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Objective: The prevalence of Marfan syndrome (MFYS) is estimated to be 1 in 10,000 to 15,000 individuals,
but the phenotype of MFS may not be apparent and hence its diagnosis may not be considered by clinicians.
Furthermore, the effects of MFS on the lungs and breathing are underrecognized despite the high
morbidity that can occur. The objective of this Narrative Review is to delineate the molecular consequences
of a defective fibrillin-1 protein and the skeletal and lung abnormalities in MFS that may contribute to
respiratory compromise. It is important for clinicians to be cognizant of these MFS-associated respiratory
conditions, and a contemporaneous review is needed.

Background: MFS is an autosomal dominant, connective tissue disorder caused by mutations in the
FIBRILLIN-1 (FBNI) gene, resulting in abnormal elastic fibers as well as increased tissue availability of
transforming growth factor-beta (TGF), both of which lead to the protean clinical abnormalities. While
these clinical characteristics are most often recognized in the cardiovascular, skeletal, and ocular systems,
MEFS may also cause significant impairment on the lungs and breathing.

Methods: We searched PubMed for the key words of “Marfan syndrome,” “pectus excavatum,” and
“scoliosis” with that of “lung disease,” “breathing”, or “respiratory disease.” The bibliographies of identified
articles were further searched for relevant articles not previously identified. Each relevant article was
reviewed by one or more of the authors and a narrative review was composed.

Conclusions: Though the classic manifestations of MFS are cardiovascular, skeletal, and ocular, FBN1
gene mutation can induce a variety of effects on the respiratory system, inducing substantial morbidity and
potentially increased mortality. These respiratory effects may include chest wall and spinal deformities,
emphysema, pneumothorax, sleep apnea, and potentially increased incidence of asthma, bronchiectasis, and
interstitial lung disease. Further research into approaches to prevent respiratory complications is needed, but
improved recognition of the respiratory complications of MFS is necessary before this research is likely to

occeur.
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Introduction

Marfan syndrome (MFS) is a relatively common autosomal
dominant, systemic connective tissue disorder found
worldwide with no predilection for either sex or ethnicity.
After revision of the diagnostic criteria in 2010 (1), the
estimated prevalence has fallen from 1 in 5,000 to a more
current estimate of 1 in 10,000 to 15,000 individuals
(2,3). MFS is caused by mutation of the FIBRILLIN-1
(FBNI) gene located on chromosome 15 (15 q 21.1)
and is a disorder associated with multiple organ system
manifestations and broad clinical variability that may lead
to serious morbidity and early mortality (4). Though the
classic manifestations of MFS are cardiovascular, skeletal,
and ocular, up to 10 percent of individuals will have MFS-
associated respiratory disorders such as chronic obstructive
pulmonary disease (COPD)/emphysema, spontaneous
pneumothorax (SP), bronchiectasis, and sleep disordered
breathing as well as thoracic skeletal abnormalities that may
impair respiratory function (3,5-7). A recent MFS case-
control study with gender and age-matched controls found
an increased frequency of death from respiratory causes
(OR 3.0; CIL: 1.4-6.3, P=0.005) (3). Since the diagnosis of
MEFS may not be considered by clinicians and its respiratory
effects may be overlooked or underrecognized, a more
contemporaneous review of the literature is needed on the
impact of MFS on the respiratory system. The goal of this
review is to elaborate how a defective fibrillin-1 protein
may contribute to the skeletal defects, lung abnormalities,
and sleep disordered breathing in MFS that may lead to
respiratory compromise. We will also discuss how losartan,
presently used by some to prevent the vascular abnormalities
(aortopathy) associated with MFS, may or may not benefit
the respiratory complications of MFS despite conflicting
evidence for its efficacy in aortopathy.

We present the following article in accordance with the
Narrative Review reporting checklist (available at https://
dx.doi.org/10.21037/jtd-21-1064).

Methods
We searched PubMed for the key words of “Marfan

” «

syndrome,” “pectus excavatum,” and “scoliosis” with that of
“lung disease,” “breathing”, or “respiratory disease.” The
bibliographies of identified articles were further searched
for relevant articles not previously identified. Each article
was reviewed by one or more of the authors and a Narrative

Review was composed.
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Fibrillin-1 structure and function

The glycoprotein fibrillin-1 forms a long flexible monomer
that is the backbone of the extracellular microfibril, i.e.,
microfibrils are composed of polymers of fibrillin-1
(Figure 1A, top panel). Tivo major models show how fibrillin-1
aligns in microfibrils, namely the molecular hinge model
and the one-third staggered model (8). Mature microfibrils
are cross-linked viz reducible disulfide bonds and non-
reducible e-(y-glutamyl)-lysine cross-links to stabilize the
three dimensional structure and to provide additional
strength to withstand mechanical forces in tissues (9).
The N-terminus of fibrillin-1 is highly interactive, capable
of binding the C-terminus of other fibrillin-1 molecules
as well as other molecules such as MAGPs-1 and -2,
fibulins-1, -2, and -5, versican and heparan sulphate to form
microfibrils (10).

