewed all the seven patients who
had been confirmed to carry a CD40LG mutation to
reach a diagnosis of XHIGM (Table 1 and Fig. 1D). This
patient presented a clinical disorder that began at the age
of four months. At that time, the transplacental immu-
noglobulins from the mother would still contribute to
maintaining the normal immune function of the infant
[19]. However, the other six patients presented the first-
onset clinical manifestation after the age of 18 months,
when the maternal immunoglobulins were running out.
As such, all six patients demonstrated a significantly
increased level of IgM and decreased levels of IgA and
IgG, which is different from the proband of this study.
Taken together, infants with immune deficiency seldom
suffered a critical infection attack, and it is difficult to
distinguish the infants with immune deficiency from
the patients with normal plasma immunoglobulin levels.
Hence, exome sequencing is a powerful tool for seeking
the comorbidities of bouts of severe infection in infants,
especially for patients with a contributive family history.
Essential risk factors and comorbidities are usually pre-
sent in young children with ARDS. Therefore, it is nec-
essary to identify such related factors, which are mainly
associated with clinical outcomes, for every case of
ARDS. Accordingly, we attempted to identify any poten-
tial factors and comorbidities associated with ARDS
development in this case. However, no sepsis, aspira-
tion, trauma, drowning, or non-sepsis-related shock was
uncovered. In very young infants, prematurity and low
body weight are the most common underlying causes
of ARDS. Moreover, congenital as well as acquired car-
diovascular diseases, neurological disorders, cancer, and
pre-existing pulmonary diseases also contribute to a poor
ARDS prognosis. In light of the specific family history of
this patient, we strongly suspected immune deficiency,
even though the primary screening for plasma immu-
noglobulins yielded almost normal results. However,
the proportion of immune cells had been recorded to be
abnormal. Therefore, availing of exome sequencing, we
identified XHIGM with the CD40LG mutation at a very
early stage, without recurrent bouts of severe infection.
The subsequent precise therapeutic approach enabled
recurrent and opportunistic infections to be held at bay
and prevented early death. Thus, once immunodeficiency
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is suspected in a patient at a very young age (< 6 months),
exome sequencing is required after general immunologi-
cal tests are completed.

Collectively, our experience with this patient empha-
sized the importance of early exome sequencing in
identifying any potential risk factors for rare diseases or
comorbidities, especially in a proband with a contribu-
tive family history. If the proband missed early exome
sequencing, no curative medication could be adminis-
trated and there is a high risk of infant mortality. In such
a condition, physicians and parents are usually unaware
of the details of such patients, which means there is a
risk of the same genetic variation occurring in the next
offspring. Hence, early and timely exome sequencing for
unexplained cases would not only benefit the treatment
approach for the proband but also help to modify the
strategy for the next reproduction based on PGT +IVE.

However, this case report still exists some limitations.
Firstly, although the clinical and molecular results were
sufficient to explain the phenotype of this proband, we
only reported a single case that was much different from
other patients in our center and in the literature. So, the
conclusion should be handled carefully and seriously,
Secondly, although several strategies had been employed
to demonstrate the impaired function of the CD40LG
¢.346+ 1G>T mutation, experimental validation would
be still required in the future.

In conclusion, ARDS is a severe condition among pedi-
atric patients that is associated with significant morbidity
and mortality rates. Several risk factors and comorbidi-
ties have been identified among pediatric ARDS patients
with evident age-related characteristics. Immune defi-
ciency is a common factor across age groups that con-
tributes to the development of ARDS. As the incidence
and clinical outcomes of ARDS are closely associated
with a genetic disorder, it is critical to recognize immune
deficiency at an early stage. Indeed, the CD40LG muta-
tion is a hot topic, and hundreds of variants were iden-
tified during the last decade. However, we still consider
this case report as having two strengths. (1) The c.346+
1G>T is a novel mutation that was not reported before.
(2) This is an infant who suffered an ARDS attack.

Usually, XHIGM would not be suspected with a rela-
tively normal plasma immunoglobulin concentration.
Also, exome sequencing helps target this patient’s real
facts over a limited period (2—3 weeks) very early. How-
ever, emerging evidence has demonstrated the impor-
tance of exome sequencing in identifying congenital
disorders as a front-line consideration. It should be noted
that general immunological tests should be performed
to demonstrate the characteristics of the immune func-
tion at first, as the technical execution time limits exome
sequencing to the very first-level examination. However,
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the priority of exome sequencing needs to increase
among patients with unexplained infection attacks
and the abnormal formation of subgroups of immune
cells, especially for cases with a contributive family his-
tory among little-age infants, as the maternal transfused
immunoglobulin might mask immune deficiency. Finally,
we recommended a shift in the priority of exome screen-
ing to help identify the causes of unusual bouts of severe
infection as general immunological tests could not fully
explore certain types of deficiencies.
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