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Birt-Hogg-Dubé syndrome is a rare genetic disorder characterised by multiple lung cysts, recurrent
pneumothoraces, skin lesions and kidney tumours. As the presenting symptoms may be respiratory,
chest physicians should be able to identify this disease. https:/bit.ly/2xsOTuk

Cite this article as: Daccord C, Good J-M, Morren M-A, et al. Birt—-Hogg-Dubé syndrome. Eur Respir Rev
20205 29: 200042 [https://doi.org/10.1183/16000617.0042-2020].

ABSTRACT  Birt-Hogg-Dubé syndrome (BHD) is a rare inherited autosomal dominant disorder caused
by germline mutations in the tumour suppressor gene FLCN, encoding the protein folliculin. Its clinical
expression typically includes multiple pulmonary cysts, recurrent spontaneous pneumothoraces, cutaneous
fibrofolliculomas and renal tumours of various histological types. BHD has no sex predilection and tends
to manifest in the third or fourth decade of life. Multiple bilateral pulmonary cysts are found on chest
computed tomography in >80% of patients and more than half experience one or more episodes of
pneumothorax. A family history of pneumothorax is an important clue, which suggests the diagnosis of
BHD. Unlike other cystic lung diseases such as lymphangioleiomyomatosis and pulmonary Langerhans
cell histiocytosis, BHD does not lead to progressive loss of lung function and chronic respiratory
insufficiency. Renal tumours affect about 30% of patients during their lifetime, and can be multiple and
recurrent. The diagnosis of BHD is based on a combination of genetic, clinical and/or skin
histopathological criteria. Management mainly consists of early pleurodesis in the case of pneumothorax,
periodic renal imaging for tumour detection, and diagnostic work-up in search of BHD in relatives of the
index patient.

Introduction

The widespread use of chest high-resolution computed tomography (HRCT) has provided better
recognition of elementary lesions known as pulmonary cysts, which consist of well-delimited hyperlucent
zones distributed throughout the lung parenchyma. As a result, cystic lung diseases have now become a
distinct group of rare lung disorders. Among them, pulmonary lymphangioleiomyomatosis (LAM) and
pulmonary Langerhans cell histiocytosis (PLCH) are now more familiar to respiratory physicians.
However, the differential diagnosis of cystic lung diseases has substantially expanded in the recent years
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(table 1), and remains challenging. Birt-Hogg-Dubé syndrome (BHD) is a recently described cause of
multiple pulmonary cysts and constitutes one of the three most important causes of cystic lung disease
with LAM and PLCH. It is characterised by distinct genetic, clinical and imaging features and may involve
several organs including the lung, the skin and the kidney. Knowledge of this syndrome has now become
essential for the diagnostic and therapeutic approach to cystic lung diseases by the respiratory physician.

What is BHD syndrome?

BHD is a rare inherited autosomal dominant disorder caused by germline mutations in the tumour
suppressor gene FLCN, encoding the protein folliculin. Its clinical expression typically includes cutaneous
fibrofolliculomas, multiple pulmonary cysts, recurrent spontaneous pneumothoraces and renal tumours of
various histological types. The cutaneous features of the disease and its autosomal dominant inheritance
were first described by three Canadian physicians in 1977, from whom its name derives [14]. Thereafter,
several case reports suggested an association with renal tumours, pulmonary cysts and spontaneous
pneumothoraces [15-18], followed by a more precise description of the syndrome in 1999 [19].

Genetics

The genetic locus involved in BHD was mapped to chromosome 17p11.2 by linkage analyses in 2001 [20, 21].
A year later, the impairment of the FLCN gene, encoding a protein designated as folliculin, was identified
as causative of BHD [22]. To date, it remains the only gene involved in this syndrome. Over 200
pathogenic variants have been identified in numerous affected families [23, 24]. The majority of FLCN
mutations are protein truncating, including frameshift (small deletions or insertions), nonsense or
splice-site variants, which supposedly lead to a loss of function of folliculin [23]. Several pathogenic
variants were identified in every coding exon of FLCN. However, the polycytosine tract of exon 11 is
thought to represent a mutation hotspot, and almost half of affected individuals harbour either the
¢.1285delC or the c.1285dupC variants [25]. In addition, large intragenic deletions or duplications were
identified in a minority of patients [26, 27]. However, disease-causing missense variants were only rarely
reported [23, 28]. Mutations are often inherited from one affected parent, but can also occur de novo in
individuals with no prior family history [29].