Microfibrils are found ubiquitously in connective tissue
and serve as the template for elastic fibers (11,12). To form
elastic fibers, microfibrils form a meshwork around a central
elastin core (Figure 1A4, top panel) and are present in many
tissues such as the skin (13), arteries (14), ligaments (15),
and lungs (16). Elastic fibers play a dominant role in
conferring elasticity and resilience in these structures.
Hence, microfibrils are essential for integrity of many
body tissue structures, including skin, blood vessels, lung
parenchyma, cardiac valves, and ocular ligaments (17).

Microfibrils play a role in tissue homeostasis,
sequestering and storing the latent forms of transforming
growth factor-beta (TGF), wherein TGFp is bound to
a latency-associated peptide (LAP), forming the Small
Latent Complex (SLC). When the SLC duplex is bound
to latent T'GFp binding protein (LTBP) (18) (Figure 14,
bottom panel), this triplex is known as a Large Latent
Complex (LLC). The LLC sequesters and stores TGFf
in an inactive form (19). The mechanism for this storage
is that the C-terminus of LTBP binds to fibrillin-1 present
on microfibrils as fibrillin-1 is structurally homologous
to LTBP (Figure 14, bottom panel) (20,21). In the
presence of a mutated fibrillin-1 protein, LT BP binding
to fibrillin-1 is reduced in the microfibril—whether due
to the abnormal fibrillin-1 protein or reduced amount of
it—resulting in the inability to keep TGFp sequestered in
the LLC and leading to increased bioavailability of free
TGFB (Figure 1B) and overactivation of downstream TGFp
signaling cascades (18). There are two pathways of TGFB
intracellular signaling, canonical and non-canonical. In the
canonical pathway, Smad proteins mediate the intracellular
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Figure 1 Diagram of normal microfibril, elastic fibers, and associated proteins. (A) Normal state: fibrillin-1 is a key structural component of
microfibrils. Microfibrils serve several functions including binding to ITBP, combining with elastin to form elastic fibers (top panel) and keeping
TGFB sequestered (bottom panel). (B) Marfan syndrome: with abnormal fibrillin-1, LTBP is unable to bind the abnormal fibrillin-1 protein
present on the microfibrils and thus unable to keep TGF sequestered. As a result, there is both abnormal elastic fibers and increased free TGFp in
tdssues. LTBP, latent TGFB-binding protein; LAP, latency-associated peptide; TGFp, transforming growth factor-beta; MFS, Marfan syndrome.

signaling of T'GFB, and enhanced nuclear translocation of
pSmad? is an indicator for TGF signaling in both murine
models and MFS patients (22,23). In the non-canonical
pathway, p38 and extracellular-signal regulated kinase 1/2
(ERK1/2) signaling pathways are the main mediators of
intracellular TGF signaling (19). Both canonical and non-
canonical pathways eventually regulate production of matrix
metalloproteinases (MMP) and there is evidence that both
pathways may contribute to pathology in MFS through this
mechanism. The combined pathophysiological effects of
mutated fibrillin-1 protein and increased free TGFp levels
in tissues account for the protean clinical manifestations
of MFS as outlined in Tiable 1. However, the revised Ghent
criteria placed greater emphasis on aortic root abnormalities
and ectopia lentis in the diagnostic criteria of MFS
(Table 2) (1).

Respiratory system manifestations of MFS
Chest wall deformity

Congenital chest wall deformities that include pectus
excavatum and pectus carinatum—occurring singularly or

© Journal of Thoracic Disease. All rights reserved.

in combination—are present in up to 70% of MES subjects
(Figure 2A4) (26). Current evidence indicates that these
deformities, in particular, pectus excavatum with or without
vertebral deformities, may restrict chest wall movement and
result in restrictive physiology (27,28). Quantifying lung
function using current standards in patients with MFS is
potentially misleading. The reason is that standing height is
used to determine predicted values for pulmonary function
tests, but due to abnormal arm and leg length in MFS,
this method may lead to underestimation of lung function
in this population. One prior study used an extrapolated
sitting height, as opposed to standing height, to standardize
expected spirometry results to comparison databases due
to the appendicular skeletal elongation (particularly in
leg length) seen in MFS (28). This study determined that
restrictive lung disease due to thoracic cage abnormality in
MES occurs only patients with moderate to severe pectus
excavatum or scoliosis. Hypoventilation that ensues with
severe chest wall restriction may result in hypoxemia and
hypercapnia. While diminished lung function in patients
with severe pectus excavatum may improve following
surgical correction (27), the need for such surgery is
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Table 1 Clinical features of Marfan syndrome (4,24,25)

