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Lung histopathology evaluation of an X-MAID patient
with a novel mutation in MSN

Laura Abrego Fuentesa, Amarilla B. Mandolab, and Bo Nganc*

ABSTRACT
Background: The cell cytoskeleton is regulated by the ezrin-radixin-moesin (ERM) family of proteins, forming
links between transmembrane proteins and the underlying actin cytoskeleton. Phosphorylation and activation
of these proteins enable interactions with partners critically involved in shape regulation, such as actin filaments,
transmembrane proteins, and scaffolding proteins. The MSN gene encodes moesin, which is ubiquitously
expressed in lungs, spleen, kidney, endothelial cells of vessels, lymphocytes, and neutrophils. Deficiency or
dysregulation of moesin, called X-linked moesin-associated immunodeficiency (X-MAID), is characterized
by severe leukopenia affecting T cells, B cells, and neutrophils. To date, the clinical picture of patients with
X-MAID is variable.

Aim: We describe the presentation, immune-workup, and lung histopathology findings of a young male patient
with X-MAID and multi-organ involvement, whose severe pulmonary vein stenosis necessitated a double lung
transplant.

Methods: A thorough review of the patient’s chart was performed.

Results: The patient presented with a history of recurrent respiratory tract infections, oral thrush, and 3 major
bacterial infections requiring admission and antibiotic therapy. His immune evaluation was remarkable for low
T cells, and normal numbers of B and NK cells. At age 4 years he underwent a double lung transplant due to
severe pulmonary vein stenosis and pulmonary hypertension. He further developed chronic kidney injury post-
transplant. Clinical trio whole exome sequencing revealed a novel hemizygous variant in the MSN gene
(c.278dupT; p.L93FfsX21), predicted to cause loss-of-function in moesin. Histologic evaluation of the lung tissue
before transplantation identified profound abnormalities in alveoli formation.

Conclusion: Patients with moesin deficiency may present during infancy or childhood with a severe form of the
disease, including combined immunodeficiency with lymphopenia and neutropenia, while adults may have a
milder clinical picture. The novel MSN mutation described here adds to the known spectrum of disease and
highlights the non-redundant functions of moesin, particularly in the lung.

Statement of Novelty: We report the first lung histopathological description of an X-MAID case, in a pediatric
patient with recurrent infections, cytopenia, and autoimmunity who underwent a double lung transplant.
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Introduction

The Ezrin-radixin-moesin (ERM) family of proteins
are responsible for developing networks between trans-
membrane proteins and the actin cytoskeleton (Fehon
et al. 2010). They are essential for normal membrane
organization and function, preserving cell shape, micro-
villi, pseudopod/uropod and immune synapse forma-
tion, phagocytosis, and apoptosis, as well as signal
transduction pathway control (Niggli and Rossy 2008).

All ERM proteins are characterized by a plasma
membrane-associated N-terminal 4.1 ezrin, radixin,
moesin (FERM) domain, followed by a long region with
a high α-helical propensity, and a C-terminal domain
(C-ERMAD: C-terminal ERM-association domain)
which binds to the FERM domain, creating a head to
tail folding structure (Fehon et al. 2010; Niggli and
Rossy 2008) (Figure 1A). The FERM domain contains
3 subdomains: the F1 ubiquitin-like domain, F2 consist-
ing of 4 α-helices, and F3 composed of a pleckstrin

homology domain (Figure 1B). A preserved FERM
domain is critical for the overall ERM protein function
(Michie et al. 2019). Phosphorylation and subsequent
activation of ERM proteins enable interactions neces-
sary for shape regulation, including those of actin fila-
ments, transmembrane proteins, and scaffolding
proteins. The participation of phosphatidylinositol 4,5
biphosphate (PIP2) is required for ERM protein activa-
tion, by binding to the FERM domain and phosphoryl-
ating the C-ERMAD domain. (García-Ortiz and
Serrador 2020).