The penetrance of BHD is considered high, but the expression of the disease varies substantially among
family members and between families [25, 30]. Notably, pulmonary cysts and/or relapsing
pneumothoraces were reported as the only clinical manifestations in several families carrying FLCN
constitutional mutations [31-34]. In this context, it has been suggested to rename BHD “FLCN (folliculin)
gene-associated syndrome” or “FLCN syndrome”, which would better reflect the current state of

TABLE 1 Main differential diagnosis of cystic lung diseases

Frequency”  [Ref.]
Multiple cysts as main feature

Lymphangioleiomyomatosis (sporadic or associated with tuberous sclerosis) ~100% (1]
Pulmonary Langerhans cell histiocytosisT >90% [2]
Birt-Hogg-Dubé syndrome; familial pneumothorax >80% (3]
Nonamyloid |g deposition disease [4]
Pulmonary amyloidosis (5]
Primary and metastatic neoplasms Rare
Infections, e.g. Pneumocystis jirovecii Rare
Other, e.g. Niemann-Pick disease, neurofibromatosis, Ehlers-Danlos syndrome,
Proteus syndrome, MALT lymphoma, Castleman disease, congenital pulmonary
airway malformation, BPD, fire-eater’s lung, hyper-IgE syndrome, Erdheim-
Chester disease

Multiple cysts in interstitial lung disease
Lymphocytic interstitial pneumonia >60% [6, 71
Hypersensitivity pneumonitis (subacute/chronic) 13-39% [8, 9]
Sjégren syndrome 14-23% [10, 11]
Desquamative interstitial pneumonia 32% [12]
Follicular bronchiolitis [13]

Other, e.g. ankylosing spondylitis, lymphomatoid granulomatosis

Ig: immunoglobin; MALT: mucosa-associated lymphoid tissue; BPD: bronchopulmonary dysplasia. *
frequency of pulmonary cysts, when available; T: in the early stage of pulmonary Langerhans cell
histiocytosis, a purely nodular pattern can be seen.
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knowledge on the disease [35]. To date, research has not established any clear correlations between the
type or the position of FLCN variants and the phenotype [36]. A few studies, however, have suggested
some possible genotype-phenotype associations [37-39]. In particular, Toro et al [37] reported an
increased number of pulmonary cysts in individuals harbouring mutations in exon 9, as well as more
pneumothoraces in individuals carrying variants located in exons 9 and 12. Another study found a
significantly increased risk of pneumothorax for carriers of mutations ¢.1300G>C (59%) or ¢.250-2A>G
(77%), as compared to those with the hotspot mutation ¢.1285dupC [39]. Furthermore, the variant
¢.1285dupC was associated with a significantly higher risk of colorectal cancer than the variant
¢.610delGGinsTA [38].

Pathogenesis

FLCN is considered a tumour suppressor gene [40], following the two-hit hypothesis defined by Knupson
[41]. Indeed, renal tumour cells of patients with BHD were shown to harbour somatic second hits
mutations in FLCN or a loss of heterozygosity on the short arm of chromosome 17 [42, 43]. The exact
function of folliculin, which is expressed in most tissues, including lung, skin and kidney [44, 45], is not
yet completely understood. It is believed to be implicated in the regulation of cell growth, proliferation and
survival through interactions with the mechanistic target of rapamycin (mTOR) signalling pathway [46, 47].

The mechanisms leading to the formation of pulmonary cysts following loss of folliculin function remain
incompletely resolved. The process is thought to be driven by several dysregulated signalling pathways,
including mTOR and 5’AMP-activated protein kinase [48, 49], impaired cell-cell adhesion [50] and
alterations in matrix metalloproteinases caused by imbalance in extracellular matrix homeostasis [51]. A
recent hypothesis suggests that cysts could arise as a consequence of deficient cell-cell adhesion and
repeated stretch-induced stress caused by breathing, thus leading, over the long term, to the expansion of
alveolar spaces, predominantly in lung regions where alveolar volume changes during the respiratory cycle
are the most important [52]. This “stretch hypothesis” provides an explanation for the predominantly
subpleural and basal distribution of pulmonary cysts in BHD. More recent data showed a decreased
activity of the WNT signalling pathway in FLCN-deficient mesenchymal-lineage cells via an inhibitory
effect of transcription factor TFE3 [53]. These findings suggest that WNT-dependent cell-cell
communication during lung development could contribute to the formation of pulmonary cysts in BHD.

Renal cell carcinomas (RCCs) found in BHD patients are clearly different from sporadic RCC and should
preferentially be called FLCN-associated RCC. In addition to their distinct histological appearance (mainly
chromophobe and mixed oncocytic/chromophobe tumours) that will be discussed later in this review, they
carry DNA copy-number abnormalities in addition to FLCN-somatic mutations [54, 55]. Most of the loss
of heterozygosity was attributed to uniparental disomy and a specific signature was identified throughout
the histological types of the FLCN-associated RCC.