Skeletal abnormalities

Taller stature (long arms and legs)

Thin body habitus

Arachnodactyly (long slender fingers)

Pectus excavatum

Curvature of the spine (scoliosis/kyphosis)

Dilated dural sac in lumbar area

Flexible joints

Flat feet

High arched palate

Crowded teeth

Visceral abnormalities

Cardiovascular system
Aortic dilation or aneurysm (ascending aorta)
Aortic regurgitation
Aortic dissection (ascending or descending aorta)
Mitral valve prolapse

Ocular system
Ectopia lentis
Detached retina
Severe nearsightedness (myopia)
Open-angle or phacolytic glaucoma
Early cataracts

Respiratory system
Pneumothorax
Emphysema
Bronchiectasis
Chest wall restriction from kyphoscoliosis
Asthma
Sleep apnea
Interstitial lung disease/fibrosis

Other body systems

Dilated dural sac in lumbar area

uncommon. If required, surgery should be delayed
whenever possible until adolescence to prevent recurrence
as a result of normal human growth (29).
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Spinal deformity

Progressive spinal deformities are commonly found in MFS
(30,31). Scoliosis is the most common spinal deformity,
affecting >50% of MFS subjects with the curve apex
occurring at multiple sites within the vertebral column.
Despite this large percentage of MFS individuals with
scoliosis, many of the curves are minor with an estimate of
10% to 20% that would require interventional treatment.
However, moderate to severe scoliotic curves in MFS
individuals may result in marked reductions in lung volume
and spirometric measures that are suggestive of restrictive
ventilatory defects (28). Like idiopathic scoliosis, most
thoracic curve apices are to the right and the lumbar apices
are to the left (32). However, unlike idiopathic scoliosis,
where the preponderance of severe curvatures is in females,
the prevalence of scoliosis is equal among males and
females with MFS. Curves can occur at any age in MFS
individuals with all scoliotic curves progressing at a faster
rate than that of idiopathic scoliosis (31). The therapeutic
impact of bracing is believed to be not as effective in MFS
as in idiopathic scoliosis but, to date, there have been no
comparative trials (33).

In the sagittal plane, the spine profile of individuals with
MES varies significantly. The most predominant sagittal
deformity is marked hyperkyphosis (thoracic kyphosis of
>50 degrees) which occurs in approximately 40% of MFS
individuals (32).

A second issue in the sagittal profile of the spine is at
the junction between the thoracic region and the lumbar
region, frequently known as the transition zone. In normal
individuals, lumbar lordosis is a sagittal curve in the low
back which is in the opposite direction of the thoracic
region. Normal lordotic angles vary widely with most
individuals measuring between 20 and 45 degrees (34).
This transitions into thoracic kyphosis, which typically
measures between 20 to 40 degrees in those under 50 years
of age and often increases with age (35). Of significance is
the transition between these two major sagittal curvatures
which occurs across one or two vertebrae usually cephalad
to the second lumbar vertebrae. Due to the abnormalities of
the major sagittal curves of those individuals with MFS, the
transition zone can move cephalad or caudad to the second
lumbar vertebra, resulting in a straightening of the normal
spinal contours. If the transition zone moves cephalad, this
manifests with so-called “straight back” sign (Figure 2B)
or even thoracic lordosis (31). The transition vertebra can
also deform over time resulting in significant wedging of
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Table 2 Diagnostic criteria for Marfan syndrome based on revised Ghent criteria (1)

In the absence of family history

In the presence of family history

Aortic root dilatation Z score =2 (when standardized to age and body size) or dissection

AND ectopia lentis*

Aortic root dilatation Z score =2 or dissection AND FBN1 mutation

Ectopia lentis AND family history of MFS

A systemic score =7 points AND family
history of MFS*

Aortic root dilatation Z score =2 AND systemic score =7 pts (when ectopia lentis is absent  Aortic root dilatation Z score =2 above

and the FBN1 status is either unknown or negative), an MFS diagnosis is confirmed by
the presence of sufficient systemic findings (=7 points, according to a scoring system)

confirms the diagnosis*®

20 years-old, =3 below 20 years-old + family
history of MFS*

Ectopia lentis AND a FBN'1 mutation associated with aortic root dilatation = MFS. In
the presence of ectopia lentis, but absence of aortic root dilatation/dissection, the
identification of a FBN7 mutation previously associated with aortic disease is required

before making the diagnosis of MFS

*, without discriminating features of Shprintzen-Goldberg syndrome, Loeys-Dietz syndrome, or vascular Ehlers Danlos syndrome - AND
after TGFBR1/2, SMAD3, TGFB2, TGFB3, collagen biochemistry, COL3A1 testing if indicated.

