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Abstract

Sections

Tuberous sclerosis complex (TSC) is an autosomal dominant disorder
characterized by the presence of proliferative lesions throughout

the body. Management of TSCis challenging because patients have
amultifaceted systemicillness with prominent neurological and
developmental impact as well as potentially severe kidney, heart

and lung phenotypes; however, every organ system can be involved.
Adequate care for patients with TSC requires a coordinated effort
involving a multidisciplinary team of clinicians and support staff. This
clinical practice recommendation was developed by nephrologists,
urologists, paediatric radiologists, interventional radiologists,
geneticists, pathologists, and patient and family group representatives,
with afocus on TSC-associated kidney manifestations. Careful
monitoring of kidney function and assessment of kidney structural
lesions by imaging enable early interventions that can preserve kidney
function through targeted approaches. Here, we summarize the current
evidence and present recommendations for the multidisciplinary
management of kidney involvement in TSC.
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Consensus statement

Introduction

Tuberous sclerosis complex (TSC) is an autosomal dominant disorder
affecting both fetal development and postnatal growth, with major
neurological and developmental effects in most patients and tumour
developmentin multiple organ systems. The incidence of TSC at birth’
isof~1in 5,800, resulting in over one million currently affected patients
worldwide**. The condition is often not recognized by most clinicians
without specialist knowledge, as <40% of patients have the classic triad
of facial angiofibromata, developmental delay and intractable epilepsy*.
Asystematic review identified the leading causes of mortality in patients
with TSC of all ages to be epilepsy (especially status epilepticus and
sudden unexpected deathin epilepsy), kidney complications and com-
plications from infections’. Highlighting the importance of kidney
involvement, ~40% of adult patients with TSC have a low glomerular
filtration rate (GFR)®, and TSC-associated kidney disease is the most
common cause of death in adults with TSC”®. The exact proportion of
patients with TSC who have kidney failureis unclear, partly because TSC
isnot always available as a diagnosis code in kidney failure databases.

TSC-associated kidney disease comprises three major phenotypes:
angiomyolipomata, cystic disease and renal cell carcinoma (RCC).
These phenotypes are not mutually exclusive and patients often have
a combination of angiomyolipomata and cysts, or (rarely) all three
phenotypes. These kidney manifestations arelisted in decreasing order
of frequency, such that -70-80% of patients have angiomyolipomata,
~50% have cystic kidney disease, and a diagnosis of kidney cancer or
oncocytomais present in 3-5% of patients. TSC-associated kidney
manifestations are typically gradually detected with age. Importantly,
normal kidney imaging and GFR in young children do not preclude
future development of kidney lesions and all patients with TSC should
have regular monitoring of kidney function and imaging®. The median
ages for the detection of cysts and angiomyolipomata are 3 years and
8-13 years, respectively. However, both cysts and angiomyolipomata
can develop in the first months of life, which justifies starting kidney
monitoring from the point of diagnosis'*™"". Staging of angiomyolipo-
mata (Table 1) and cystic burden (Table 2) can be useful to clinically
describe the disease and responses to therapy.

Patients with TSC kidney involvement are at considerable risk of
receiving delayed or inappropriate health care. Patient groups have
emerged to support patients and families and toimprove knowledge of
the disease and its care. Although updated general recommendations
for the diagnosis and care of TSC have been published'®, few publications
explicitly provide nephrologists and urologists with information onkid-
ney manifestations and management in TSC. Because adequate guidance

Table 1| Stages of angiomyolipomata according to the
number of lesions, size and impact on kidney structure

Stage Number of Size Morphology
lesions

0 None NA NA

1 1-4 <3cm Normal

2 >5 <3cm Normal

3 <5 1lesion >3cm Intact

4 >5 2-4 lesions >3cm Intact

5 >5 >5 lesions >3cm Recognizable

6 >5 1lesion >5¢cm Not recognizable
NA, not applicable. Table reprinted with permission from ref. 1, Wiley.

for kidney care in TSC is often unavailable or difficult to access, many
anecdotal reports exist of patients with TSC having unnecessary surgi-
cal procedures or nephrectomies, which worsens their risk of advanced
chronic kidney disease (CKD). Moreover, the success of targeted
therapeutic approaches, including mechanistic target of rapamycin
complex1(mTORCI)inhibitor therapies for both angiomyolipomata'>*
and, although not approved, for some forms of TSC cystic kidney
disease?, raises the expectation that kidney phenotypes in patients
with TSC canbe addressed to mitigate disease progression.

In this Consensus Statement, we sought to integrate the input of
all physiciansinvolvedin the kidney management of patients with TSC,
including nephrologists, urologists, geneticists, radiologists, inter-
ventional radiologists and pathologists, as well as patient representa-
tives. We provide a global, systematic overview of the most current
and accurate information regarding TSC-associated kidney disease.
Our intent was to provide a single-source reference document for all
physicians involved in the medical care of patients with TSC seeking
toimprove care at all ages.

Methods

Methodological support was provided by the Basque Office for Health
Technology Assessment (OSTEBA) and the Basque Foundation for
Health Innovation and Research (BIOEF) for this Clinical Practice Reco-
mmendation regarding the multidisciplinary management of kidney
involvement in patients with TSC, which was developed over 6 months,
fromJuly 14 to December 27,2021, in accordance with planning of the
project ‘ERN Guidelines: Clinical Practice Guidelines and Clinical Deci-
sion Support Tools’, funded by the European Commission, DG SANTE,
Tender SANTE/2018/B3/030.

Four working groups were established by the European Rare Kid-
ney Disease Reference Network (ERKNET) to examine different clinical
aspects of kidney involvement in TSC. Working group experts defined
research questions, which were adapted by OSTEBA to ensure that only
oneintervention per questionwasincluded. The research questions were
structured in four parts, according to the patient population, interven-
tion, comparator and outcome (PICO) format. Working Group 1analysed
sixresearch questions regarding genetic aspects of TSC; Working Group 2
analysed four research questions about comorbidities and follow-up;
Working Group 3 proposed five questions related to diagnosticimaging
andbiopsy; and Working Group 4 addressed 16 issues related to treatment
of the disease (Appendix 1, Supplementary information). The work of
eachworking group was carried out simultaneously butindependently.

Systematic evidence searches

Asystematic search of evidence was conducted for all PICO questions.
Meta-search engines were consulted as the first approach (Tripdata-
base and Epistemonikos). Key words were identified based on the PICO
framework and then translated into subject headings and free-text
search terms. Depending on the clinical question as well as on practi-
cal considerations, working groups could request to limit the search
based on publicationlanguage, abstract availability, publication period
or publication type.