Whereas sporadic RCC usually arise from proximal tubular cells, chromophobe and oncocytic tumours
originate from more distal tubular cells. However, the trigger for the second hit in the distal tubules of the
nephron that may eventually lead to RCC has not been identified.

Clinical picture

The disease is characterised by a wide phenotypic heterogeneity. Carriers of FLCN gene mutations may be
asymptomatic, or exhibit varying degrees of cutaneous, pulmonary or renal features. Typically, affected
individuals present with skin lesions and spontaneous recurrent pneumothoraces due to pulmonary cysts.
Alternatively, the disease can sometimes manifest only with pulmonary cysts and/or relapsing
pneumothoraces in the absence of any cutaneous or renal involvement [27, 31-34, 56]. Unlike LAM, BHD
has no sex predilection [57] and can arise at any age, although it tends to emerge in the third or fourth
decade of life [58]. Some data suggest a lower incidence of cutaneous and renal manifestations but a
higher recurrence rate of pneumothorax in Asian patients compared to Caucasians [27, 56, 59-61].

Pulmonary manifestations

Over 80% of patients with BHD present with multiple bilateral pulmonary cysts (figure 1) [25, 37, 62].
Cysts can be found in young adults [63] but usually tend to manifest in the fourth to fifth decade of life
[27, 33]. Due to the propensity of cysts to rupture, affected individuals are predisposed to spontaneous
pneumothorax with a high recurrence rate. There is an estimated 50-fold higher risk of pneumothorax in
BHD patients than in the general population [62]. This is much lower than in LAM, in which the risk of
pneumothorax has been estimated to be 1000-fold higher than in the general female population [64].
Nevertheless, there are considerable differences in the reported prevalence rates of spontaneous
pneumothorax in BHD depending on the cohorts analysed [65], with higher rates in pulmonary cohorts
(42-76%) [60, 66, 67] compared to renal/dermatologic cohorts (23-38%) [25, 37, 62, 68, 69]. The mean
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FIGURE 1 Chest computed tomography in Birt-Hogg-Dubé syndrome. a) A few pulmonary cysts of uneven
distribution, size and shape in predominantly basal and paramediastinal location (arrows). b} Frontal plane
reconstruction showing multiple cysts adjacent to blood vessels, fissures and visceral pleura, with
predominantly basal and paramediastinal location (arrows).

age of occurrence of the first episode of pneumothorax was between 36 and 38 years in three large cohorts
[37, 67, 69]. The recurrence rate was 75-82% with an average number of 3.6 episodes [37, 67].

The presence of pulmonary cysts, cysts number, size and total volume, as well as a family history of
pneumothorax have been identified as risk factors for the occurrence of pneumothorax in BHD [37, 68].
Pulmonary cysts and/or pneumothorax have no sex predilection and are not associated with smoking or the
presence and/or severity of cutaneous and renal involvement [37, 62]. BHD patients also have an increased
risk of pneumothorax while diving, as well as during and following air travel, with a flight-related
pneumothorax rate ranging from 0.12% to 0.63% per flight [66, 67, 70]. This could be explained by changes
in atmospheric pressure in aircraft cabin during flight, which can cause cyst expansion and favour their
rupture. Although most pneumothoraces occur in patients with pulmonary cysts [55], they have also been
reported in the absence of any obvious cysts on HRCT [71, 72], and in children with BHD [73].

Except for episodes of pneumothorax, pulmonary cysts in BHD are generally asymptomatic or only
associated with mild cough and/or exertional dyspnoea, even in patients with extensive lung involvement.
Lung function data in BHD have only been reported in a few series [63, 74-78]. A report of baseline lung
function in 14 patients showed nearly normal lung volumes and only minimally reduced diffusing capacity
of the lung for carbon monoxide (Dy o) [75]. Another report of baseline data in 12 patients found normal
lung function in 58% and mild restrictive pattern in 33% [77]. In the only large retrospective series
currently available (n=96), mean values of forced expiratory volume in 1s (FEV,), forced vital capacity
(FVC), FEV,/FVC ratio and total lung capacity were normal at baseline, whereas mean residual volume
was moderately increased to 116% of predicted value, and mean Djco was moderately decreased to 85%
pred at baseline [78]. When adjusted for age, sex, smoking and history of pleurodesis, lung function
parameters did not significantly decline over a follow-up period of 6 years [78]. These data suggest that
lung involvement in BHD does not usually lead to respiratory insufficiency, in contrast to other cystic lung
diseases such as LAM or PLCH.

The occurrence of lung adenocarcinoma, atypical adenomatous hyperplasia or micronodular pneumocyte
hyperplasia-like lesions have been reported in patients with BHD ([33, 60, 74, 79]. However, a clear
association with pulmonary tumours has not been established so far.