the vertebral body (31). This phenomenon contributes to
overall biomechanical instability of the spine and back pain.
An abnormally straight back where there is a loss of the
normal upper thoracic spinal kyphosis, can lead to a reduced
antero-posterior diameter of the thoracic cage.

Kyphoscoliosis is the predominant spinal deformity of
MES in which scoliosis occurs in conjunction with a sagittal
hyperkyphotic deformity as defined above (Figure 2C). This
type of kyphoscoliosis is associated with impairment of
lung function and breathing when the scoliosis is severe, as
measured by a Cobb angle >70 degrees. However, decline in
the forced vital capacity can be seen at scoliotic angles as low
as 55 degrees (36). Additionally, when the peak or apex of the
deformity is more cephalad or higher in the spinal column,
the more deleterious effect it may have on lung function (37).
One longitudinal study found that severity of hyperkyphosis
was more likely to be associated with a decline in pulmonary
function in women but not in men (38).

When severe pulmonary restriction from both vertebral
and chest wall deformities develops in MFS individuals less
than ten years of age, regardless of underlying etiology, the
resulting condition is called Thoracic Insufficiency Syndrome
(TIS). Aggressive conservative and/or surgical intervention
may be required for these children to aid in the continued
growth of the thoracic cage and to prevent or ameliorate
further deterioration in respiratory function (39,40).

COPD/emphysema
The emphysema form of COPD is defined by abnormal
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enlargement of distal airspaces due to destruction of the
alveolar walls. MFS patients may develop emphysema
even if they never smoked. This finding is corroborated in
mice wherein disruption of either the entire Fbnl gene or
a targeted 6 kilobase deletion is linked to developmental
emphysema (41,42).

Abnormalities in microfibril and elastic fibers due to
mutated fibrillin-1 protein predispose to loss of elasticity in
the lungs, leading to small airway and bronchiolar flaccidity,
premature airway closure, and air trapping, resulting in
obstructive physiology and hyperinflation (43,44). In
one Italian case series of all patients referred to a center-
of-excellence for MFS, 44% of MFS subjects had an
obstructive spirometry pattern, diffusion impairment, and/
or hyperinflation which are all suggestive of emphysema.
Only 37% had normal spirometry, and despite 45% of the
patients having moderate to severe rib cage abnormalities,
only 19% had restrictive spirometric measures (45). In
comparison, the contemporaneous prevalence of obstructive
lung disease in Italy was around 11% for COPD and around
6% for asthma (46,47). In a recent study of MFS patients
who either underwent major corrective surgery for thoracic
cage or vascular deformities or were deemed not to require
surgery, pulmonary function testing using arm span as a
surrogate for height revealed a tendency toward obstructive
defect with air trapping in both populations rather than
a restrictive defect (48). This unexpected pulmonary
pathophysiologic finding was more prominent in those who
had required surgery.

Immunohistochemical analyses of human lung tissues

7 Thorac Dis 2021;13(10):6012-6025 | https://dx.doi.org/10.21037/jtd-21-1064


https://www.marfan.org/dx/zscore

Journal of Thoracic Disease, Vol 13, No 10 October 2021

A Pectus excavatum in a Marfan subject

C Kyphoscoliosis in a Marfan individual
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B Straight back in a Marfan individual

Figure 2 Chest CT and spinal radiograph of patients with MFS. (A) Axial chest CT scan of a MFS individual with pectus excavatum (arrow).

(B) Lateral chest radiograph of a MFS subject with a “straight back” sign. A modified Cobb angle is 12 degrees with the normal range of

thoracic kyphosis being 20 to 40 degrees. (C) Anterior-posterior spinal radiograph of a 15-year-old girl with MFS exhibiting severe scoliosis

with a Cobb angle measurement of 58 degrees (left panel). Lateral spinal radiograph showing a moderate kyphosis of 42 degrees (normal

range 20 to 40 degrees) (right panel). MFS, Marfan syndrome.