The MSN gene, located on the X-chromosome, enco-
des moesin which is ubiquitously expressed in lungs,
spleen, kidney, endothelial cells of vessels, and is the
predominant ERM protein in lymphocytes and neutro-
phils (Liu et al. 2015). Moesin is the abundant in leuko-
cytes, while ezrin and radixin are near absent in
leukocytes (García-Ortiz and Serrador 2020). Murine
studies have previously demonstrated that moesin and
radixin knockout mice appear clinically less severe.

Figure 1: (A) Schematic model of moesin activation upon phosphorylation. Moesin remains folded
while inactive in the cytoplasm. Phosphorylation by PIP2 results in a conformational change and
subsequent activation, permitting binding to F-actin and downstream maintenance of cell shape
and other function. (B) Schematic representation of the moesin protein, with the N-terminal
FERM domain, α-helical domain, and C-terminal C-ERMAD domain. The subdomains within
FERM, F1, F2, and F3 are indicated. Our patient’s mutation, c.278dupT resulting in p.L93FfsX21
is shown.
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Mice reached adulthood despite abnormalities in the
liver, lymphocytes and neutrophils, whereas knockout
of ezrin resulted in embryonic lethality (Kawaguchi et al.
2017; Lagresle-Peyrou et al. 2016; Liu et al. 2015).
Notably, loss-of-function of any one ERM protein is
not compensated by other protein family members
(Kawaguchi et al. 2017).

In recent years, a number of primary immunodefi-
ciencies have been identified that result from aberra-
tions in genes essential for actin cytoskeleton
regulation. These fall under the scope of actinopathies,
and affect cell motility, signaling, and antimicrobial
function (Sprenkeler et al. 2021). X-linked moesin-
associated immunodeficiency (X-MAID), first
described in 2016, is part of a group of immunodefi-
ciencies caused by defects in cytoskeleton. X-MAID is
characterized by severe leukopenia affecting T cells, B
cells, and neutrophils (Lagresle-Peyrou et al. 2016). To
date, the clinical presentation of patients with
X-MAID is variable, from those requiring minimal
intervention, immunoglobulin replacement therapy
and (or) antibiotic prophylaxis (Bradshaw et al. 2018;
Henrickson et al. 2019; Lagresle-Peyrou et al. 2016), to
patients needing life-saving hematopoietic stem cell
transplant based on severe lymphopenia with signifi-
cant clinical manifestations (Henrickson et al. 2019).

Here, we describe the presentation, immune-workup,
and histopathology findings of a young male patient
with X-MAID and multi-organ involvement, whose
severe pulmonary vein stenosis necessitated a double
lung transplant.

Methods

The patient was enrolled in the Primary
Immunodeficiency Registry and Tissue Bank (REB pro-
tocol number 1000005598) at The Hospital for Sick
Children. His chart was reviewed retrospectively.

Results

Case presentation
Our patient is currently a 9-year-old male from a

non-consanguineous Caribbean family, born after an
uncomplicated pregnancy at 38 weeks gestational age
by emergency Cesarean section due to meconium. The
neonatal period was remarkable for neonatal alloim-
mune thrombocytopenia, treated with intravenous

immunoglobulins (IVIG). He had an episode of thrush
around the age of 3 months which was treated with oral
Nystatin. There were no other infectious or immune
concerns in the first year of life.

At the age of 3 years, the patient presented to our
Immunology Service with a history of recurrent infec-
tions, including affecting the recurrent respiratory tract
as well as 3 major bacterial infections: Streptococcal
bacteremia at age 2 years, group A Streptococcus
pharyngitis, and periorbital cellulitis at around age
3 years, all requiring prolonged admission and intra-
venous antibiotic therapy. Additionally, he had high
myopia, tortuous optic nerve identified on MRI, hypo-
tonia, and motor developmental delay.

