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ABSTRACT

Primary lymphatic anomalies may present in a myriad of ways and are highly heterogenous.
Careful consideration of the presentation can lead to an accurate clinical and/or molecular
diagnosis which will assist with management. The most common presentation is
lymphoedema, swelling resulting from failure of the peripheral lymphatic system. However,
there may be internal lymphatic dysfunction e.g. chylous reflux, or lymphatic malformations,
including the thorax or abdomen. A number of causal germline or postzygotic gene mutations
have been discovered. Some through careful phenotyping and categorisation of the patients
based on the St George’s classification pathway/algorithm. The St. George’s classification
algorithm is aimed at providing an accurate diagnosis for patients with lymphoedema based
on age of onset, areas affected by swelling, and associated clinical features. This has enabled

the identification of new causative genes.

This update brings the classification of primary lymphatic disorders in line with the
International Society for the Study of VVascular Anomalies (ISSVA) 2018 classification for
Vascular Anomalies. The St George’s algorithm considers combined vascular malformations
and primary lymphatic anomalies. It divides the types of primary lymphatic anomalies into
lymphatic malformations and primary lymphoedema. It further divides the primary
lymphoedema into syndromic, generalised lymphatic dysplasia with internal/systemic
involvement, congenital onset lymphoedema, and late onset lymphoedema. An audit and
update of the algorithm has revealed where new genes have been discovered and that a

molecular diagnosis was possible in 26% of all patients overall and 41% of those tested.
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INTRODUCTION

The lymphatic system is a network of vessels important for whole body fluid homeostasis,
lipid absorption, and immune cell trafficking.[1 2] Lymphoedema is caused by lymphatic
dysfunction, which leads to a build-up of interstitial fluid within the tissues. This manifests
with swelling of the extremities, usually of the legs but may involve other regions or
segments of the body such as the upper limbs, face, trunk or genital area. There is an
increased risk of infection due to disturbances in immune cell trafficking within the segment
of compromised lymph drainage.[3] Lymphatic dysfunction within the thorax and abdomen,
here referred to as systemic/internal involvement (but can be referred to as visceral or central
involvement), may present with pleural or pericardial effusions or ascites, any of which may
be chylous, as well as intestinal or pulmonary lymphangiectasia, protein losing enteropathy or

chylous reflux.

The International Society for the Study of Vascular Anomalies (ISSVA) updated their
classification for Vascular Anomalies in 2018.[4] The vascular malformations are
subgrouped into ‘combined’, which include more than one type of vessel, ‘simple’ (only

involving one vessel type), and those ‘associated with other anomalies’.
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Lymphoedema due to a presumed genetic developmental fault in the structure or function of
lymph conducting pathways is called primary lymphoedema.[5] Some developmental faults
can lead to overt structural defects of the lymph conducting pathways and are called
lymphatic malformations. Such malformations if interfering with lymph drainage cause
lymphoedema (truncal malformations) but some lymphatic malformations remain as isolated
anomalies with no connection to main lymph drainage pathways and do not cause
lymphoedema (non-truncal malformations).[6] A primary lymphatic anomaly is an umbrella

term referring to all lymphatic abnormalities arising from a developmental fault.

For a long time, the diagnosis of primary lymphoedema was based largely on the age of
presentation of the swelling, congenital, pubertal and late onset, with limited differentiation
between the phenotypes. The discovery of the first causal gene, Vascular Endothelial Growth
Factor Receptor 3 for Milroy disease, indicated that a molecular diagnosis was possible.[7]
The first St George’s classification algorithm of primary lymphoedema and other primary
lymphatic disorders was an attempt to guide a clearer categorisation of phenotypes and
enable the discovery of further causal genes.[8] Age of onset remained a key criterion, but the
sites affected and associated features e.g. dysmorphology, distichiasis (aberrant eyelashes),
varicose veins, vascular malformations, and limb overgrowth were also considered, as was
internal or systemic involvement e.g. fetal hydrops, intestinal lymphangiectasia, pleural and
pericardial effusions, and chylous reflux. A family history of lymphoedema with

determination of the mode of inheritance was considered useful.

More rigorous phenotyping facilitated the identification of subgroups of patients with the
same broad category of primary lymphatic anomaly. These cohorts were then used for
molecular studies to identify more causal genes. Once the genotype was known then

crosschecking of the clinical characteristics, natural history and inheritance patterns was
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possible and an accurate phenotype defined. Investigations such as lymphoscintigraphy
helped to refine the phenotype further and give insight into the mechanisms for the
development of the lymphatic disorder. A first update of the classification was published in

2013.[9]

The St. George’s classification algorithm is intended to help clinicians categorise their
patients and guide testing towards, where possible, a molecular diagnosis. This algorithm is
criteria matching i.e. using certain key findings for classification through a multi-step process
of history taking, examination findings, mutation testing etc. The next step using the
information gathered is to advise on natural history, prognosis and risk (including genetic
counselling) and to guide management. While a molecular diagnosis should provide the most
specific and accurate diagnosis, it can be seen particularly with the postzygotic mosaic
disorders that one genotype can be clinically very heterogenous so there will probably always

be a place for good clinical phenotyping supported by investigation to guide management.