with abnormal fibrillin-1 demonstrate abnormal or
degraded elastic fibers, loss of alveolar wall integrity, and
emphysema-related morphological abnormalities (49,50). In
an MES case series of two lung biopsies and three autopsies,
distal acinar emphysema were found in all patients (51).
On imaging, distal acinar emphysema appears subpleural
and is radiographically termed paraseptal emphysema.
This is in contrast with centrilobular emphysema (most
common form seen in smokers) and panlobular type (more
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commonly seen in alpha-1-antitrypsin deficiency). Though
paraseptal emphysema is the most common type seen
in MFS, centrilobular and panlobular emphysema have
also been rarely reported. Over time and with continued
hyperinflation injury, paraseptal emphysema may coalesce
into large cystic lesions, or blebs, and even contribute
to large bullae or giant bullous emphysema (52). These
lesions are prone to rupture, placing MFS individuals
with paraseptal emphysema at increased risk for secondary
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pneumothoraces—discussed below. Current medical
management of MFS patients with emphysema is similar to
that seen in individuals without MFS.

Overexpression of TGFP may also play a role in
emphysema development. TGFB was found to be elevated
in lung tissues of smokers with COPD (53), of mice with
FBNI gene mutation (54), and in mouse lungs following
exposure to cigarette smoke (55). Much of the evidence
supporting this pathway lies in research surrounding aortic
pathology in MFS. In the normally highly elastic thoracic
aorta, it is known that fibrillin-1-containing microfibrils
bind LTBP and this limits the bioavailability and local
activity of TGFB. In MFS, increased TGFP signaling as
well as abnormal elastic fibers play a central role in aortic
aneurysm formation, the precursor lesion to aortic dissection
or rupture, the most feared and deadly complications in
MES (56,57). Perhaps such pathophysiologic process in the
aortic wall may also be occurring in the lungs, resulting in
emphysema and bronchiectasis.

Pneumothorax

The “lifetime” incidence of SP in individuals with MFS
is estimated to be 4% to 14% in three American cohorts,
with more recent estimates trending to the lower end of
that range of ~4% (=4,000 per 100,000) (5,58,59). For
comparison, the annual incidence of pneumothorax in the
general population of the United States is 7.4 per 100,000
in men but only 1.2 per 100,000 in women (60). Despite
these limited data and being conservative, SP appears
significantly more common in MFS than the general
population. Pneumothorax as the presenting finding in the
initial diagnosis of MFS is uncommon, especially in adults,
but occurs frequently enough to be included in the 2010
revised Ghent criteria for diagnosis of MFS (1). In general,
patients with SP tend to be taller than the average individual
of the same age group and males are about 6 to 10 times
more likely to have blebs both in the general population
and in MFS (58,61). In MFS patients with pneumothoraces,
bullous lung disease and paraseptal emphysema are often
seen on CT imaging, particularly in the apical regions. The
predilection for defects in the lung apices may be related
to defective elastic fibers in combination with mechanical
effects of gravity increasing local stresses in the region (5).
In one study, all MFS patients with history of SP were also
found to have obstructive ventilatory defect and diffusion
impairment which could be consistent with underlying
emphysema (45). Because they are due to underlying
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structural lung disease, pneumothoraces in patients with
MEFS are considered secondary SP, in contrast to a primary
SP where no known lung disease or deformity is present.

The initial management of a pneumothorax in a patient
with MFS is similar to any pneumothorax, including
tube thoracostomy drainage or conservative monitoring
until resolution. However, because the risk of recurrent
pneumothorax in secondary SP may be greater than 50%
particularly with persistent air leak that may prolong
resolution time and lengthen hospital stay, measures to
prevent recurrence are often recommended during the
index hospitalization, especially if an air leak is persistent
for >48 hours (62). Indeed, in a case series of patients with
MEFS, 25% with evidence of pneumothorax had already
experienced a recurrence of a second or third SP (5). In
other words, in individuals with secondary SP with imaging
evidence of blebs and/or bullous disease as the likely
precipitant, definitive surgical treatment with pleurodesis,
wedge resection, and/or bullectomy performed by video-
assisted thoracoscopic surgery is recommended soon after
the event (63,64). This approach can lead to reduced
recurrent rates of 4% to 7%, whereas rates after chemical
pleurodesis through a thoracostomy tube are higher.
Additional preventive measures of pneumothorax in MFS
also include avoidance of SCUBA diving, contact sports,
and any high intensity exercise that may induce the Valsalva
maneuver such as weight-lifting or isometric exercises. To
the best of our knowledge, no evidence is yet published
in animal models or humans regarding the use or efficacy
of preventative medications including losartan (discussed
below) to prevent or reduce recurrence of SP in MFS.
However, if losartan does indeed have a role in reducing
development of paraseptal emphysema, there is a possibility
of benefit for preventing SP as well.