Apreliminary searchwas conducted in one of the biomedical core
databases (MEDLINE or Embase). Information specialists contacted the
working groups to clarify terms and achieve abalanced search regard-
ing specificity and sensitivity as well as to decide whether to consult
systematic reviews or clinical trial databases like Database of Abstracts
of Reviews of Effects (DARE), Cochrane Database of Systematic Reviews
(CDSR), WHO International Clinical Trials Registry Platform (ICRTP),
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Cochrane Central Register of Controlled Trials (CENTRAL) and Euro-
peanUnion Clinical Trials Register (EU-CTR). Different search strategies
were decided for each working group (Appendix 2, Supplementary
information). The definitive literature search strategy was revised and
approved by the group. For all research questions, at least two core
databases (MEDLINE or Embase) were explored. Inaddition, to ensure
adequate coverage of all aspects, a complementary search in related
platforms was performed as well as asearch of relevant organizations
and project websites related to TSC.

Selection and synthesis of scientific evidence

Electronic records of the references retrieved by searches were
stored using a reference management web application (Rayyan)®.
For the initial screening process, at least two independent method-
ologists from the OSTEBA-BIOEF technical team scanned titles and
abstracts fromthe retrieved references to exclude irrelevant publica-
tions. Next, members of ERKNet and OSTEBA-BIOEF applied the inclu-
sionand exclusion criteria (Appendix 3, Supplementary information)
that were agreed upon for each clinical question. Original articles for
selected references were retrieved, and full-text screening processes
were performed applying a double-blind review. Any doubts about
inclusion were resolved by discussion within the review team before
results of the study were considered. Studies that failed to meet the
inclusion criteria after full-text screening were excluded. A list of all
excluded studies, with the explicit reasons for exclusion concisely
stated, was provided for each question; a PRISMA flow diagram was
used to explain the selection process.

Grading of recommendations

Initial recommendations were developed by members of each working
group. During a face-to-face meeting, those recommendations were
graded by the project leads and working group leads according to the
methodology of the American Academy of Paediatrics?. Quality of
evidence as well as the balance of potential benefits and harms were
considered for the grading of reccommendations as weak, moderate
orstrong. Anadditional grade of X was used for exceptional situations
where validating studies could not be performed but there was aclear
preponderance of benefit or harm.

TSC genetics
TSCis caused by inactivating pathogenic variants in either 7SCI or
TSC2. Awide spectrum of such variants hasbeenidentified, including
nonsense, missense, splice, out-of-frame and in-frame insertions and
deletions (Figure1in Appendix 4, Supplementary information) as well
as larger genomic rearrangements, ranging from single exon deletions
to deletion of the entire gene and some of the surrounding genomic
region, and genomic inversion events® (Figure 2 in Appendix 4, Sup-
plementary information). Most pathogenic variants (>90%) arise from
small genetic alterations, with large genomic events occurringin 7SC2
and in TSCI in approximately 4.7% and 0.7% of individuals with TSC,
respectively?. Although small pathogenic variants in each gene are
widely distributed, several sites of recurrent variants have been identi-
fiedin TSC1and TSC2 (Figure 1lin Appendix 4, Supplementary informa-
tion). These variants are typically either point mutations that occur at
CpGsites, which are commonly methylated and thus prone to spontane-
ous mutation to thymidine through deamination of 5-methylcytosine,
orindel variants occurring at short repeat sequences.

Thousands of smallvariantsin 7SCI and TSC2have beenidentified
both inindividuals with TSC and in unaffected populations (see the

Table 2 | Stages and disease patterns of kidney cystic
disease in patients with tuberous sclerosis complex

Disease StageO Stage1 Stage2 Stage3 Staged4 Stage5 Stage6
pattern

Polycystic O <2 3-6 7-10 1-20 21-30 >31
Cortical (o] 1-10 1-20 21-830 31-40 41-50 >51
cystic

Multicystic O 1-10 1-20 21-30 31-40 41-50 >51
Focalcystic O 1ray 2rays 3rays 4rays 5Srays >brays
Microcystic O 10% 20% 30% 40% 50% >50%

The numbers in the table represent the number of cysts, number of medullary rays or the
percentage of cortical involvement. Table reprinted with permission from ref. 1, Wiley.

Human Variome Project database and the gnomAD browser). Assess-
ment of whether such variants are pathogenic is straightforward in
many cases but unclear in others. A variant is considered pathogenic
ifit clearly prevents protein synthesis and/or inactivates the function
of TSC10r TSC2 (ref. 25). The clinical significance of missense variants
is often difficult to assess.

A pathogenic variant cannot be identified in 10-15% of children
and adults diagnosed with TSC**?*?%, These patients typically have
TSC symptoms and signs that are milder on average than those seenin
other patients with TSC, and nearly all have mosaicism for a pathogenic
variantin 7SC2 or, much less commonly, TSCI (refs. 26-29). Mosaicism
isthe occurrence of agenetic variantin somebut notall cells of anindi-
vidual and happens when a new variant occurs in an early embryonic
cell but not in the fertilized egg®’. Mosaic allele frequency typically
varies across different tissues, reflecting the heterogeneous distribu-
tion of variant-containing cells. In -18% of patients with TSC mosaicism,
the pathogenic variant is not detected in blood DNA samples®*5%°,
A diagnostic algorithm to guide the sequencing approach for the
detection of TSC mosaicism in adults has been developed®. Many
academic and commercial laboratories perform genetic analyses of
TSC1 and TSC2 and can report varying levels of mosaicism. To our
knowledge, the laboratory with the most sensitive clinically certified
analysisis at the University of Alabama, which canidentify and report
down to 2% mosaicism. However, levels of mosaicism <2% are common
in TSCZ()'ZS'”.

TSC2-PKDI contiguous gene syndrome

The TSC2 and PKDI genes are located directly adjacent to each other
on chromosome 16, separated by only a few nucleotides at the 3’ end
of each gene* (Figure 2 in Appendix 4, Supplementary information).
Consequently, genomic deletion eventsinwhich partor all of each gene
is lost can lead to the inactivation of both genes®**. Approximately
50% of all patients with genomic deletions in TSC2 also have involve-
ment of the adjacent PKDI and present with early-onset polycystic
kidney disease (PKD) in addition to features of TSC*>**, Mosaicism
for these events is common and observed in ~25% of the first affected
family member with a contiguous gene deletion®.

Autosomal dominant inheritance

TSCisinheritedin an autosomal dominant manner, and TSC genotypes
have complete penetrance (thatis, all individuals with an inherited
TSCI or TSC2 pathogenic variant will manifest some disease features)
but disease onset and severity are variable?. Often, diagnosis of TSCin
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Box 1

Recommendations for genetic testing in TSC

Recommendation 1:

Genetic diagnosis, meaning a search for pathogenic variants in TSC1
and TSC2, is recommended for all patients with tuberous sclerosis
complex (TSC), both those meeting definite diagnostic criteria

and those who are likely to have the disease, barring financial or
accessibility limitations (level X, strong).

Recommendation 2:

If no disease-causing variant is detected in a patient with definite
TSC, high-sensitivity genetic analysis® is recommended to enable
detection of a pathogenic allele with an allele frequency as low
as 1% (level X, strong).