Cutaneous manifestations

Skin involvement is common in BHD, at least in Caucasians in whom it is found in about 80% and may
be the presenting sign [14, 25, 36, 37, 59, 68, 69, 80]. In Asian patients, skin manifestations seem to be less
common [60] and less typical [59, 81]. Characteristic lesions are fibrofolliculomas (figure 2) and
trichodiscomas [45]. The presence of at least five such lesions, with histological confirmation in at least
one, has been proposed as a major criterion for BHD diagnosis [58]. Fibrofolliculomas and trichodiscomas
are considered as hamartomas of the epithelium of the follicular mantle and perifollicular tissue [82].
Acrochordons, also known as skin tags, are the third most common skin lesion in BHD. They present as
small, soft, skin-coloured benign tumours with thin necks mainly distributed on the eyelids, neck and
axilla. Acrochordons are not specific of BHD and are also frequent in the general population [83].

Skin lesions usually appear during the third to fourth decade in BHD, and occur only exceptionally before
25 years [25, 71]. Both fibrofolliculomas and trichodiscomas, now considered as different evolutionary stages
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FIGURE 2 Fibrofolliculomas in Birt-
Hogg-Dubé syndrome. Multiple
skin-coloured tiny papules of the
paranasal area can be seen.

of the same lesion, present as whitish to skin-coloured dome-shaped papules, with a diameter of 2-3 mm
and a smooth surface (figure 2) [84]. Predilection sites are the face (especially peri nasal), the retroauricular
and nuchal region, and the upper chest [14, 45, 82]. Lesions are typically multiple with sometimes more
than 100 lesions present, but their number is highly variable, even within the same family.

Other skin lesions have been occasionally described in BHD patients. A comedonic and cystic variant of
fibrofolliculoma has recently been reported [85]. It presents as open comedones centred in skin-coloured
to white papules or cysts. In contrast to classical fibrofolliculomas, this variant may present in children
and resemble nevus comedonicus [86]. Perifollicular fibromas [68, 87-89], connective tissue nevus [90],
multiple angiomatous nodules [91], (angio)lipomas [18], periungual fibromas [92], angiofibromas [68, 92,
93] and intraoral papules [94] have also been described. The latter three may lead to a wrong diagnosis of
tuberous sclerosis complex (TSC) [93], another genetic autosomal dominant disorder characterised by
facial angiofibromas, ungual fibromas, kidney angiomyolipomas, retinal hamartomas, cortical tubers,
subependymal giant cell astrocytomas and other hamartomatous lesions. In women, TSC is frequently
associated with pulmonary LAM, another cystic lung disease characterised by recurrent pneumothorax and
progressive destruction of the lung parenchyma. However, the other typical skin signs of TSC such as
hypomelanotic macules and shagreen patches are absent in BHD. This overlap in symptoms between BHD
and TSC may be due to a shared effect of the mutated proteins on signalling through the mTOR complex
1 [95]. Another differential diagnosis is familial trichodiscoma, which tends to start in childhood and is
not associated with kidney or pulmonary features [96], and for which the genetic background is currently
unclear. Also presenting with similar flesh-coloured facial papules are Spiegler-Brooke-Fend syndrome,
Muir-Torre syndrome, Bazex-Dupré-Christol syndrome, Rombo syndrome, Gorlin-Goltz syndrome and
PTEN-hamartoma syndrome (mainly Cowden syndrome). However, histopathology and genetic causes of
these tumours are different [97, 98].

The above-mentioned tumours seen in BHD are benign. Some data suggest that BHD patients might have
an increased risk of melanoma, but this remains controversial. There are case reports of both malignant
skin [99-102] and choroidal melanoma [103, 104], which may be familial [102, 105] and/or multiple [102,
105], and even more debated reports of multiple atypical nevi [102]. One small study found a risk of
melanoma in confirmed BHD as high as 10%, which is much higher than the 1.8-2.4% risk in the general
population [105]. However, more studies are needed to determine whether FLCN mutations are a true risk
factor for malignant melanoma.

The identification of fibrofolliculomas at skin examination should raise the suspicion of BHD and prompt
further investigations to confirm the diagnosis and screen for renal tumours and pulmonary cysts.
However, the finding of other lesions clinically similar to fibrofolliculomas but histologically different does
not exclude the diagnosis. In these cases, biopsy of other skin lesions, investigation of other family
members, and genetic analyses are important.