Asthma and reactive airways disease

Asthma, wheezing, and reactive airways disease have been
reported in MFS, although the prevalence is unclear. Lung
function tests in asthma may be normal at baseline but
airway hyperreactivity may be induced in the presence of
asthma exacerbators or with methacholine challenge in
the pulmonary function laboratory. A small cohort study
comparing 22 pediatric patients reported no significant
difference in baseline full lung function tests between control
and MFS patients, after using extrapolated sitting height
in the latter group (65). However, in the 10 children with
MES challenged with methacholine, 37.5% had evidence
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of “large airways obstruction”, and 7 of 10 had “small
airways obstruction.” With bronchodilator administration,
40% of those with large airflow limitation had significant
response whereas 90-100% of those with small airways
obstruction achieved significant reversal (65). In contrast,
methacholine challenge testing is positive in only
around 7% of individuals in the general population (66).
The finding of hyper-reactive airways in youth with this
method may predict eventual clinical development of
asthma. The approximately 30% higher prevalence of
hyper-reactivity found in this study is suggestive of a
relationship between MFS and risk of asthma (65). This
study was limited by not subjecting the control patients to
methacholine challenge.

Asthma risk and allergen sensitivity are better
documented in another connective tissue disorder—Loeys-
Dietz syndrome (LDS)—with several clinical characteristics
in common with MFS. In LDS, there is heterozygous
pathogenic variant in one of six genes encoding receptors
or ligands in the TGFp pathway—in descending order of
frequency: TGFBR2, TGFBR1, SMAD3, TGFB2, SMAD?2,
and TGFB3. Phenotypic abnormalities common to these
two disorders include abnormal aortic elasticity with high
risk for aortic dissection or rupture as well as chest wall
and spinal deformities. Patients with LDS have strong
predisposition for allergic and inflammatory diseases,
including atopic dermatitis and asthma. Some LDS patients
have been found to have elevated eosinophil counts,
immunoglobulin E levels, and T2 pathway cytokines
which are strongly associated with asthma development
and severity (67-69). Sharing a downstream pathway could
explain an increased risk for asthma or wheezing in the MFS
population. Additionally, in both of these connective tissue
disorders, it is likely that the mutations not only affect lung
parenchyma development, but airway development and
stability, leading to predisposition to narrowing and resultant
increased risk for obstructive ventilatory defects (67).

Although nebulized or inhaled short and long acting
B-adrenergic agonists like albuterol or formoterol are
typically prescribed for asthma, their use is cautioned in
patients with MFS due to their potential antagonism of
B-adrenergic-receptor blocker medications, considered by
many providers to be an essential therapy for preventing
life-threatening aortic and cardiovascular complications of
MES. Instead, antimuscarinics and inhaled glucocorticoids
are recommended (70).
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Bronchiectasis

The association of bronchiectasis with MFS is uncommonly
described. It was postulated that bronchiectasis in patients
with MFS develops due to intrinsic bronchial wall defect
from fibrillin-1 degeneration (71) or due to the higher
risk of recurrent lung infections if chest wall deformities
are present. Recurrent infections and inflammation are
part of the “vicious cycle” paradigm thought to predispose
to bronchiectasis development (72). There are several
case reports on bronchiectasis in MFS patients, both in
children (71,73) and adults (74-76). Autopsy of a man with
MFS who died from chronic respiratory failure revealed
multiple bullae with bronchiectasis of the right middle lobe
and both lower lobes (76). In a survey report of 100 adult
MES patients, it was observed that there were two cases of
bronchiectasis, two with recurrent respiratory infections
and three with tuberculosis (59).

Bronchiectasis is a well-established risk factor for non-
tuberculous mycobacteria (NTM) lung disease. N'TM
are opportunists, requiring defects in lung structure or in
local/systemic host immunity in order to cause disease in
humans. Hence, “idiopathic” bronchiectasis and underlying
conditions known to cause bronchiectasis such as cystic
fibrosis, primary ciliary dyskinesia, alpha-1-antitrypsin
deficiency, or sequela of prior suboptimally-treated
infections such as tuberculosis are risk factors for NTM lung
disease (77,78). However, NTM lung involvement has also
been identified in patients without known risk factors over
the last two decades (79), and may be more common in tall
and lean individuals with a greater than expected prevalence
of scoliosis, pectus excavatum, and mitral valve prolapse,
features that are also seen with MFS and other connective
tissue disorders (80,81). A recent Korean study evaluated
the prevalence of bronchiectasis in 79 adult patients
with MFS, attempting to better define the prevalence
of NTM in this population by using thoracic CT (82).
Bronchiectasis was seen in 28% of the patients, 13% had
smaller airways dilation (bronchiolectasis), and only 3
patients (4%) had inflammation of the smallest airways
(bronchiolitis). During a median follow-up of 65 months, in
which no specifics were given on sputum testing frequency
or other evaluation metrics, one patient was diagnosed with
pulmonary tuberculosis and another was found to have
NTM-positive culture, felt to be low-burden of disease that
was not clinically significant (82).
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Over the past decade, likely due to increasing use of
high-resolution CT scans, a 30% to 60% prevalence of
bronchiectasis has been reported in patients with moderate-
to-severe emphysema in the general population (83,84).
However, there are no reports on the prevalence of
bronchiectasis coexisting with emphysema in MFS patients;
although plausible, it remains unclear to what degree the
emphysema and airways dysfunction that can develop in
MES contributes to bronchiectasis formation.