Recommendation 3:

If no TSC2 or PKD1 deletion is detected in a patient with definite TSC
who has early-onset cystic kidney disease, high-sensitivity genetic
analysis® is recommended to enable detection of pathogenic alleles
at an allele frequency as low as 1% (level X, strong).

Recommendation 4:

We suggest that TSC gene testing should not be routinely performed
in patients with isolated angiomyolipoma in the absence of other
features of TSC (level D, weak).

Recommendation 5:

When a pathogenic variant is identified in a patient with TSC, expert
clinical evaluation of first-degree family members is recommended
(level X, strong.)

oneindividualleads to evaluation and diagnosis in other family mem-
bers who had escaped medical attention®**. Although penetrance is
complete, expressivity is variable, even within the same family. Several
reasons might underlie this variability, including mosaicism; intrinsic
variability in the number of second-hit events sustained by a patient
during disease development, which is a rate-limiting step for tumour
formation; and the genetic context of the patient, meaning that both
common and rare variants in other genes can also affect the clinical
presentation'®. The data supporting a role for mosaicism on disease
phenotypeis quite clear’** but, although genetic context effects are
broadly considered to be important, there are currently limited data
to support this.

Diagnostic genetic testing and variant classification

If possible, diagnostic genetic testing (Box 1) should be accompanied
by genetic counselling before and after testing. Classification of genetic
variants should follow the standards and best-practice guidelines of the
American College of Medical Genetics and the Association for Clinical
Genomic Science®. Definite pathogenic variants in TSCI or TSC2 are
identified in many patients but, in others, no definite mutationisidenti-
fied and variants of unknown significance (VUS) in either TSC1 or TSC2
might bereported. VUS should not be used in clinical decision-making

Recommendation 6:

When a pathogenic variant is identified in a patient with TSC, genetic
analysis of family members without features of TSC after evaluation
by an expert clinician is not routinely recommended. However, this
might be a cost-effective approach in some situations (level D, weak).

Recommendation 7:
Genetic counselling is recommended for all patients with TSC who
are considering having children (level X, strong).

Recommendation 8:
Genetic counselling should consider the high degree of intrafamilial
variability regarding disease severity (level B, strong).

*We recognize that few or no clinical laboratories can detect
variants with an allele frequency of below 2%.

Statement 1:

Children and adults with TSC2 pathogenic variants can have an
overall greater severity of disease, including a kidney phenotype,
than those with TSCT pathogenic variants.

Statement 2:
Patients with combined deletion of part or all of TSC2 and PKD1 have
a high risk of an accelerated cystic kidney disease phenotype.

given the potential harm from misinterpretation of their significance,
both for the proband and for any relatives identified as carriers of the
VUS through cascade testing.

Mosaicism considerations in genetic counselling

Only one-third of patients diagnosed with TSC have an affected par-
ent. Thus, most affected individuals develop the disease owing to a
pathogenic TSCI or TSC2 variant that has arisen de novo (that is, spo-
radic TSC)"®. However, low-level mosaicism for a pathogenic variant
might occur in a parent without TSC manifestations. Mosaicism for a
causal TSCI or TSC2variant canbe presentin all tissues, especially if the
mosaic allele frequency is high (>5%), but this is not always the case®’;
rarely, pathogenic variants might be present exclusively in germ cells.
Consequently, the parent of a child with seemingly sporadic TSC might
have some degree of germ cell mosaicism, which would increase their
probability of having asecond child with TSC. For this reason, parents
of a child with sporadic TSC are advised, during genetic counselling,
that the risk of TSC in subsequent pregnancies is estimated at ~1-2%.
Of note, the chance of transmission of a pathogenic variant in patients
with mosaicism depends on the mosaicallele frequency in germcells,
which s relatively easy to determine in male patients through sperm
analysis but is not feasible in female patients.
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Genotype-phenotype correlations

Over the past 25 years, multiple studies showed that the sever-
ity of TSC2-associated TSC is greater than that of TSCI1-associated
disease® . A meta-analysis of the three largest studies” * (1,039
patientsin total) confirmed that neurological, kidney and skin find-
ings are more prominent in patients with pathogenic 7SC2 variants.
Furthermore, analysis of data available from the TSC Alliance Natu-
ral History Database (7SC2 n =376, TSCI n = 246) showed that mul-
tiple clinical manifestations are more severe in patients with 7SC2
variants***; this finding has beenreplicated in studies from Greece*,
China*** Japan*®, Brazil*’, Canada® and Taiwan’'. The TOSCA registry
of patients with TSC from 31 countries showed that the mean age
at diagnosis of angiomyolipoma was 13 years for those with 7SC2
variants (n = 644) and 23 years for those with 7SCI variants (n =197)
and that bleeding complications were reported only in patients with
TSC2 variants®. This difference in severity also extends to infants
and young children with TSC. The EPISTOP study found that 52%
of children with TSCI pathogenic variants were free of seizures at
age 2 years, compared with 13% for TSC2 (ref. 11). Furthermore, the
prevalence of both cortical tubers (53% versus 84%) and multiple kid-
ney cysts (0% versus 34%) is significantly lower in patients with 7TSC1
variants than in those with pathogenic 7SC2 variants. The TACERN
study also found that TSC2 pathogenic variants were associated
with lower early-learning scores at age 2 years compared with T7SCI
pathogenic variants®. Notably, specific missense variantsin 7SC1 and
TSC2have been associated with amild disease phenotype, including
TSCI c.1864C>T*, TSC2 c.4508A>C>*, TSC21864C>T* and TSC2
R905Q%.

Box 2

Genetic counselling and prenatal or pre-implantation testing
Genetic counselling is meant to provide individuals and families at
risk of a genetic disorder with information on the nature, mode of
inheritance and implications of that disorder to help them make
informed medical and personal decisions*. Genetic counselling for
TSC is challenging for several reasons’®, including the considerable
variability in presentation, even within a family. If amosaic or hetero-
zygous pathogenic variant has been identified in a patient with TSC,
pre-implantation genetic diagnosisis possible. Many pre-implantation
genetic diagnosis options are available, and their relative merits should
be discussed before pregnancy given the required advance planning.
A 2022 pilot study reported on non-invasive prenatal diagnosis based
on cell-free DNA analysis®. Prenatal diagnosis of TSC and early inter-
vention might improve developmental and cognitive outcomes,
including reducing theincidence and/or severity of epilepsy in children
with TSC**,

Diagnosis and monitoring of kidney involvement
inTSC

Diagnosis and monitoring of hypertension

Substantial evidence from multiple observational studies and regis-
tries suggests anincreased risk of hypertensionin children and adults
with TSC; this risk increases with age. Inlarge studies, estimates of the
prevalence of hypertension in this group vary from ~-5% in children
to 25% in adults overall™', but some smaller studies have reported
a higher prevalence (up to 40%)°*°". Therefore, blood pressure
should be monitored at least annually in all children and adults with
TSC (Box 2).