His immune evaluation revealed low CD3+ T cells,
including both CD4+ and CD8+, and normal numbers
of CD19+ and NK cells (Table 1). Other immune
parameters were normal, including lymphocyte
responses to phytohemagglutinin, as well as albumin
and immunoglobulin levels, reactive specific antibody
titers, neutrophil oxidative burst index, CH50, chromo-
somal microarray and chromosomal breakage assay.

At age 4 years he was admitted for severe pulmonary
vein stenosis, leading to pulmonary hypertension, and
subsequently underwent a double lung transplant. In
his pre-transplant workup, he was noted to have a pos-
itive Strongyloides serology, which was treated.

Post-transplant, he continued to suffer from multiple
infections, including recurrent pneumonia
(Staphylococcus, Pseudomonas, Hemophilus, Entero,
Rhinovirus, MAC and Coronavirus), some requiring
intravenous and in-hospital management. He had
multiple hospital admissions due to hematemesis and
bloody stools, with a gastrointestinal scope only show-
ing mild gastritis and mildly prominent vessels in the
esophagus and rectum. Further, he was unable to clear
Norovirus from his GI tract.

Additionally, he developed immune-mediated
anemia and neutropenia while he was on Tacrolimus
and MMF. A prior bone marrow aspirate showed
adequate granulopoiesis, as it was considered autoim-
mune, ultimately the cytopenia was managed with
intravenous immunoglobulin and GCSF with a good
response. A bone marrow aspirate and biopsy demon-
strated normal granulopoiesis. In terms of other
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immune-mediated conditions, he also developed alo-
pecia areata. He developed chronic kidney injury, which
is believed to have resulted from immunosuppressive
medications post-transplant.

Genetic findings
Clinical trio whole exome sequencing revealed a

novel hemizygous variant in the MSN gene, encoding
moesin (c.278dupT; p.L93FfsX21). Segregation analysis
did not identify the variant in the patient’s mother or
father, thus, it arose de-novo. Located in exon 4, the
c.278dupT variant introduces a premature stop codon

and is predicted to cause loss-of-function either through
protein truncation or nonsense-mediated decay.
Western blot evaluation confirmed reduced expression
of moesin in the patient’s peripheral blood lymphocytes
(not shown).

Lung histopathology analysis
Histologic evaluation of the lung tissue before trans-

plantation (Figure 2) identified profound abnormalities
in alveoli formation, showing enlargement of alveolar
sacs, with emphysematous changes as compared to
healthy control (Figure 2A, 2B). Also present are

Figure 2: Lung histopathology. (A) H&E staining of lung parenchyma from a
normal (age-matched) control showing alveoli in the lower right corner and
alveolar ducts in the center of the field. (B) Size-calibrated lung parenchyma of
our X-MAID patient. Arrows show features of arterialization of small parenchymal
pulmonary veins. Overall, there is expansion of the alveolar sacs similarly seen
in emphysema.

Table 1: Immunological investigations.

Ref. Range 3 y.o. 4 y.o. 5 y.o. 6 y.o. 7 y.o. 8 y.o.

WBC (× 109/L) 5.0−12.0 4.8 4.22 3.12 4.43 2.88 2.99
HGB (g/L) 110−140 130 71 90 87 110 105
HCT (g/L) 0.350−0.420 0.393 0.220 0.275 0.270 0.325 0.318
PLT (× 109/L) 150−400 102 300 193 171 193 190
Neutrophils Absolute (× 109/L) 1.50−8.50 1.06 1.55 0.73 1.52 0.76 0.68
Lymphocytes Absolute (× 109/L) 2.00−8.00 2.50 1.79 1.88 1.55 1.49 1.53
CD3+ (× 109/μL) 2000–6900 1522 3113 1561 680 — —