Renal manifestations

Renal cancer constitutes the most severe manifestation of BHD. Renal tumours develop in about 30% of
cases [25, 60, 62, 68, 106] and the risk of developing renal cancer is increased seven-fold in patients with
BHD compared to unaffected relatives [62]. Renal tumours occur at a mean age of 50 years (range 31-
74 years) [106] but have also been reported in 20-year-old patients [80]. Renal tumours in BHD are
multifocal and/or bilateral in more than half of cases [62, 106, 107], and may have a varied and sometimes
mixed histological appearance. The malignancy potential of BHD-associated renal tumours also varies,
ranging from benign oncocytomas (about 5% of cases) to malignant clear cell renal carcinomas (about 9%
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FIGURE 3 Abdominal computed
tomography scan of a patient with
chromophobe renal cell carcinoma
after injection of contrast media.
The left kidney shows an irregular
edge and a homogenous mass
indicated by the arrow. The tumour
was removed by robot-assisted
laparoscopic surgery.

of cases) [106-108]. Chromophobe renal cell carcinoma (chRCC) and a mixed pattern of chRCC and
oncocytoma, both associated with a low malignant potential, account for more than 70-80% of
FLCN-associated renal tumours (figures 3 and 4). This frequency distribution contrasts with the large
predominance of clear cell histological subtype observed in sporadic renal tumours [80, 106, 108]. Cases of
papillary RCC have also been reported in BHD, as well as more undifferentiated carcinomas [80].
Angiomyolipoma, a benign kidney tumour type often encountered in LAM and TSC, is rare in BHD [75].
Renal cysts have been reported in patients with BHD, but they are also common in the general population,
and whether they are really part of the BHD syndrome is currently unclear [19, 71].

Identification of RCCs in BHD patients is usually related to pain or macrohematuria, or found incidentally
at imaging for abdominal problems or during familial or follow-up screening. In a French series, four

FIGURE 4 Example of a chromophobe renal cell carcinoma. al Macroscopic appearance (scale in
centimetres). b) Haematoxylin and Eosin staining (x 400). c] Staining with anti-cytokeratin-7 antibodies (x 100).
d) CD10 staining (x 100). All images courtesy of Prof. La Rosa (Lausanne University Hospital, Lausanne,
Switzerland)
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patients had metastatic tumours at the time of initial diagnosis or later. The course of the metastatic
disease was quite indolent in all patients [80, 109].

Other clinical manifestations

A large variety of benign or malignant tumours, including parotid oncocytoma [110-112], rhabdomyoma
[113], parathyroid adenoma [18], breast cancer and others [3, 58], have occasionally been reported in
BHD patients, but to date without established causal link with FLCN gene mutations. An initially
suspected association between BHD and colorectal polyps or carcinoma [15] has not been confirmed in a
series of 45 patients who underwent colonoscopic screening [62]. Nevertheless, there seems to be a
genotype—phenotype correlation, as suggested by a recent study showing a significantly higher risk of
colorectal cancer in a subset of patients with BHD [38].

Imaging

Chest imaging

HRCT is the imaging modality of choice for cystic lung diseases. Multiple thin-walled bilateral cysts with
normal surrounding parenchyma is the characteristic radiological feature of BHD [114]. However, the sole
recognition of typical pulmonary cysts on HRCT is not sufficient to confidently diagnose BHD [75]. The
size, shape and number of cysts can vary greatly. They most often measure <1 cm in diameter but can
range from a few millimetres to >2 cm [51]. They usually have visible thin uniform walls with a round,
oval, lentiform or irregular shape. The largest cysts generally have a lobulated multiseptated appearance
[115]. The number of cysts ranges from a few to more than 400 [37, 75, 114] with a preferential
distribution in the basal, subpleural, or paramediastinal regions of the lung (figure 1) [114, 115]. The
majority of patients present with <20 cysts [115] and <30% of lung volume involvement [114]. There
seems to be an association between an increased risk of pneumothorax and larger cyst size as well as basal
location [37, 63, 76].

The main radiological differential diagnosis of BHD is emphysema and other diffuse cystic lung diseases,
especially LAM. Some morphological and distribution features are suggestive of BHD, such as large
irregular lobulated or multiseptated cysts, especially when located in the subpleural lower lung regions, or
the presence of cysts in the immediate vicinity or including the most proximal portion of lower pulmonary
vessels [75]. In addition, the predominantly basal and medial distribution of cysts in BHD helps
differentiating BHD from the apical predominance of dilated airspaces and blebs found in smoking-related
emphysema and primary spontaneous pneumothorax [57]. In contrast to LAM, lung cysts in BHD are
usually larger, less circular, fewer in number and with a more predominant basal and paramediastinal
distribution [75, 116]. Contrary to LAM, the number and size of cysts in BHD is not thought to
substantially increase over time, although data are scarce [114, 117].