Recommendations for diagnosis, monitoring and treatment
of hypertension in patients with TSC

Recommendation 1:

We recommend annual standardized office blood pressure
assessment in children and adults with tuberous sclerosis complex
(TSC) (level B, strong).

Recommendation 2:

Twenty-four-hour ambulatory blood pressure monitoring in children
(=5 years) and adults with TSC should be used to complement
standardized office blood pressure readings in those with office
blood pressure >95th percentile for age, sex and height in children,
or 2120/70 mmHg in adolescents and adults (level B, moderate).

Recommendation 3:

Home blood pressure monitoring can be an acceptable alternative
to standardized in-office assessment in children and adults with TSC
(level C, weak).

Recommendation 4:
We recommend the use of angiotensin-converting enzyme inhibitors
or angiotensin receptor blockers as the first-line treatment of

hypertension in children and adults with TSC unless there is a
contraindication (level B, strong).

Recommendation 5:

Children and adults with TSC who are at high risk of hypertension,
including those with advanced chronic kidney disease,

with high-stage angiomyolipoma, or receiving treatment with
adrenocorticotropic hormone or steroids for infantile spasms,
should have frequent blood pressure monitoring (level C, weak).

Statement:

No data to suggest that clinical practice for the management
of hypertension in children and adults with TSC should deviate
from current published guidelines for the general management
of hypertension. These guidelines include the threshold for
starting treatment with antihypertensive medication and target
blood pressure thresholds. A different clinical approach might
be required for patients with TSC2-PKD1 contiguous gene
syndrome.
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Child with

. Adult with
TSC diagnosis

TSC diagnosis

Plan transition from
paediatric to adult
health-care services

Clinical assessment, including history, kidney or abdominal imaging, assessment
of kidney function, proteinuria and blood pressure at the diagnosis of TSC

l

Annual standardized office BP

24-h ABPM
o if BP>P95 in children
o if BP>120/70 mmHg in adults

Blood tests can be less
frequent or delayed until
adulthood in children
without substantial kidney
involvement on imaging

l

ACEi or ARB as first-line treatment for
hypertension

Clinical practice for the management of
hypertension in children and adults with
TSC should follow current published
guidelines for the management of
hypertension in CKD (for threshold, starting
treatment and target BP thresholds)

Adults and children with kidney
involvement on imaging: annual
blood test to assess kidney
function (eGFR) and urine sample
for proteinuria assessment

GFR estimation should be
performed according to
general guidelines for CKD
General lifestyle advice:
avoid smoking, maintain a
healthy BMI, avoid NSAIDs

Fig.1|Monitoring of blood pressure and kidney function in patients with
TSC. Current data suggest that the risk of hypertension rises in certain patients
with tuberous sclerosis complex (TSC), including those with advanced chronic
kidney disease (CKD)®', high angiomyolipoma stage or history of embolization
procedures®. When children and adults with TSC are undergoing general
anaesthesia, blood pressure should be monitored as part of their pre-anaesthesia
assessment. Of note, in infants and young children with TSC, treatment with
adrenocorticotropic hormone and corticosteroids increases the risk of
hypertension significantly (up to 44%)'® and blood pressure (BP) monitoring
should therefore be conducted more frequently than annually for these patients.
ABPM, ambulatory blood pressure monitoring; ACEi, angiotensin-converting
enzyme inhibitor; ARB, angiotensin receptor blocker; eGFR, estimated
glomerular filtration rate; P95, 95th percentile.

Treatment of hypertension

Evidence on which antihypertensive agents should be used in
patients with TSC is limited but, considering the benefits of
angiotensin-converting enzyme (ACE) inhibitors in CKD®, expert opin-
ion confirms that first-line treatment of hypertension associated with
TSCshould be arenin-angiotensin—aldosterone systeminhibitor (that
is,an ACE inhibitor or an angiotensin receptor blocker) incombination
with calcium blockers or diuretics, if required. Of note, in children
and adults with TSC who are receiving an mTORCI1 inhibitor, reports
suggest alow butincreased risk of angio-oedema for those also being
treated with an ACE inhibitor®’. Some clinicians therefore advise thatan
angiotensinreceptor blocker might be a preferable first-line treatment
inthese patients.

General guidelines for the management of hypertension in CKD,
including thresholds for starting antihypertensive medication and
targets for blood pressure, should be followed in most patients with
TSC®. These guidelines include the European 2018 ESC/ESH guidelines
foradults® or the 2016 ESH guidelines for children®; in North America,

the 2017 AAP guidelines are widely accepted®’. Although specific data
for the TSC population are lacking, based on current guidelines and
evidencein the general CKD population®* (Fig.1), we suggest that 24-h
ambulatory blood pressure measurement might be helpful in patients
with elevated office blood pressure values (that is, blood pressure >95th
percentile for age, sexand heightin childrenand >120/70 mmHgin ado-
lescents and adults). Of note, an exception should be made for patients
with TSC2-PKD1I contiguous gene syndrome, as lower blood pressure
targets than those recommended for the general population seemed
to preserve GFR®, In this population, treatment should start at lower
blood pressure thresholds and have lower targets. Specifically, the
KDIGO 2021 Clinical Practice Guideline on the Management of Blood
Pressurein Chronic Kidney Disease suggest that kidney benefits might
begreaterinautosomaldominant PKD when the systolicblood pressure
target is 95-110 mmHg in adults rather than120-130 mmHg (ref. 64).

The choice of antihypertensive agent can also be affected by the
presence or absence of CKD with or without proteinuriaand by lifestyle
modifications. Given that large randomized controlled trials (RCTs)
showed that sodium-glucose co-transporter 2 (SGLT2) inhibitors have
benefits on mortality and CKD progression, we suggest that, even in
the absence of specific evidence, these drugs should be considered
for the TSC population.

Monitoring of kidney function

Kidney manifestations of TSC can present in early childhood and
become increasingly common with age'®. Compared with the general
population, adults with TSC are at higher risk of developing progres-
sive CKD®’°. In some cases, this CKD progression occurs without overt
kidney involvement on imaging; therefore, kidney function monitor-
ing using cystatin C or creatinine as well as urinary protein levels is
advised inalladults with TSC (Box 3). Although children can have kidney
lesions during early childhood, the risk of CKD detectable through
bloodtests (thatis, through raised serum creatinine levels) is extremely
low®*”, Therefore, in children without kidney involvement on imaging,
estimated GFR (eGFR) monitoring can be reasonably deferred until
adulthood. Of note, in patients with low muscle mass owing to severe
neurological complications, standard creatinine-based equations can
overestimate eGFR and cystatin C-based equations might be more
accurate’>”, In cases of progressive CKD, general patient follow-up
guidelines should be followed as no data suggest that children or
adults with TSC should be managed differently’. Kidney function
might need to be monitored more frequently after bleeding episodes
and after embolization, until it stabilizes™’°. In cases of unexplained
eGFR decline, attention to T2-weighted imaging for increased water
inthekidney cortex or akidney biopsy might be necessary to identify
the microcystic variety of TSC kidney disease’"’%.