Here we present a second update of the St. George’s classification algorithm to include newly
discovered genes and to bring it in-line with the 2018 ISSVA (International Society for the
Study of Vascular Anomalies) classification for Vascular Anomalies.[4]. The results of an
audit, the purpose of which was to determine how well the algorithm was performing as a
diagnostic aid to classify patients with primary lymphatic anomalies and guide molecular

testing are also presented.

METHOD

St. George’s classification algorithm of primary lymphatic anomalies

The St. George’s classification algorithm was updated (Figure 1) and then applied,
retrospectively, to all patients presenting to the national multidisciplinary ‘Primary and

Paediatric Lymphoedema’ Clinic held at St. George’s Hospital over a one-year period.
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Careful phenotyping was undertaken both on clinical grounds and after selective

investigations e.g. lymphoscintigraphy. Where possible and appropriate, targeted genetic

testing was performed (this was prior to the introduction of a lymphoedema gene panel in our

unit) for some of the genes listed in Table 1.

Table 1. An overview of genetic disorders with primary lymphoedema as a frequent and

dominant feature, categorised by inheritance and age of onset. Their position in the

classification pathway is indicated by the same colour coding as used in Figure 1. For each

disorder, the causal gene, Orphanet and OMIM IDs are given where known.

Disorder ORPHANET oMM GENE
Lymphoedema distichiasis syndrome (LDS) 33001 153400 FOXc2
s Late onset 4-limb lymphoedema 613480 GJC2
L]
c
8 g Emberger syndrome / Primary lymphoedema with myelodysplasia 3226 614038 GATA2
-
T L
- = Late-onset hereditary lymphoedema CELSR1
8 o
£ Meige disease 90186 153200 ?
£
§ Milroy disease 79452 153100 VEGFR3/FLT4
©
g Congenital primary lymphoedema of Gordon 615907 VEGFC
<]
E s = Microcephaly-chorioretinopathy-lymphoedema syndrome 2526 152950 KIF11
25
o >
w0 = . N . . 608354 RASA1
§ \ Capillary malformation-arteriovenous malformation (CMAVM) 618196 EPHBA
Autosomal dominant lymphatic-related fetal hydrops (LRFH) 617300 EPHB4
Hypotrichosis-lymphoedema-telangiectasia-renal defect syndrome 69735 137940 SOX18
(HLTRS)
Hypotrichosis-lymphoedema-telangiectasia syndrome (HLTS) 69735 607823 SOX18
® o
£ 2 . . 235510 CCBE1
g § Hennekam-lymphangiectasia Iymghoedema syndrome Type 1, 2 and 2136 616006 FAT4
5 § 618154 ADAMTS3
Generalised lymphatic dysplasia of Fotiou 616843 PIEZO1
E PIK3CA-related overgrowth spectrum (PROS) 171834 PIK3CA
5]
§ . hi e.g.
s Mosaic RASopathies KRAS/NRAS/HRAS/MAP2K1

Within the St. George’s classification algorithm (Figure 1) there are five main categories of

primary lymphatic anomalies. These are presented in the form of colour-coded sections with
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the individual subtypes (including genotypes) within the categories. For definitions of some

of the terms used see Glossary of Terms (Supplementary Section).

First, the yellow section includes the ‘vascular malformations associated with other

anomalies’ and the ‘lymphatic malformations’ (as defined in the introduction).

Secondly, the patient is assessed for syndromes that have lymphoedema as a non-dominant
feature (blue section), e.g. the patient is dysmorphic with learning difficulties and possibly

has other abnormalities.

Then if not obviously syndromic, and the lymphatic problems are the dominant feature,
further assessment and investigations for systemic/internal lymphatic dysfunction or central
conducting anomalies (e.g. chylothoraces, chylopericardial effusions, ascites or protein losing
enteropathy) are undertaken (pink section). These include a careful medical history asking
specifically about prenatal history (e.g. hydrothoraces, fetal hydrops), chronic diarrhoea,
abdominal bloating or discomfort with fatty foods, weight loss or faltering growth (in a
child), or shortness of breath on exertion. Blood investigations (including serum albumin,
immunoglobulins, lymphocyte subsets, faecal levels of calprotectin or alpha-1-antitrysin),
echocardiograms and chest radiographs are helpful if central lymphatic dysfunction is

suspected.
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Where none of the above features are present, then the age of onset is used to determine the
grouping; the green section deals with congenital-onset primary lymphoedema (includes
syndromes where lymphoedema is the dominant clinical problem, and which is present at
birth or develops within the first year of life but is not associated with systemic/internal
lymphatic dysfunction). The purple section addresses late-onset primary lymphoedema (i.e.
lymphoedema that is the dominant clinical problem, and which develops after the first year of
life but is not associated with systemic/internal lymphatic dysfunction). It was decided not to
differentiate between pubertal onset (praecox) and later onset in life (tarda) when it was

discovered that one genotype such as FOXC2 can cause both.