Renal imaging

Subtypes of FLCN-associated RCC cannot be differentiated by imaging (figure 3), and needle biopsy and
pathological analysis may provide substantial guidance in the management of renal mass in BHD patients,
but its role needs to be defined [118, 119]. Regarding staging of renal carcinomas, the same staging system
is used for FLCN-associated RCC and sporadic RCC and stands on the TNM staging system.

The sensitivity of various imaging modalities has been tested in a retrospective Dutch study [109]. Among
199 patients diagnosed with BHD, 172 (86%) patients had an initial renal screen. Among these cases, 121
patients were followed-up for an average of 4.2 years and a majority were closely monitored annually (83%)
or at least every other year (94%). During the initial or follow-up screens, 38 renal carcinomas were identified
in 23 patients at a mean age of 51 years. Ultrasound was performed in 18 of the 38 tumours, and detected
tumours of 20 to 120 mm in diameter in nine cases. However, renal ultrasound missed nine small tumours
of 7-27 mm in diameter that were discovered by computed tomography (CT) or magnetic resonance
imaging (MRI). Of note, four patients presented with metastatic RCC at the time of BHD diagnosis.

Histopathology

Pulmonary features

The histopathological features of ruptured cysts resected as part of the surgical management of
spontaneous pneumothorax consist of nonspecific abnormalities that are undistinguishable from
emphysema, with the exception of the basal predominance of lesions [120]. Conversely, the examination of
unruptured cysts showed epithelial cells lining the inner surface of the cysts, without any associated
abnormalities such as aberrant cellular proliferation or atypia, nor inflammatory or fibrosing component
[48, 121]. Cysts are located in close vicinity of the interlobular septa and/or visceral pleura, and each
lesion merges on one side with interstitial stroma of the interlobular septum and/or pleura, and on the
other side with normal alveolar structures.

https://doi.org/10.1183/16000617.0042-2020 7
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The predominantly basal distribution of the cysts and the presence of normal surrounding parenchyma
without neoplastic cell proliferation or inflammation was recently confirmed in an analysis of 229 cysts
from 50 BHD patients [122]. Additionally, the lesions were typically located within the lung parenchyma
without obvious connection to the bronchi, frequently abutting interlobular septa and sometimes
containing intracystic structures composed of interlobular septa. These findings and the distinctive spatial
distribution of the cysts provide additional arguments to support that lung involvement in BHD is
different from centrilobular apical emphysema and subpleural bullae.

Renal tumours

Most of the series of FLCN-associated RCC from various countries agree on a variety of histological
findings that differs from sporadic RCC. Chromophobe, clear, papillary, oncocytic and sarcomatoid cells
have been described among the FLCN-associated RCC, and most of the time a mix of several of these cells
coexist. Proportions of the various histological types vary among series, which may be due to a lack of
standardisation or difficulties at defining the precise histological type [69]. However, a majority of
chromophobe (figure 4), oncocytic or mixed chromophobe/oncocytic cells are encountered. RCC of clear
cell type have been described in 9-48% of cases [80, 123]. Even if chromophobe and/or oncocytic type are
predominant, and although the BHD Consortium guidelines [58] propose that these types should alert for
BHD, the high frequency of clear cell RCC in some BHD series make this recommendation less stringent.

Skin abnormalities

Suspicion of BHD needs histological confirmation if skin lesions are present, which is the case in most
families. Only histology can discriminate between fibrofolliculomas, trichodiscomas, perifollicular fibromas
[82, 88, 98] or atypical angiofibromas [84, 93], as they are clinically indistinguishable. It is also important
to differentiate them from similar lesions such as trichofolliculomas, basaliomas and others.
Fibrofolliculomas are centred around a well-developed hair follicle, from which delicate epithelial cords of
immature basaloid cells emanate in the loose connective tissue surrounding the central follicle. They
anastomose among them and with the epithelium of the central hair follicle, resulting in a retiform pattern
[82] (figure 5). Especially in the cystic fibrofolliculoma, the hair follicles appear cystically dilated and
contain keratinous debris. In contrast, trichodiscomas are well-delimited lesions composed of a prominent
stroma of thin collagen fibres, star-shaped fibrocytes and abundant mucin with, at the lateral margins, a
collarette of large lobules of mature sebocytes which appear to embrace the lesion as a mitt or “hand of
bananas” [82]. In some cases, a prominent vascular component is seen in the stroma of the lesion, which
is then called a perivascular fibroma [82]. Both fibrofolliculomas and trichodiscomas may be present in
the same patient, or even in different parts of the same lesion [82, 98], and are thought to belong to the
same spectrum [82, 97].

Diagnosis of BHD

Because of its rarity, BHD is likely underdiagnosed and mistaken for primary spontaneous pneumothorax,
emphysema, LAM or another cystic lung disease. Furthermore, its broad spectrum of clinical expression
makes it difficult to identify and can delay the diagnosis, sometimes by years [67]. However, an early
diagnosis is important to set up screening for renal cancer in patients and affected relatives.