Following the start of mMTORCI1 inhibitor therapy, most kidney
angiomyolipomata shrink within the first 122 months and then remain
stable?®. However, one study’ reported that mTORC1 inhibitors did
not prevent CKD progression in a minority of patients with impaired
kidney function (eGFR <30 ml/min/1.73 m?). Of note, mnTORClinhibitor
therapy canlead to or exacerbate proteinuria, which should therefore
be monitored before starting this treatment. Moreover, eGFR and
proteinuriashould be assessed every 3-12 months in patients receiving
anmTORClinhibitor”. No evidence suggests that the investigation or
treatment approach should be different for patients with TSC treated
with anmTORCI1 inhibitor compared with other patients with CKD*°.

Children with TSC and kidney cysts might have polyuriaowingtoa
urine-concentrating defect, placing themat risk of nocturnal enuresis®'.
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However, owing to the theoretical risk of kidney cyst progression with
vasopressin analogues (for example, desmopressin) reportedin other
cystic kidney diseases®, we advise against the use of these agents to
manage nocturnal enuresis in children with TSC.

No datasuggest that kidney stones, kidney cyst complications® %
or urinary tract infections should be managed differently in children
and adults with TSC compared with the general population. Children
with TSC might have additional risk factors for kidney stone forma-
tion, including but not limited to the use of topiramate or a ketogenic
diet for the treatment of epilepsy, and immobility in patients with
severe neurological involvement®. These patients might benefit from
biochemical monitoring of urine to detect anincreased risk of kidney
stone formation.

TSC2-PKDI contiguous gene syndrome

Anextensive kidney cystic phenotype s indicative of TSC2-PKD1 con-
tiguous gene syndrome but diagnosis is confirmed by genetic testing.
The genotype determines the rate of disease progression, including

Box 3

very severe manifestations in childhood®*®. Onset of cysts with rapid
growth at an early age should alert clinicians and prompt early and
multidisciplinary managementat both clinical and radiological levels,
with increased monitoring of blood pressure and kidney function.

Imaging and biopsy

Methods for kidney imaging in TSC

Kidney imaging aims to detect, characterize and monitor changes in
TSC-associated tumours (angiomyolipomata, cysts and RCC), assess
the risk of complications (mostly spontaneous bleeding of angiomy-
olipomata), and evaluate the response to therapeutic interventions
(Box 4).

Angiomyolipomata are benign tumours most often character-
ized by the presence of intratumoural macroscopic fat. However, the
amount of fat varies across tumours. Fat-poor angiomyolipomata (that
is, without discernible fat on imaging) are frequent in patients with
TSC and/or with lymphangioleiomyomatosis (LAM)®*~* and can be
difficult to differentiate from other solid kidney tumours®’. Moreover,

Recommendations for diagnosis and monitoring of kidney

function in patients with TSC

Recommendation 1:

In children and adults with tuberous sclerosis complex (TSC) and
kidney involvement on imaging, we recommend at least annual
assessment of angiomyolipoma-related complications, including
pain (using validated scales), clinical bleeding risk assessment
(Box 5), blood pressure and biochemical tests to monitor kidney
function (level B, moderate).

Recommendation 2:

We recommend performing annual blood and urine tests in all adults
with TSC to monitor kidney function and urinary protein excretion
(level B, strong).

Recommendation 3:

We suggest that, in children with TSC without kidney involvement
on imaging, less frequent blood tests (or delayed until adulthood)
are acceptable (level D, weak).

Recommendation 4:

In children and adults with TSC and low muscle mass (for
example, patients with severe neurological involvement), standard
estimated glomerular filtration rate (eGFR) formulae might provide
an overestimate; therefore, we suggest cystatin C-based eGFR
measurements (level C, moderate).

Recommendation 5:

In children and adults with TSC who are due to start mechanistic
target of rapamycin complex 1(mTORC1) inhibitor therapy (for any
indication), blood and urine tests should be performed before the
start of treatment (level B, moderate).

Recommendation 6:

In children with TSC and kidney cysts who have nocturnal enuresis,
we suggest avoiding vasopressin analogues (for example,
desmopressin) (level D, weak).

Recommendation 7:

Consider performing more frequent monitoring of blood pressure
and kidney function in children and adults with TSC2-PKD1
contiguous gene syndrome given the associated high risk of early
kidney involvement and complications (level D, weak).

Statement 1:

GFR estimation should be performed as per current general
guidelines for management of chronic kidney disease. No data
suggest that clinical practice for the management of chronic kidney
disease in children and adults with TSC should deviate from current
published guidelines.

Statement 2:

No evidence suggests that kidney stones, kidney cyst complications
or urinary tract infections should be managed differently in

children and adults with TSC compared with the general population.

Statement 3:

Children and adults with TSC2-PKD1 contiguous gene syndrome
should have a full clinical, biochemical and radiological assessment
of kidney involvement at diagnosis.
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Box 4

Recommendations on kidney imaging in patients with TSC

Recommendation 1:

In children and adults with tuberous sclerosis complex (TSC), we
recommend performing kidney imaging at the time of TSC diagnosis
(level B, strong).

Recommendation 2:

In children and adults with TSC, we recommend MRI as the
preferred modality for detecting and monitoring kidney lesions
(level B, strong).

Recommendation 3:

In children with TSC, we suggest that ultrasound performed by
an expert radiologist who routinely images kidney tumours is an
acceptable alternative to MRI for the detection and monitoring
of kidney lesions (level D, weak).

Recommendation 4:

In adults with TSC, we suggest that contrast-enhanced CT is an
acceptable alternative to MRI for the detection and monitoring
of kidney lesions (level D, weak).

the vessels within angiomyolipomata are fragile because they lack a
complete elastic layer; microaneurysms cantherefore appear onthese
vessels and bleed spontaneously®®*. TSC-associated angiomyolipo-
mata tend to be multiple and bilateral. In patients with TSC2 pathogenic
variants, angiomyolipomataarise at ayounger age, are more prone to
bleeding complications and grow faster than in those with sporadic
angiomyolipomata'®®>*, Insome advanced forms of the disease, coales-
centangiomyolipomatacaninfiltrate the kidney parenchyma diffusely
and lead to progressive CKD™**°*%¢_ Kidney cysts in patients with TSC
are usually asymptomatic and the presence of multiple cysts early in
life might suggest PKD due to TSC2-PKD1I contiguous gene syndrome.

Three modalities canbe used for kidney imaging: ultrasound, CT
and MRI. No study has compared their accuracy in patients with TSC.
Of note, although cysts can be easily detected with all three modalities,
there are differences in detection accuracy for angiomyolipomata
andRCC.