It is important to note that the specific diagnosis may be difficult in a neonate presenting with
isolated congenital primary lymphoedema. A baby born with lymphoedema, may later
present with developmental delay, systemic involvement, progressive segmental overgrowth
or a vascular malformation, which could suggest a diagnosis in one of the other categories. It
should also be emphasised that each colour coded section is not exclusive. Some somatic
overgrowth anomalies may possess significant internal involvement. Also, lymphoedema
distichiasis syndrome is allocated to the purple late onset lymphoedema section because the
dominant feature is the late onset lymphoedema not the associated features, which make it a
syndrome. Whereas the blue ‘syndromic’ section refers to conditions with a collection of
features where lymphoedema is not the main characteristic. The algorithm is intended to

guide a clinical diagnosis and target gene testing.
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Genetic methodology

For the purposes of the audit, targeted genetic testing of FOXC2, VEGFR3, CCBE1, SOX18,
RASopathy genes and PIK3CA was performed by Sanger sequencing of DNA extracted from
lymphocytes or skin fibroblasts in patients in whom a specific genetic diagnosis was
suspected. This was before the introduction of a lymphoedema gene panel. Some patients,
who were either negative for the targeted genes or did not fit the relevant phenotypes of those
genes, were included in WES cohorts after classification, which then led to the identification

of new disease genes such as EPHB4, GATA2, PIEZO1, GJC2 and FATA4.

Retrospective audit of the St. George’s Clinic for 2016
A 12-month retrospective audit for the year 2016 (1st January 2016 — 31st December 2016)

was performed. The aim of the audit was to look at the proportion of patients in each category
of the classification algorithm and to look at the success of making a molecular diagnosis
through use of the algorithm. The audit criteria required the patients to be seen in our
specialist clinic, at any age, with a diagnosis of a primary lymphatic anomaly with data

collected from medical records and laboratory results.

RESULTS

Over a 12-month period in 2016, 227 patients were seen ( age range 2 weeks to 70 years),
25.6% (n=58/227) of which were new patients. Over one third (38%) of patients seen in the

clinic had a family history of primary lymphoedema.

Few patients had received genetic testing prior to referral to the clinic. Targeted genetic
testing was completed in 63% (n=143) of the patients seen. At that time, a lymphoedema
gene panel was not available, Patients were only tested if the clinician felt there was a

reasonable chance of finding a molecular cause — i.e. testing was targeted.
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Of those tested, the underlying genetic cause was identified in 41% (n=59/143). Overall, a

molecular diagnosis was made in 26% (59/227) of all the patients seen in 2016.

1. Vascular malformations with associated anomalies and lymphatic malformations

(yellow)

This group presents with malformations in the structure and organisation of blood and
lymphatic vessels with a patchy, segmental distribution. Lymphoedema may develop in
combination with vascular malformations and segmental overgrowth (or occasionally,
undergrowth) of tissues within the swollen limb e.g. muscle, skeletal or adipose tissues
(Figure 2A). The combination of lymphatic and vascular malformations in this group reflects

the mutual embryological origins of the two vascular systems.

These conditions are usually due to postzygotic mutations e.g. PROS (PIK3CA-Related
Overgrowth Spectrum). Exceptions to this are capillary malformation-arteriovenous
malformation (MIM 608354) such as Parkes-Weber syndrome, which may be caused by

heterozygous, germline mutations in RASA1.[10]

Of the 227 patients seen in 2016, 17% (n=39) had lymphoedema associated with vascular
malformations and/or segmental over- (or under-) growth (Figure 2, pie chart) in comparison
with 15% in 2010.[8] It has been shown that postzygotic, gain of function mutations in
PIK3CA may be responsible for many of the mosaic segmental overgrowth spectrum
disorders.[11] Postzygotic mutations are rarely identified in blood samples and therefore
require a skin biopsy of the affected region. In the 2016 cohort, only 10 patients (26%)
provided skin biopsies for genetic analysis, producing just one molecular diagnosis. More
research in this field is required to identify the genetic basis for some of the conditions in this

category. However, since the last revision, we have gained a much better understanding of

10
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the classification of some of these postzygotic mosaic conditions, therefore a brief review of

the latest developments in this area is given in the Supplementary Section.

2. Syndromic lymphoedema (blue)

Syndromes associated with primary lymphatic anomalies are listed in Table 2 and include
chromosomal abnormalities, single gene disorders and imprinting disorders. Patients
attending the clinic with syndromic primary lymphoedema made up 13% (n=29) (Figure 2,
pie chart), similar to the 15% reported by Connell et al.[8] Nearly three-quarters (72%, n=21)
of this cohort had a molecular or chromosomal diagnosis. The most frequently seen
syndromes were Noonan syndrome (n=8) (Figure 2B); Turner syndrome (n=4) and Phelan

McDermid syndrome (n=3).

11
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Table 2. An overview of ‘Known Syndromes’ with primary lymphoedema as a non-dominant

association as referred to in the St. George'’s classification algorithm (Figure 1, blue

section). The syndromes are categorised by mode of inheritance. The causal genes or

structural variants and OMIM number are indicated where known.