FIGURE 5 Histopathology of a
fibrofolliculoma with fibroblast-rich
mesenchymal tissue in the whole
dermal space [(Haematoxylin and
Eosin stain, x100). Copyright of this
figure belongs to D. Hohl.
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The most frequent expression of the disease leading to the diagnosis of BHD is spontaneous
pneumothorax, although generally only after the second episode [67]. BHD is thought to be the cause of
5-10% of apparent primary spontaneous pneumothorax [56, 124-126]. In patients presenting with
apparent primary spontaneous pneumothorax, a positive family history of pneumothorax was highly
predictive of BHD diagnosis, with prevalence rates of 64-86% [125, 126]. Indeed, BHD appears to be the
single most common cause of familial pneumothorax [127]. One study suggested that, in patients
presenting with apparent primary pneumothorax, HRCT screening for an underlying diffuse cystic lung
disease such as BHD, LAM or PLCH is cost-effective and should be recommended [67]. A simple clinical
scoring system has also been proposed to identify patients with BHD with high sensitivity and specificity
among those presenting with apparent primary spontaneous pneumothorax, in the absence of HRCT
[126]. The role of radiologists in suggesting a diagnosis of BHD based on chest HRCT in the absence of
clinical suspicion has also been highlighted [128].

In the case of suspicion of BHD, it is recommended to carefully search for personal and family history of
skin lesions, pneumothorax, lung cysts and renal tumours, as they represent prominent diagnostic clues of
the disease. If present, further investigations are required, including skin examination by a dermatologist
with punch biopsy of suggestive cutaneous lesions, screening for renal tumours with abdominal CT or
MRI, chest HRCT with review of cysts distribution and morphology by an expert radiologist, and
pulmonary function testing [57]. Finally, a genetic evaluation and counselling for genetic testing should be
proposed to confirm the diagnosis.

FLCN sequence analysis of the coding and flanking intronic regions in patients who fulfil the clinical
diagnostic criteria for BHD has a diagnostic yield of almost 90% [68, 129]. When no pathogenic variant is
detected by sequence analysis, search for a deletion/duplication using other techniques like multiplex
ligation-dependant probe should be considered [129]. It is worth noting that a negative FLCN gene testing
does not exclude the diagnosis.

Confirmation of BHD diagnosis relies on a combination of clinical features and/or identification of a
FLCN germline mutation. Two diagnostic algorithms have been proposed (table 2), but still await formal
validation [57, 58]. Regarding kidney involvement, the identification of multifocal or bilateral renal cancer
is very suggestive of BHD, and a histological diagnosis of mixed chromophobe and oncocytic tumour is
almost pathognomonic of the syndrome.

Management and prognosis

Early diagnosis of the disease, early identification and treatment of renal tumours, and prevention of
pneumothorax are the main aspects to consider in the management of BHD. Family members at risk
should be offered screening for lung and kidney involvement, as pulmonary cysts and renal tumours are
highly prevalent in BHD. Diagnostic/presymptomatic genetic testing should also be discussed when the
familial mutation is known.

Management of pulmonary involvement

There is currently no specific treatment for BHD-associated cystic lung disease and whether mTOR
inhibitors are effective in preventing cysts formation is unknown. Therefore, management of pulmonary
involvement is limited to preventing and treating pneumothoraces [57]. Because of the high recurrence
rate of pneumothorax, it is recommended to consider pleurodesis after the first episode of spontaneous
pneumothorax [57]. In one retrospective series, the risk of relapse was significantly reduced from >60%
with conservative treatment to around 30% after pleurodesis [67]. In another retrospective series reporting
the efficacy of surgical pleurodesis with a cellulose mesh covering the visceral pleura, total pleural covering
was significantly more effective than lower pleural covering, with 0% versus 42% recurrence rate at
7.5 years [130]. It is important to inform patients about the risk and symptoms of pneumothorax, and to
recommend medical assessment in case of new respiratory symptoms such as dyspnoea or chest pain.
Patients should also be discouraged from diving. In spite of the slightly increased risk of pneumothorax
observed during and after a flight, it seems unnecessary to advise against air travel [66]. However, in case
of an ongoing or recently treated pneumothorax, patients should be advised to avoid travelling by air.
Given that pulmonary function tests are essentially normal and cystic lung disease only rarely impacts
lung function, it is not recommended to perform regular follow-up with pulmonary function tests and/or
chest HRCT in the majority of patients. However, periodic pulmonary function testing should be provided
to patients with extensive cystic lung disease and impaired lung function at baseline [57]. Even if there is
no obvious causal association between tobacco and the occurrence of pulmonary cysts, pneumothorax or
BHD-associated lung function decline, patients should be discouraged from smoking, and smokers should
receive smoking cessation advice or counselling. Pneumococcal vaccination and annual influenza
vaccination are recommended.
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TABLE 2 Diagnostic criteria for Birt-Hogg-Dubé (BHD) syndrome