Angiomyolipomatausually appear hyperechoicand homogeneous
inultrasoundimaging. However, these characteristics are not pathog-
nomonicgiven that up to 8% of RCCs are hyperechoic’ %, Inaddition,
some fat-poor angiomyolipomata might be isoechoic and difficult to
detect on ultrasound®*. Characterization of solid kidney lesions in
paediatric patients with TSC could be refined with contrast-enhanced
ultrasound”. Importantly, ultrasound does not deliver radiation and
has high accuracy in patients with small body habitus. However, ultra-
sound results canbe dependent on the experience of the operator and
ultrasound accuracy decreases in patients with large body habitus, for
whom CT and MRI provide better imaging of the kidneys.

CT is useful to detect macroscopic fat that appears as an area of
negative density. However, its use in the follow-up of young patients
is limited owing to cumulative radiation exposure’*”” and the need for

Recommendation 5:
In children with TSC, we suggest that MRI of the kidneys should be
undertaken whenever a brain MRI is performed (level D, weak).

Recommendation 6:
In children and adults with TSC, we recommend an imaging
follow-up of the kidneys at intervals of 1-3 years (level B, strong).

Recommendation 7:

In children and adults with TSC, we suggest adapting the imaging
follow-up frequency according to the presence and type of
kidney lesions, and to the presence of bleeding risk factors (Box 5)
(level B, moderate).

Recommendation 8:

Owing to possible differences in assessing the size of kidney masses
with different imaging modalities, we recommend that the growth
of kidney masses is assessed using the same imaging modality
(level C, strong).

intravenous contrast injections to ensure adequate lesion definition
and assessment of intralesional microaneurysms'°°. Although the spa-
tial resolution of MRIis lower than that of CT, itallows a multiparametric
approach that can help characterize fat-poor angiomyolipomata'®'°,
Of note, similar to CT, contrast injection might be needed to better
assess microaneurysms with MRIL. CT and MRI also enable more pre-
cise lesion measurements than ultrasound, especially for coalescent
lesions”. Diffuse infiltration of the kidney parenchyma by angiomy-
olipomata complicates lesion measurement, but serial CT or MRI

Box 5

Main reported bleeding
risk factors in patients with
tuberous sclerosis complex

e Presence of symptoms (flank or abdominal pain, haematuria,
nausea or vomiting)

e TSC2 pathogenic variant

e Female sex

e Age between 15 and 50 years

e Angiomyolipoma size >30mm

e Presence of microaneurysms >5mm

¢ Increased angiomyolipoma vascularity

¢ Angiomyolipoma exophytic growth
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Box 6

Recommendations on biopsy
and management of RCC in
patients with TSC

Recommendation 1:

We do not recommend routine kidney biopsy in all fat-poor lesions
in children and adults with tuberous sclerosis complex (TSC)
(level B, strong).

Recommendation 2:

We suggest obtaining biopsy samples of fat-poor kidney lesions
only if their growth rate is above 5mm/year and/or if they do not
respond to mechanistic target of rapamycin complex 1 (mTORC1)
inhibition (level C, weak).

Recommendation 3:

Surgical intervention must be offered for the treatment of
histology-proven renal cell carcinoma in patients with TSC
(level X, strong).

Recommendation 4:

We recommend offering mTORCT1 inhibition as the first-line
treatment for fat-poor lesions requiring non-urgent treatment
(level A, strong).

Statement:

Treatment strategies for histology-proven renal cell carcinoma

in patients with TSC do not generally differ from those used in

the general population, but nephron-sparing strategies require
specific attention owing to the potential development of multiple
lesions and the increased risk of chronic kidney disease in patients
with TSC.

acquired along similar planes still provides a better follow-up than
ultrasound.

Overall, MRl s the preferred imaging technique to diagnose and
follow-up TSC-related kidney tumours because it does not deliverion-
izingradiation and has good soft tissue contrast evenin the absence of
contrast agents. However, the use of MRI has some limitations as it is
notavailable in all centres and certain patient populations, including
children and patients with claustrophobia or psychodevelopmental
disorders, require general anaesthesia.

Risk factors for angiomyolipomableeding

The severity of spontaneous angiomyolipoma bleeding is highly vari-
able and ranges from limited perirenal haematomarto life-threatening
internal haemorrhage. Data on the risk factors for bleeding events in
patients with TSC and kidney angiomyolipomata are very limited. No
prospective studies have assessed the effect of intervention versus
observation on the outcomes of TSC-associated angiomyolipomata
bleeding. Of note, such studies might not be feasible given that the

rate of spontaneous angiomyolipoma bleeding might be as low as 5%
in very large cohorts of patients with TSC*. Consequently, bleeding
risk factors have only been assessed in retrospective studies (prone to
selection bias) in whichmost patients had sporadic angiomyolipomata.
Size seems to be amajor bleeding predictor (Box 5) — the average diam-
eter of angiomyolipomata treated for bleeding was =70 mm in most
studies'®°¢, However, many cut-off diameters have been suggested
for preventive intervention: 30 mm (ref. 107), 35 mm (ref.108),40 mm
(refs.109,110), 50 mm (ref. 104), 60 mm (ref. 105), 73.5 mm (ref. 106)
and 80 mm (refs.103,111). This variability results from the difficulty in
predicting bleeding based on size alone —not only can small (<40 mm)
angiomyolipomata bleed, albeit rarely'?, but most large angiomyoli-
pomatanever bleed, even in patients with TSC'*'>"*, Thus, the optimal
sizethresholdforintervention depends on the number of patients one
isready to treat to prevent one bleeding event. The 30 mm threshold
proposed by the Washington conference'”” corresponds to a safety
strategy aimed at minimizing the risk of bleeding as much as possible.

Other reported risk factors include female sex', age (15-50
years)'°*'", TSC2 pathogenic variant’, the presence of symptoms (flank
orabdominal pain, haematuria, nausea or vomiting)'°*'”, the presence
of microaneurysms of >5 mm within the tumour"®, increased tumour
vascularity"*"”, exophytic growth" and high BMI'°° (Box 5). However,
how these factors should be combined to improve the prediction of
bleeding remains unclear. One group developed a multivariate score
including symptoms at presentation, tumour size, tumour vascular-
ity and degree of exophytic growth. All four variables were evaluated
individually, and a total score was then calculated (low risk 0-6; high

Adult or child with diagnosis
of TSC and angiomyolipoma

l

Acute haemorrhage??

o

Substantial bleeding risk?