Syndromes caused by chromosomal abnormality OMIM Chromosome
Phelan McDermid syndrome 606232 22q terminal deletion or ring chromosome 22
Prader Willi syndrome 176270 1511 microdeletion or maternal UPD 15
Thrombocytopenia with absent radius 274000 1g21.1 microdeletion and RBM8A
Turner syndrome 45,X0
Velocardiofacial syndrome 192430 22911 microdeletion
Syndromes caused by single gene fault OMIM Gene(s)
Noonan/Cardiofaciocutaneous syndrome 163950 PTPNLL, RIT1, RAFL, SOS1, KRAS, BRAF, MAP2K1, MAP2K2
plus others
- CHARGE syndrome 214800 CDH7
C
@ | Microcephaly-chorioretinopathy-lymphoedema-intellectual
c
£ | disability (MCLID) 152950 KIF11
§ Oculo-dento-digital syndrome 164200 GJA1
g Hypotrichosis-lymphoedema-telangiectasia-renal-defect 137940 SOX18
@ | syndrome
o)
Y | Ruvalcaba syndrome 180870 PTEN
< [ Costello syndrome 218040 HRAS
Sotos syndrome 117550 NSD1
Tuberous sclerosis 191100 TSC1, TSC2
(]
2 | Carbohydrate deficient glycoprotein types 1a, 1b, and 1h 2120:(;’;582579’ PMM2, PM1, ALG8
%]
(]
§ Choanal atresia-lymphoedema 613611 PTPN14
= | Cholestasis-lymphoedema syndrome (Aagenaes syndrome) 214900
€ : - =
g ;Iirlll;e;(am lymphangiectasia-lymphoedema syndrome Type 1, 235510, 616006 CCBE1, FAT4, ADAMTS3
= Hypotrichosis-lymphoedema-telangiectasia syndrome 607823 SOX18
- Ectodermal dysplasia, anhidrotic, immunodeficiency,
1 IKBKG (NEM!
< —;«c_l osteopetrosis and lymphoedema (OL-EDA-ID syndrome) 30030 e G
= Fabry disease 301500 GLA
[
£ 4 CLOVES syndrome 2501 PIK3CA
& 7| Macrocephaly-capillary-malformation (MCAP) 60250 3¢
Syndromes with no known cause OoMIM
Irons-Bianchi syndrome 601927
Mucke syndrome 247440
Progressive encephalopathy, hypsarrhythmia, optic atrophy (PEHO) 260565
Yellow nail syndrome 153300

3. Lymphoedema with pre- or postnatal systemic involvement (pink)

In some conditions, lymphoedema may be associated with internal (systemic or visceral)

disturbances of the lymphatic system within thorax or abdomen e.g. fetal hydrops, intestinal

12
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lymphangiectasia (presenting as protein-losing enteropathy), pulmonary lymphangiectasia, or
with pericardial and/or pleural effusions (often chylous), or chylous reflux (often into the
genitalia). Broadly, there are two types of lymphoedema with systemic involvement: (A)
‘widespread’ swelling affecting all segments of the body (Figure 2C), such as that seen in
generalised lymphatic dysplasia (GLD). Due to faulty development, the structural or
functional abnormality of the lymphatic system is affecting the whole body. One type is
Hennekam-lymphangiectasia-lymphoedema syndrome[12]. (B) ‘patchy’ areas of swelling
e.g. left arm and right leg, which have been named ‘multisegmental lymphatic dysplasia’

(MLD) (Figure 1).

Prenatally, these conditions may present with pleural effusions (hydrothoraces), or as non-
immune fetal hydrops (the accumulation of fluid in at least two compartments of a fetus such
as the abdominal cavity, pleura, or subcutaneous oedema). 15% of non-immune cases of
hydrops are the result of lymphatic disorders, and approximately 20% are idiopathic, some of

which may be due to, as yet, unidentified lymphatic abnormalities.[13]

In our audit, this cohort accounted for 12% (n=27) of patients (Figure 2, pie chart), slightly
higher than the 8% reported in 2010.[8] Molecular testing was carried out in 17 patients. Nine
of those tested had generalised lymphatic dysplasia (GLD), and pathogenic variants were
identified in seven (78%). Five had biallelic variants in the PIEZO1 gene and one each with
biallelic variants in FAT4 and SOX18. Interestingly, two of the families described by Connell
and colleagues in 2010, cases 3 and 4, have subsequently been found to be caused by biallelic

variants in the PIEZO1 gene.[8 14]

None of the eight patients, who presented with ‘patchy’ distribution of lymphoedema (MLD),
had an identifiable molecular diagnosis. It is suspected that these patients could have a

postzygotic mosaic mutation or WILD syndrome.[15]

13
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Since the last revision of the St. George’s classification algorithm was published,[9] five new
causal genes associated with GLD and/or non-immune fetal hydrops have been identified:
ADAMTS3,[16] EPHB4,[17] FAT4,[18] FBXL7,[19] and PIEZO1[14 20] and are reviewed in

the Supplementary Section.