Diagnostic criteria proposed by Menko [58]
Patient should fulfil one major or two minor criteria for diagnosis
Major criteria:
At least five fibrofolliculomas or trichodiscomas, at least one histologically confirmed, of adult onset
Pathogenic FLCN germline mutation
Minor criteria:
Multiple lung cysts: bilateral basally located lung cysts with no other apparent cause, with or
without spontaneous primary pneumothorax
Renal cancer: early onset (age <50 years) or multifocal or bilateral renal cancer, or renal cancer of
mixed chromophobe and oncocytic histology
A first-degree relative with BHD
Diagnostic criteria proposed by Gupta [57]
Definite pulmonary BHD:
Characteristic® or compatible” lung HRCT and skin biopsy positive for fibrofolliculoma or
trichodiscoma
Characteristic or compatible lung HRCT and confirmed family history of BHD in first- or
second-degree family member
Characteristic or compatible lung HRCT, and tissue confirmation or renal chromophobe adenoma or
oncocytoma
Characteristic or compatible lung HRCT, and tissue confirmation of genetic testing positive for BHD
Probable pulmonary BHD:
Characteristic HRCT, exclusion of TSC and LAM, and personal or family history of pneumothorax
Compatible HRCT, exclusion of TSC and LAM, and any of the following:
Family or personal history of renal tumours
Skin angiofibroma
Renal angiomyolipoma
Possible pulmonary BHD:
Compatible or characteristic HRCT

HRCT:  high-resolution  computed tomography; TSC: tuberous sclerosis complex; LAM:
lymphangioleiomyomatosis. # multiple thin-walled round, elliptical or lentiform, well-defined air-filled
cysts, without internal structure, in a basilar, medial and subpleural predominant distribution, with
preserved or increased lung volume, and no other significant pulmonary involvement (specifically no
interstitial lung disease); T: thin-walled cysts without the more typical elliptical shape or subpleural
distribution.

Management of renal involvement

Screening for renal tumours should be proposed to all BHD patients at diagnosis or starting from the age
of 20 years [131]. After initial imaging, lifelong follow-up is recommended every 3 to 4 years to identify
any tumour at an early stage. As renal ultrasound may not be sensitive enough to detect small lesions
[132] and to avoid the cumulative radiation exposure of repeated CT, MRI is the recommended imaging
modality [54, 131], even though no series has prospectively validated this strategy. Most BHD-associated
renal tumours have a low malignant potential and a favourable prognosis. As several tumours may develop
during lifetime, a delayed nephron-sparing strategy is favoured to preserve kidney function over time [54,
131]. Additionally, prior surgery may complicate subsequent resections and interfere with imaging
interpretation. Therefore, if one or more tumours are detected, it is recommended to postpone surgery
until the largest mass reaches 3 cm in diameter, with subsequent imaging intervals depending on the type,
size and growth rate of the lesions [54, 106, 131, 133]. When surgery is not feasible, radiofrequency
ablation or cryotherapy are alternative nephron-sparing techniques. A long-term beneficial effect of
everolimus has been reported in one Japanese patient with BHD and metastatic renal cancer [134], but
more studies are needed to assess the efficacy of mTOR inhibitors in BHD-associated renal cancer.
Metastatic disease is usually treated the same way as other metastatic RCC, even though no prospective
studies have specifically addressed this issue.

Management of cutaneous involvement

Skin lesions of BHD do not need therapy, as there is no risk of malignant transformation. For aesthetic
reasons however, excision, debulking, ablative laser treatment (CO, or Erb-Yag laser) [135, 136] or
electrodessication can be proposed [58]. However, recurrence may occur. One study failed to demonstrate
a significant cosmetic improvement with topical sirolimus [137], in contrast to its effect on angiofibromas
in TSC.
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Conclusion

As one of the three main causes of cystic lung diseases found at HRCT and present in up to 10% of
patients with apparently spontaneous pneumothorax, BHD is now for the respiratory physician an
important diagnosis to consider. When BHD is suspected, a multidisciplinary approach involving
respiratory physicians, radiologists, geneticists, nephrologists, dermatologists, thoracic surgeons and
pathologists is needed to confirm the diagnosis and to implement the appropriate follow-up, especially
periodic kidney imaging for early detection of renal cancer. When BHD has been identified in an index
patient, a diagnostic work-up of family members is another important step in the management of this
genetic disorder with dominant autosomal transmission.
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