Nol Yes

Yes | Radiological intervention ﬂ» Ermbolizati
available and possible? mbolization

|

Surgery

Active surveillance Start mTORC1

and re-evaluation inhibition
l Continue
Response to mTORC1? Yes  mTORCI
Not limited by side effects inhibition and

surveillance

N

o Explore dosage, adherence and lesion type
» Consider alternative treatment strategy

Fig.2|Structured approach torisk assessment and treatment of
angiomyolipomahaemorrhage. In cases of acute haemorrhage of an
angiomyolipoma, radiological intervention should be considered as the
first-line approach. If not directly available, patient management should not
be delayed and surgery should be initiated (employing a nephron-sparing
approach, if possible, in the acute setting). Upon determination of substantial
bleeding risk of an angiomyolipoma (Box 5), mechanistic target of rapamycin
complex1(mTORCI) inhibition s the first-line approach. If no response to this
treatmentis observed or its further useis limited by side effects, reassessment
and consideration of alternative strategies are required. TSC, tuberous
sclerosis complex. *With haemodynamic compromise or without spontaneous
termination; in cases of moderate self-limiting bleeding, medical (intensive care
or transfusion) or conservative management might be an option.
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risk 7-9), which was validated in anindependent internal cohort with
good results™,

Surveys among patients and evaluation of insurance claims
showed that kidney imaging surveillance is lacking or inadequate in
a substantial proportion of patients with TSC"*'", Yet, strict kidney
imaging follow-up is needed to detect patients with rapidly progress-
ing cysts that might have contiguous gene syndrome, to monitor the
risk of bleeding due to angiomyolipoma rupture and to detect rapidly
growing masses that might be indicative of RCC.

Age correlates strongly with the frequency, number and size of
kidney lesionsin patients with TSC'*'2*12! The growthrate of angiomy-
olipomatais slow before adolescence and accelerates thereafter, then
slowing down after the age of 40 years'*'”?*'?2, These dataarein line with
observed bleeding complications, which occur mostly between the
agesof15and 50 years, althoughbleedingriskis present at any age™'*'".

Risk of RCC and indication for biopsy

Cases of kidney cancer in children or adults with TSC, sometimes with
the presence of multiple tumours'”*%, have prompted the hypothesis
that TSC might be arisk factor for kidney malignancies. However, this
view remains controversial'?®. RCC in TSC is most often of the chro-
mophobe or chromophobe-oncocytic subtype'?**°, and multifocal
RCCin two patients with RCC demonstrated the existence of distinct
‘second-hit’ genetic initiating events™'. Several studies reported that
the prevalence of kidney canceris1.4-4% in patients with TSC'>%12°1%,

Box 7

Recommendations on when
to initiate mTORC]1 inhibition
therapy in patients with TSC

Recommendation 1:

We recommend offering mechanistic target of rapamycin complex
1 (mTORC1) inhibition as first-line treatment for angiomyolipomata
requiring non-urgent treatment (level A, strong).

Recommendation 2:

In children and adults with tuberous sclerosis complex (TSC), we
recommend offering mTORCT inhibition-based therapy to those
with an angiomyolipoma presenting a substantial bleeding risk
(Box 5) (level A, strong).

Recommendation 3:

We suggest considering mTORCT inhibition in all children and
adults with TSC and a growing angiomyolipoma of >3cm in
diameter (level D, weak).

Recommendation 4:

We suggest considering immunosuppressive regimens containing
a mTORCT inhibitor in patients with TSC after kidney transplantation
based on individual assessment of TSC-associated lesions

(level D, weak)

These estimations must be interpreted with care given potential
selection biases, lack of histological confirmation in some reports
and the presence of complex histology without definitive criteria to
discriminate between RCC and angiomyolipoma.

Althoughadvancesin multiparametric MRI can help characterize
kidney masses'*'?,imaging alone cannot rule out kidney cancer in the
case of fat-poor solid kidney masses”?>*’. Because fat-poor angiomyoli-
pomataare frequentin patients with TSC, the absence of macroscopic
fat within the mass is not sufficient to indicate biopsy®**¢ (Box 6). The
best criterium to suspect kidney cancer in patients with TSC remains
the observation of rapid, sustained growth (>0.5 cm/year) at serial
evaluations, although some angiomyolipomata grow rapidly"?*?"1%,
Kidney cancers might also be present in lesions that do not respond
tomTORClinhibitors™*.

Treatment and management
Rationale for intervention
mTORCl inhibition is the central therapeutic option for the kidney
manifestations of TSC and this pharmacological approach needs to
be compared with interventional radiological and surgical proce-
dures. Findings from several high-quality studies on mTORCl inhibi-
tors in TSC were pooled in a meta-analysis™. Data from 621 patients
with TSC-related angiomyolipomata showed that mTORCl1 inhibitor
use reduced the nephrectomy rate over time, thereby reducing the
long-term risk of CKD in this cohort*®. Data from 99 patients with
TSC in France who underwent kidney replacement therapy dem-
onstrated the increased risk of kidney failure in patients who had a
history of nephrectomy or embolization®. Data from 351 patients
with TSCin the Netherlands also demonstrated an increased risk of
CKD in patients requiring arterial embolization”. Combined, these
datajustify the preference of medical over surgical or interventional
therapy where possible to minimize the risk of CKD (Fig. 2). Moreover,
mTORCI inhibition not only has an impact on the size and growth
rate of TSC-associated angiomyolipomatabut also onintratumoural
aneurysms'’, whichis an additional benefit given theimportantrole
of aneurysmsinbleeding risk. Regarding cystic kidney disease in TSC,
large cysts donotseem torespond to mTORCl inhibition, although cur-
rent evidence indicates some benefitinreducing the large burden of
small cortical cysts as well asin microcystic and focal cystic disease™®,
In patients who are haemodynamically unstable owing to TSC-
related kidney complications, medical therapy will not be sufficiently
fast and such patients should undergo an interventional endovascu-
lar radiological procedure or, in some cases, a surgical intervention.
Moreover, in patients where medical therapy is contraindicated or
has failed, surgical or radiological interventions can be considered,
accepting theincreased risk of CKD.

mTORCl inhibition-based therapy
Several studies demonstrated the benefit of mMTORCI1 inhibition in
angiomyolipomata of >3 cm in diameter?>*’, Given that the overall
angiomyolipoma burden is associated with the future risk of CKD,
experts agree that using mTORCl inhibitor preventatively before any
individual lesion has become >3 cmin diameter might be beneficial in
cases of rapid angiomyolipomatagrowth (>0.5 cm per year in diameter)
and high overall angiomyolipoma burden in the kidneys (Box 7).
Fat-poor angiomyolipomata tend to respond well to mTORC1
inhibition*°. Indeed, mTORCl inhibitors primarily affect the highly vas-
cularized compartments of angiomyolipomata'*™*>, The adverse effect
profile of mMTORCl inhibitors is acceptable (see below). Furthermore,
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Box 8

Recommendations on dosage of mTORCI inhibitors

Recommendation 1:

In adults with tuberous sclerosis complex (TSC), we suggest that
5mg everolimus is a reasonable starting dose and further adaptation
is primarily based on side effects and efficacy (level D, weak).

Recommendation 2:

In children with TSC, we suggest that 2.5mg/m? everolimus is a
reasonable starting dose and further adaptation is primarily based
on side effects and efficacy (level D, weak).

Recommendation 3:
We suggest that dosing schemes might require individualized
adaptation (for example, intermittent treatment) (level D, weak).