Interstitial lung disease

Lipton er al. (85) reported a case of bilateral honeycomb
lung disease in a patient with MFS complicated by
pneumothorax. In 1984, Wood et 4. (59) reported four cases
of upper lobe lung fibrosis among 100 patients with MFS
and postulated that the fibrosis could be the result from
the healing process of the damage caused by the stresses in
the apical parts of the lung. Beyond these two publications,
it is not known whether MFS patients are at risk for lung
fibrosis or interstitial lung disease.

Sleep apnea

The prevalence of sleep apnea in patients with MFS is
much higher than in age- and sex-matched controls, with
a range of 32% to 64% of patients being affected (86,87).
A case-control polysomnographic study of 61 patients who
fulfilled the revised Ghent criteria for MFS and 26 matched
controls revealed that both mild and moderate obstructive
sleep apnea were more common in patients with MFS than
controls, with 32.8% wvs. 11.5% having mild disease and
18% vs. 0% having moderate disease, respectively (86).
Other contemporaneous data reinforce a lower prevalence
in the general population, with rates of mild or moderate
sleep apnea from 9% to 24% and 4% to 9%, respectively, in
American adults depending on gender and age (88,89). The
increased frequency of obstructive sleep apnea in MFS is
perhaps due to decreased connective tissue elasticity causing
collapse of the soft palate and posterior oropharyngeal
structures, plus the presence of retrognathia (under-bite)
and flattened cheek bones seen with MFS. Central sleep
apnea is also seen in patients with MFS, and may be related
to their underlying cardiovascular disease (90).

Effects of sleep apnea in patients with MES are similar to
those without the disorder, including increased prevalence
of stroke, hypertension, and abnormal heart rhythms such
as atrial fibrillation. Aortic root diameter was found to be
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positively correlated with obstructive sleep apnea diagnosis
in a case-control cohort, making detection of sleep
disordered breathing of increased importance in patients
with MFS (86). Additionally, the severity of sleep apnea may
correlate with risk for aortic root dilation, although this
has not been consistently found (91). Due to the impact of
sleep apnea on quality of life and cardiovascular risk, there
should be a low threshold to screen for occult sleep apnea,
especially in the presence of chronic fatigue or daytime
somnolence. Use of a validated questionnaire or scoring
system to aid in risk stratification to help determine need
for testing is recommended, including the GOAL, NoSAS
or STOP-Bang tools.

Preventative therapy of vascular complications
of MFS and implications for MFS-associated lung
disease

Losartan, an angiotensin II type-1 receptor (AT'1R) blocker,
has been implicated to prevent the aortic root dilatation of
MFS in murine models and humans (54,92). In a mutant
Fbnl mouse model, empiric use of this therapy from birth
resulted in development of aortic wall and root architecture
that were indistinguishable from that of wild-type mice (54).
In a cohort of 28 pediatric patients, losartan either alone
or in combination with B-receptor blocker slowed the
rate of aortic root dilation compared to B-blocker therapy
alone (93). In two subsequent randomized controlled trials,
losartan alone or as add-on therapy was shown to be safe
and significantly reduced the aortic root dilatation rate in
children and adults compared to p-receptor blocker alone
(93,94). This effect may be due to antagonism of pathogenic
TGFB signaling (95,96) or cytoplasmic localization of
pSmad?2 (54) and pSmad3 (97). An alternate pathway for
losartan benefit which is independent of its ability to block
the ATIR has been posited, including endothelial nitric
oxide synthase activation and restoration of normal nitric
oxide levels, both of which are considered to be protective
of endothelial function (98). However, the efficacy and
mechanism of action of losartan in preventing or slowing
aortic root widening and decreasing all-cause mortality has
become controversial in more recent trials (95,96,99). A
2019 review of losartan with or without B-blocker therapy
regarding aneurysm growth suggested that further clinical
trials that assess other adverse aortic outcomes such as
dissection, need for surgery, and death are needed before
it can be determined if losartan stabilizes or attenuates the
aortopathy in MFS (100). Subsequent to this publication,
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a long-term clinical outcome study to the COMPARE
trial—with median follow-up period of 8 years and captured
94% of the original cohort—showed that continued use
of losartan (originally added to regular treatment wherein
71% were on a B-blocker) was significantly associated
with reduced the incidence of aortic dissection and death
compared to those in whom losartan was not added (99).