4. Congenital onset lymphoedema (green)

In this category, congenital onset is defined as lymphoedema that is present at birth or
develops within the first year of life. Bilateral lower limb swelling is the most frequent
presentation (Figure 2D), but the swelling may be unilateral and/or involve the arms,
genitalia and/or face, depending on the underlying cause. There are a number of different
genetic disorders presenting with congenital lymphoedema (Table 1). Milroy disease
(ORPHAT79452; MIM 153100) is the commonest form, occurring as a result of pathogenic
variants in FLT4/VEGFR3.[21 22] The mutation may occur de novo, so a family history is
not essential for this diagnosis. The lymphoedema is always confined to the lower limbs but
may be unilateral, and may (rarely) involve the genitalia. Approximately 10% of mutation
carriers do not have lymphoedema. Fetuses with Milroy disease may present antenatally with
pedal oedema in the third trimester, but also, in a few cases, with bilateral hydrothoraces,

which resolve before birth.

Pathogenic variants in VEGFC, the ligand for VEGFR3, have also been identified in
association with congenital primary lymphoedema of Gordon (MIM 615907), also affecting

the lower limbs.[23-26]

The congenital category represents 21% (n=47) of the patients seen in 2016 (Figure 2, pie
chart) compared to 24% in 2010.[8] A pathogenic variant was identified in 19 of the 47
(40%) patients genetically tested in this category. The majority (n=18) had pathogenic

variants identified in FLT4/VEGFR3 and, in one patient, a pathogenic variant in the GJC2

14
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gene. A GJC2 mutation in a patient presenting with lymphoedema at birth is unusual but

shows the variability of the phenotype.

Many of the conditions listed under the other categories in the classification algorithm may
initially present with congenital lymphoedema but systemic involvement, progressive
overgrowth or vascular malformation may present later and are so reclassified. Likewise,
some syndromic forms may present with congenital lymphoedema before any other
manifestations, making diagnosis difficult at times. Thus, the diagnosis of ‘isolated’
congenital primary lymphoedema may be difficult in a neonate presenting with pedal
oedema. Therefore, a molecular diagnosis in the neonatal period is clinically very useful in

the management of these patients.

5. Late onset lymphoedema (purple)

‘Late onset’ lymphoedema is defined as presenting after the first year of life. Swelling can
range from being unilateral, bilateral or can involve all 4 limbs and can present from early
childhood up to adulthood (Figures 1 and 2E). Some may present with unilateral swelling, but
the contralateral limb may become involved later or show abnormalities on lymphoscintigram
even when clinically uninvolved. The phenotypes also range from mild to severe. There are
currently five genes known to be associated with late onset lymphoedema: FOXC2 (Figure
2F),[27] GJC2,[28 29] GATA2 (Figure 2G),[30] HGF,[31] and CELSR1[32] (Table 1). For
many patients the molecular cause remains elusive, particularly in those patients with Meige

disease and late onset (usually pubertal) unilateral lower limb lymphoedema.

Late onset primary lymphoedema accounted for 37% (n=85) in 2016 (Figure 2, pie chart)
comparable to the 36% reported in 2010.[8] This category has a low number of molecular
diagnoses (n=12; 14%) as there are currently no causative genes for Meige disease, which

made up 36% (n=31) of patients in this category.

15
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DISCUSSION

This review presents an updated St. George’s classification algorithm of primary lymphatic
anomalies and brings it in-line with the ISSVA classification for Vascular Anomalies. It cites
eight new causative genes since the last publication and highlights the areas where the genetic
basis is still not known. This rapidly evolving field demonstrates that primary lymphoedema

and vascular malformations are highly heterogenous.

The audit reports an overall successful molecular diagnosis in 26% of patients seen in the
clinic, but 41% of those patients selected for molecular testing. This is a considerable
improvement on the rate of a molecular diagnosis since the algorithm was first published in
2010. Only two causal genes were known at that time. We can conclude from the audit that
the algorithm works well in targeting mutation testing. Furthermore, use of the algorithm has
led to the discovery of a number of causal genes. While it could be argued that the
introduction of the lymphoedema gene panel obviates any need for targeted gene tests, we
believe that matching a phenotype to a likely gene reduces wasteful testing and helps
enormously in the interpretation of variants of unknown significance, which are becoming an

increasing problem in the era of next generation sequencing.

Although providing a molecular diagnosis in one quarter of all the patients with primary
lymphoedema represents a considerable improvement from when the algorithm was last
reviewed, the molecular diagnosis is still not identified in the majority of patients seen in the
St. George’s clinic. In the diagnostic setting, the introduction of next generation sequencing
with a targeted (virtual) ‘lymphoedema gene panel” may improve the diagnostic rate and
broaden the phenotypic spectrum of many of the known genetic disorders. Understanding of
the natural history of the disorder will enable appropriate surveillance of e.g. leukaemia in
Emberger syndrome (GATA2), and allow investigations for known associated problems, e.g.

congenital heart disease in patients with lymphoedema distichiasis syndrome (FOXC?2).