CD19+ (× 109/μL) 700−2500 1411 403 431 117 — —

CD3+/CD4+ (× 109/μL) 1400−5100 986 1385 894 381 — —

CD3+/CD8+ (× 109/μL) 600−2200 425 1512 567 233 — —

NK (× 109/μL) 100−1000 218 715 84 22 — —

IgG (g/L) >3.2 6.3 5.3 9.2 10.3 — —

IgA (g/L) >0.5 0.7 0.8 1.3 — — —

IgM (g/L) >0.5 0.5 0.7 1.5 — — —

Tetanus (IU/mL) >0.1 2.74 1.15 0.32 — — —

Pneumococcus (IU/mL) — >270 — — — — —

Diphtheria (IU/mL) >0.1 — — — 0.03 — —

MMRV — MRV+/Mu− MRV+/−Mu- MRV+, Mu− MRV+, Mu− — —
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features of arteriolization of the small pulmonary veins
in the lung parenchyma (see the venules that are indi-
cated with short arrows in Figure 2B). Clinically, it
increases flow resistance and attributes to the develop-
ment of hypertension.

Discussion

Moesin deficiency, also known as X-MAID has only
recently been described. Severe forms of X-MAID may
present during infancy or childhood with combined
immunodeficiency (including lymphopenia and neutro-
penia), while adults appear to have a milder clinical pic-
ture (Lagresle-Peyrou et al. 2016). Other manifestations,
including hypogammaglobulinemia and poor vaccine
responses, have also been reported. With the recent
introduction of newborn screening for severe combined
immunodeficiency, cases of X-MAID have also been
identified due to low levels of T cell receptor excision
circles, demonstrating the importance of this screening
tool (Delmonte et al. 2017; Dvorak et al. 2019).

The majority of previously reported MSN mutations
affect the FERM domain, particularly the F2 subdomain
(Bradshaw et al. 2018; Delmonte et al. 2017; Henrickson
et al. 2019; Lagresle-Peyrou et al. 2016). Our patient’s de
novo mutation similarly affected the FERM domain, but
in the F3 subdomain (pleckstrin homology domain),
essential for binding to transmembrane adhesion mole-
cules. Aberrations this region, from amino acid 202 to
298, have not been extensively described. A recent case
report of a de-novoMSNmutation affecting amino acid
217, was clinically described with some overlapping res-
piratory features like most X-MAID cases, but with
marked features of autoimmunity and immune dysre-
gulation (Kovács et al. 2022). Our patient also presented
with autoimmune cytopenia and alopecia areata, which
may represent a distinctive feature within these group
of disorders. Moesin protein expression in lymphocytes
was abnormal in our patient, similar to other case
reports (Bradshaw et al. 2018; Lagresle-Peyrou
et al. 2016).

Our histopathology evaluation of the lungs represent
the first documented for a patient with X-MAID who
suffered severe pulmonary vein stenosis, requiring a
double lung transplant. The muscularization of the
walls of the small pulmonary veins (so-called ‘arterioli-
zation change’) results in sclerosis and loss of elasticity
of the veins, causing functional obstruction of blood

flow and hence hypertension. Moesin is expressed in
high levels in the lung, indicating a critical role in the
maintenance of alveolar structure as well as regulation
of inflammation and repair. The absence of moesin
expression likely explains the recurrent pulmonary
disease since childhood in X-MAID patients. In line
with our findings, the lungs of moesin-deficient mice
demonstrate abnormal alveolar architecture with
emphysematous changes, similar to what is seen in
our patient. Further, in response to lung injury,
moesin-deficient mice show greater lung damage and
fibrosis compared to controls, indicating dysregulated
repair mechanisms (Hashimoto et al. 2008). This is con-
sistent with the high expression of moesin (compared to
ezrin and radixin) in the lungs and its role in alveolar
preservation and lung homeostasis (Hashimoto
et al. 2008).

Taken together, the clinical presentation of our
X-MAID patient described here adds to the known
spectrum of disease and highlights the non-redundant
functions of moesin, particularly in the lungs.
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