The efficacy of losartan in MFS patients may also be
related to the type of FBNI mutation based on experimental
findings in mice. Positive drug effects are seen in mice with
mutations that cause haploinsufficiency rather than those
that are dominant-negative or heterozygous for wild-type
Fbnl, possibly due to the wild-type gene overwhelming
the deleterious potential of the aberrant gene (101). The
murine models Fbn1“'**%* and Fbn1™*™" clinically
mimic the most common human FBNI mutations, both
in protean organ system manifestations and in effects on
canonical and non-canonical TGFp signaling (101-103).
Aortic aneurysms are associated with increased signaling of
the AT'1R, leading to independent activation of the ERK1/2
components of the non-canonical TGFp signaling pathway.
In Fbn1“'%’“* mice, losartan inhibited ERK1/2 signals and
reduced aortopathy (102).

It remains unknown if the skeletal manifestations of
MFS improve on losartan therapy, or whether some of
the defects may develop as severely or rapidly (101), i.e.,
some of the mechanical problems related to scoliosis and
pectus excavatum and the concomitant respiratory issues
may still be problematic despite losartan use (104). Thus,
it may be of great value to undertake a prospective study—
perhaps analyzed in parallel with current studies examining
the effects of treatment on vascular pathology—using both
subjective and objective measures on the long-term effects
of losartan on the skeletal manifestations of MFS.

Similarly, the translation of the aforementioned
pathogenic signaling mechanisms in the context of vascular
disease, TGFp, and losartan to what occurs in human
lungs in MFS remains to be determined. However, based
on the pathophysiologic mechanisms of MFS-associated
emphysema, losartan may prevent the progression of
this lung disease, albeit this is highly speculative. The
mechanisms for this potential benefit are to date largely
elucidated through rodent models in the context of
TGEFB, i.e., TGFp is induced and excessive in the lungs
of mice with cigarette smoke exposure and in the lungs of
humans with emphysema (55). Since losartan antagonizes
TGFp signaling through decreased TGFp expression and
activation (105), it has the potential to mitigate emphysema
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in which TGFp plays an important pathogenic role. In a
murine model with cigarette smoke exposure, systemic
administration of a TGFB-specific neutralizing antibody
decreased signaling and alveolar cell death, leading to
improved lung architecture and mechanics (55). Use
of losartan in the same mice reduced oxidative stress,
inflammation, metalloprotease activation, and elastin
remodeling, all known insults in emphysema development
which are shared with the assumed pathology in MFS
(19,55,101). In Fbnl mutant murine models, blocking
the action of TGFp with either neutralizing antibodies
or losartan reversed and improved the airway narrowing
and abnormal parenchymal architecture and lung function
(54,106). A Fbn1™"™* murine model showed accelerated
deterioration of elastin rich lung tissue, becoming over 85%
less elastic than wild-type mice at 3.5 months of age. AT1R
antagonism with losartan attenuated lung tissue degradation
resulting in mechanical and structural characteristics which
were not different to age-matched wild-type controls
determined (106). To recap, since overexpression of TGFB
may also play a role in smoking-related emphysema in
humans (53), of mice with Fbnl gene mutation (54), and in
mouse lungs following exposure to cigarette smoke (55),
losartan may potentially mitigate the development of
emphysema in humans although this remains speculative.
Despite this mechanistic plausibility, losartan has not been
tested in humans with the intent to prevent emphysema
development.

Conclusions

Though the classic manifestations of MFS are
cardiovascular, skeletal, and ocular, FBNI gene mutation
in the disease can induce a variety of effects on the
respiratory system—including thoracic cage abnormalities
that mechanically compromise respiratory function,
airways disease (emphysema, asthma, and bronchiectasis),
and sleep apnea—inducing substantial morbidity in
individuals with MFS and being associated with increased
mortality. Further research into approaches to prevent
respiratory complications is needed, but based on known
mechanisms, AT'1R blockade holds promise but is unproven
for prevention of paraseptal emphysema and secondary
pneumothorax complications.
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