16
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Prenatal diagnosis for the more serious conditions also becomes possible. Knowledge of
causal genes, and mechanisms of pathophysiology, provide an opportunity for new, improved
treatments (personalised medicine) (e.g. mTOR inhibitors for progressive overgrowth

disorders).

In conclusion, the St. George’s classification algorithm for primary lymphatic anomalies has
been further refined. With this review we have provided insight into the most recently
discovered genotypes and how this algorithm can be used in the clinic to guide management

of primary lymphoedema patients.
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FIGURES

Figure 1. St. George’s classification algorithm for primary lymphatic anomalies. The five
main groupings (colour coded) with their various clinical sub-types of disease. Primary
lymphoedema is the major clinical feature in the green, pink and purple sections. Text in red
indicates the suggested genetic test and/or differential diagnosis for the subgroup, however,
the indicated genes do not explain the cause of disease in all patients in each grouping. For
example, only 70% of Milroy disease patients are explained by mutations in
FLT4/VEGFR3.[33] FH, family history; +ve, positive; -ve, negative. (Image shared by St
George’s Lymphovascular Research Group under the CC BY-SA 4.0 International license on

Wikimedia Commons).

Figure 2. A graphic representation of the 227 audited patients seen in clinic in 2016 and their
distribution across the five categories from Figure 1 (pie chart). (A-G) Images show features
of each category. (A) Patients with postzygotic mutations often present with asymmetrical
swelling and segmental overgrowth as this patient, who is mosaic for a mutation in KRAS.
(B) Webbed neck swelling in Noonan Syndrome. (C) In rare cases, swellings can be
widespread affecting all segments of the body such as in this child with a CCBE1 mutation.
(D) In milder forms, often just the dorsum of the foot is affected as in this baby with a
VEGFR3 mutation. (E, F) Lower limb swelling and distichiasis (arrowheads in F) in a patient
with a FOXC2 mutation. (G) Lymphoedema is a major cause of skin disease and affected
patients suffer from severe and recurrent episodes of cutaneous infection, especially HPV-
associated warts as seen in patients with GATA2 mutations. GLD, generalised lymphatic

dysplasia.
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Figure 1
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Figure 2
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Supplementary Section

RECENTLY DESCRIBED NEW GENETIC ENTITIES

EPHB4 — Autosomal dominant lymphatic-related hydrops fetalis (MIM: 617300)
Heterozygous EPHB4 mutations were identified following WES in two families, who had a
significant family history of antenatal, non-immune fetal hydrops and atrial septal defects
consistent with autosomal dominant inheritance.[1] This phenotype is characterised by fetal
hydrops or antenatal pleural effusions (or postnatal chylothoraces), which vary in severity
and, in several cases, have led to fetal demise. The hydrops may resolve in the neonatal
period, but patients may develop peripheral oedema later in life (Supplemental Figure 1A),
which mainly affects the legs. A high incidence of early onset and severe varicose veins was

observed (Supplemental Figure 1B).

Recently, a pathogenic heterozygous variant in EPHB4 was identified in a 4-generation
family with a central conducting lymphatic anomaly.[2] This family also had a child
presenting with fetal hydrops, and probably represents a variation of the same condition.

Venous insufficiency was also very prevalent in this family.

Interestingly, pathogenic EPHB4 variants have also been identified in families and singletons
with vein of Galen aneurysmal malformations [3 4] and capillary malformation-arteriovenous
malformation [5 6], the latter showing phenotypic overlap with hereditary haemorrhagic

telangiectasia.

PIEZO1 - Generalized lymphatic dysplasia of Fotiou (MIM:616843)

PIEZO1-associated hereditary lymphoedema is an autosomal recessive generalized lymphatic
dysplasia, often presenting prenatally as fetal hydrops.[7 8] Biallelic loss-of-function

mutations in the PIEZO1 gene cause a variable phenotype. The oedema can be severe, in
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some cases leading to perinatal death. However, it may resolve in infancy and may re-present
as peripheral lymphoedema during childhood. The swelling frequently involves the lower
limbs, genitalia and face (Supplemental Figure 1C, D). There is often swelling of the upper
limbs, but this is not as marked (Supplemental Figure 1E). There may be chylothoraces,

pericardial effusions and, rarely, intestinal lymphangiectasia.

Heterozygous gain-of-function mutations in PIEZO1 cause autosomal dominant dehydrated
hereditary stomatocytosis (MIM: 194380), a relatively mild anaemia, which may also present

with perinatal oedema/fetal hydrops (not due to anaemia).[9 10]

ADAMTS3 - Hennekam lymphangiectasia-lymphoedema syndrome 3 (MIM:618154)
ADAMTS3, together with CCBEL, is essential for the proteolytic activation of pro-VEGFC,

the ligand for VEGFR3.[11-13] One family, including two affected children, presenting with
a severe generalised lymphatic dysplasia (Hennekam lymphangiectasia-lymphoedema
syndrome type 3) has been published.[14] The features include: antenatal polyhydramnios,
hydroceles, congenital lymphoedema of the lower limbs and genitalia, intestinal
lymphangiectasia with a protein losing enteropathy, and distinctive facial features probably
secondary to facial oedema. Whole exome sequencing (WES) in the family identified
compound heterozygous variants in ADAMTS3. Functional analysis of the variants

(c.503T>C and ¢.872T>C) confirmed them to be highly damaging.

FAT4 - Hennekam lymphangiectasia—lymphoedema syndrome 2 (MIM: 616006)

Alders and colleagues described biallelic mutations in FAT4 in nine patients from five
families, who all presented with lymphoedema of the extremities, presenting at birth or in
childhood.[15] Seven of the nine had intestinal lymphangiectasia with or without other
systemic involvement. Mutations in FAT4 have previously been found to cause van

Maldergem syndrome 2 (MIM: 615546).[16 17] Many features of the two allelic conditions
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overlap; including facial dysmorphism (hypertelorism, epicanthus and a flat nasal bridge),
impaired cognition, small ears with thick helices and irregular dentition. In addition, van
Maldergem syndrome is associated with neonatal hypotonia and feeding problems, hearing
loss, tracheal anomalies, and osteopenia[18] and lymphoedema has been reported in one

patient (Supplemental Figure 1F).[19]

FBXL7 biallelic mutations associated with Hennekam syndrome

A recent publication describes a homozygous single-exon deletion affecting FBXL7 in a
patient presenting with Hennekam syndrome. Previous studies in Drosophila had indicated
that FbxI7 interacts with Fat, of which human FAT4 is an ortholog. The patient presented
shortly after birth with facial and scrotal oedema, which resolved. However, at 3 months of
age, he developed persistent bilateral lower limb oedema. Clinically, he had intestinal
lymphangiectasia, although this was not confirmed by endoscopic examination. Dysmorphic
facies and camptodactyly, in keeping with those seen in Hennekam lymphangiectasia-
lymphoedema type 2 (FAT4-associated), are described but photographs of the patient are not

included.[20]

Mutations in any of the genes in the “Lymphoedema with Systemic Involvement” (pink)
category may initially present with congenital lymphoedema, as many of the ‘systemic’
symptoms may not be present at birth but develop later in childhood. Therefore, this group of
genes/conditions (ADAMTS3, CCBE1, EPHB4, FAT4, PIEZO1 and SOX18) should be
considered in any infant presenting with congenital lymphoedema, particularly if the swelling
is not confined to the lower limbs, and if the genital region is swollen at birth (Figure 1). This

category should be considered in any patient presenting prenatally with fetal hydrops.
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CELSR1 associated with hereditary late onset primary lymphoedema

Three recent publications present the identification of truncating variants of CELSR1 in
families with an autosomal dominant, non-syndromic lymphoedema of the lower limbs
presenting in childhood and predominantly affecting females.[21-23] Imaging showed
extensive dermal backflow with tortuous lymphatic vessels.[22] CELSRL1 is an atypical
cadherin involved in planar cell polarity. Previous work had demonstrated a critical role of

this gene in intraluminal valve formation in murine lymphatic vessels.[24]

PIK3CA Related Overgrowth Spectrum (PROS)
The PIK3CA-Related Overgrowth Spectrum (PROS) includes a range of mosaic conditions

caused by postzygotic, gain-of-function mutations in PIK3CA.[25] The phenotypic spectrum
of PROS includes disorders which have overlapping clinical features: Fibroadipose
hyperplasia[26]; isolated lymphatic malformation;[27] CLOVES (congenital lipomatous
overgrowth, vascular malformations, epidermal naevi, scoliosis/skeletal and spinal)[28] and
megalencephaly-capillary malformations (MCAP) and Klippel-Trenaunay syndrome.[25 29]

Lymphatic manifestations may, or may not, be present.

The PROS spectrum is characterised by asymmetrical and disproportionate congenital (or
early childhood) onset of segmental overgrowth, which may be progressive. Additional
features include epidermal naevi, vascular malformations, macrodactyly and macrocephaly.
The severity of PROS varies; the overgrowth can be mild with very little progression (e.g.
macrodactyly of one digit) or it can be extreme (affecting a range of tissues including

adipose, muscular and skeletal) (Supplemental Figure 1G).[26]

Pharmacologic therapy with mTOR inhibitors for patients with progressive overgrowth has
been introduced, with variable success in halting the progressive overgrowth.[30-32] Since

PROS was originally described, Klippel-Trenaunay syndrome (KTS) has been included

30



Gordon et al. Supplementary Section

within the spectrum, as PIK3CA mutations have been identified in some patients with
KTS.[33] However, Proteus syndrome, another mosaic phenotype, remains separate due to
the presence of a cerebriform connective tissue naevi (usually on the plantar surface) and

distinct causal postzygotic, gain-of-function mutations in the AKT1 gene.

Mosaic RASopathies

Recent publications describe patients with postzygotic mosaic mutations in the RASopathy
genes resulting in high-flow arteriovenous malformations and low-flow vascular
malformations with a somatic mosaic distribution.[30] One of these patients (Case 15), was
seen in our clinic with congenital, unilateral lymphoedema of the left lower limb (Figure 2C).
He required epiphyseal fusion to prevent increasing limb length discrepancy due to segmental
overgrowth of the left leg. There was an extensive vascular malformation of the left leg and
venous duplex confirmed venous incompetence. Lymphoscintigraphy also confirmed lymph
drainage abnormalities. His presentation was consistent with a diagnosis of Klippel-
Trenaunay syndrome. A postzygotic mutation, resulting in somatic mosaicism, was identified
in the KRAS gene with a variant allele frequency (VAF) of only 2% identified in DNA
extracted from a skin biopsy from the affected leg. This KRAS variant,
c.35G>A;p.(Gly12Asp) has previously only been seen in association with cancer but never

seen as a germline mutation in Noonan syndrome or Cardiofaciocutaneous syndrome.[34]

We have seen one further patient with an extensive vascular malformation of his right lower
limb associated with lymphoedema. A pathogenic MAP2K1 variant,
€.360G>T;p.(Glu120Asp), was identified with a variant allele frequency (VAF) of 49% in
DNA extracted from skin fibroblasts in the affected leg. This variant was not seen in the

DNA extracted from blood lymphocytes.
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Interestingly, different germline mutations in the same genes cause Noonan syndrome and
Cardiofaciocutaneous syndrome, both of which are also known to be complicated by

lymphatic abnormalities.[35] Therefore, a mosaic RASopathy should be suspected in any

patient with segmental overgrowth, vascular malformations with or without lymphoedema, in

whom no mutation in PIK3CA has been identified.
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Supplementary Figure 1: Clinical photos of patients with mutations in some of the new

causal genes.

(A-B) Mutations in EPHB4 cause autosomal dominant lymphatic-related fetal hydrops. In
adults it can lead to mild facial oedema (A) and extensive varicose veins (arrow) (B). (C-E)
Mutations in PIEZO1 cause a type of generalised lymphatic dysplasia. Patients can present
with facial oedema (C) and four limb lymphoedema (D, E). (F) Typical facies of van
Maldergem syndrome caused by mutations in FAT4. (G) PROS-overgrowth of left leg with

vascular malformation caused by a postzygotic mutation in PIK3CA.
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GLOSSARY OF TERMS

In order to maximise the utility of the St. George’s classification algorithm, it is helpful to

define some of the terms used:

Lymphoedema: swelling of an extremity due to lymphatic dysfunction (i.e. not oedema
from, for example, heart failure or an allergic reaction). Involvement of one or more

extremities is peripheral lymphoedema.

Primary lymphoedema: Lymphoedema due to a developmental fault in the structure or
function of the lymph conducting pathways and presumed to be genetic in origin. Thus, it is

not secondary to an identified cause (e.g. cancer or infection).

Lymphatic malformation: These are overt structural defects of the lymph conducting
pathways, which may include truncal malformations (if interfering with lymph drainage
and cause lymphoedema) or non-truncal malformations, (isolated anomalies with no

connection to main lymph drainage pathways and do not cause lymphoedema).

Generalised Lymphatic Dysplasia (dys = bad; plasis = formation) is used to describe the
abnormal growth/development of the lymphatic system and is a structural or functional

abnormality.

Systemic involvement or internal/visceral lymphatic dysfunction: Abnormal lymphatic
function causing internal swelling e.g. chylothoraces, chylopericardium, chylous ascites,

intestinal or pulmonary lymphangiectasia or non-immune fetal hydrops.

Central conducting lymphatic anomalies (CCLA) is a term that is used to describe
dysfunction or obstruction of the lymph conducting channels within the thorax or abdomen as
seen on imaging such as contrast-enhanced MR Lymphangiography.[36] This may present as

chylothoraces, chylopericardium, ascites and chylous reflux with leaking of lymphatic fluid,
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often into the genital area. Causes of CCLA include Noonan syndrome (under ‘Syndromic
lymphoedema’ [blue section]),[37] EPHB4-associated disorders[2] (under ‘Generalised
lymphoedema with systemic involvement’ [pink section]). It is therefore a highly

heterogenous, descriptive term rather than a specific entity.

Generalised lymphatic anomaly (GLA) is a term that is easily confused with generalised
lymphatic dysplasia (see describtion above). However, generalised lymphatic anomaly (GLA),
also called lymphangiomatosis, is a rare condition involving the abnormal overgrowth of
lymphatic vessels (small and large cystic lymphangiomas) in the lungs, pleura, bones and soft
tissue. GLAs may be congenital or acquired. The lymphangiomas may initially be proliferative,
but then stabilise over time. In others, they may follow a progressive course and result in life-
threatening complications, pain and functional disability. We have included Gorham-Stout
disease (GSD) in this category, a condition involving abnormal growth of lymphatic vessels
that affects bone.[38] The bony destruction (osteolysis) is progressive in GSD, hence the name
“vanishing bone disease”, whereas bony lytic lesions in GLA are less aggressive. Causal
mutations have not yet been discovered for GLA or GSD, but therapeutic trials of sirolimus

have been successful in some patients.[39]
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