Recommendation 4:

We recommend dose adjustment of mechanistic target of rapamycin
complex 1(mTORC1) inhibitors in cases of mild adverse events
(grade 1 or 2) before discontinuing treatment (level A, strong).

long-termeGFRis preserved in patients with TSC treated with mTORC1
inhibitors™ (one study reported improvement**) compared with
surgery or interventional radiology™*"",

Dosage. In the paediatric EXIST-1RCT, which reported the impact of
everolimus on angiomyolipoma in patients with TSC treated for sub-
ependymalgiant cell astrocytoma'®, the initial dose was 4.5 mg/m?*/day.
In EXIST-2, an RCT examining everolimus in patients with either
TSC-associated or LAM-associated angiomyolipoma, everolimus was
administered at a fixed dose of 10 mg/day*’. Both trials adjusted the
dose to achieve target trough levels of 5-15 ng/ml. EXIST-2 included
118 patientsrandomly assigned 2:1to receive everolimus 10 mg (n =79)
or placebo (n =39) once daily, and peak and trough concentrations of
everolimus in blood remained stable over time'*. The mean everoli-
mus trough level in both adults (EXIST-2) and children (EXIST-1) was
<10 ng/ml at all timepoints™*>'*,

Several other non-randomized studies used similar dosing
strategies as EXIST-1and EXIST-2 (refs. 148-151). The dose of 10 mg in
EXIST-2 was primarily chosen based on maximum tolerated dose con-
siderations. Dose adjustments were possible based on side effects and
safety. Afterinitiating the treatment with a10 mg dose, the EXIST-2 trial
reported dose adjustments for adverse events in 48% of patients receiv-
ingeverolimus. Nonetheless, the treatment efficacy remained robust,
in agreement with previous data on sirolimus showing efficacy irre-
spective of dose or trough levels”. Inaretrospective study of 50 adult
patients with TSC, 5 mg of everolimus per day was safe and as effective
in the shrinkage of angiomyolipoma as the conventional dose (10 mg
of everolimus per day)"*>. The inclusion criteria for the low-dose option
were kidney dysfunction (defined as serum creatinine level >1.5 mg/dl)
orlowbody weight (body weight <35 kg). Taken together, therapy can
bestarted at 10 mg/day in adults or 4.5 mg/m?/day in children following
the strategy from EXIST-2. Considering the weak relationship between

Recommendation 5:

We suggest obtaining everolimus trough levels where safety
concerns arise, adherence problems are suspected or lack of
efficacy is observed (level A, strong).

Recommendation 6:
We recommend not exceeding everolimus target trough levels
of >15ng/ml (level A, strong).

Statement 1:

Currently available randomized controlled trials examined the effect
of everolimus on renal angiomyolipoma in patients with TSC-initiated
treatment at a dose of 10mg/day (EXIST-2, adults) or 4.5mg/m?
(EXIST-1, adults and children).

Statement 2:
Sirolimus is a reasonable alternative to everolimus for mTORC1
inhibition in TSC.

trough levels and angiomyolipoma response observed™, the ability
to monitor treatment response by imaging and the observation that
immediate responses are rarely required in TSC-associated angiomy-
olipoma, a starting dose of 5 mg per day for adults and 2.5 mg/m? for
children seems a reasonable approach to ensure optimal adherence
and minimal toxicity (Box 8). Of note, although not primarily indicated
to guide dosing, trough levels can be helpful to assess adherence and
avoid toxicity.

Inaprospective observational cohort of 26 patients with TSC and
angiomyolipomaof >4 cmindiameter, intermittent everolimus treat-
ment (that is, pausing of treatment upon response and re-initiation
upon documented growth) was effective for tumour control and man-
agement of adverse events. The everolimus dose was set at 10 mg once
aday, and the criteria for stopping everolimus treatment were reduc-
tion of angiomyolipoma size to <4 cm, everolimus administration
for 212 months or plateauing reduction of angiomyolipoma size. An
abdominal CT or MRI scan was carried out every 3 months and, if the
volume of the angiomyolipoma after withdrawal increased to >70% of
the pretherapeutic volume, everolimus treatment was restarted at the
initial dose™. This concept could be adopted to individualize patient
treatment but most studies to date have not followed this approach.

No RCTs have assessed the use of sirolimus (also known as rapamy-
cin) to treat kidney manifestations of TSC. However, based on the iden-
tical mode of action (mTORC1 inhibition) as well as on available data
from two non-randomized studies, sirolimus might be an alternative to
everolimus based onavailability. In a24-month prospective open-label,
single-arm, single-centre phase Il-1ll study, 17 patients with TSC aged
>10years presenting with at least one kidney angiomyolipoma of >2 cm
in diameter were exposed to an increasing dose of rapamycin (1 mg
every 2 weeks) toachieve stable plasmalevels of between 4 and 8 ng/ml.
Accordingto Response Evaluation Criteriain Solid Tumours (RECIST)
criteria, all patients achieved a partial response at year 1and all but two
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Box 9

Definition of treatment
response to mMTORCI inhibition

Typical angiomyolipoma:
Imaging: reduction of volume, growth arrest or slowed growth
based on multidisciplinary assessment (including a radiologist,
nephrologist and urologist); absence of de novo aneurysm
formation.

Symptoms: individual assessment with the patient to determine
if symptoms are sufficiently controlled taking into account
counselling about alternative therapies and interventions.

Fat-poor lesions:
Imaging: reduction of volume or growth arrest.

had already achieved this partial response after 6 months"*.Ina2-year
multicentre phase Il non-randomized, open-label trial, 16 patients with
TSC with sporadic LAM and/or kidney angiomyolipoma were treated
with oral sirolimus for up to 2 years. Steady-state blood levels were
3-10 ng/ml. Summated angiomyolipoma diameters decreased in all

16 patients and even by >30% in eight of these individuals'>.

Duration and discontinuation. The median time for angiomyoli-
pomata to respond to mTORCI1 inhibitors was ~3 months in EXIST-2
(ref.20). Therefore, aminimal follow-up of 6 monthsis required before
assessing the clinical and radiological response (Box 9). Furthermore,
the main effect of mTORCI inhibitors in reducing angiomyolipoma

Box 10

volume was observed within the first 6-12 months of exposure'*2°**%,
Therefore, lack of an effect of mMTORC1 inhibition on angiomyolipoma
growth after aminimal follow-up of 12 months should prompt explora-
tion of adherence, dosage and confirmation that the lesion is indeed
a typical angiomyolipoma as well as alternative treatment options
(discussed below). A potential decision for discontinuation based on
continued growth under therapy should also consider the evidence for
beneficial effects of mMTORCl inhibition on bleeding risk*. Follow-up
studies, including the EXIST-2 cohort, support the ongoing efficacy and
safety of mTORClinhibitors up to 4 years after treatment initiation™.
Most adverse events (see below) withmTORClinhibitors are minor and
predictable'”. Dose adjustments might be helpful considering a prag-
matic risk-benefit balance™®. Importantly, mTORClinhibition should
bediscontinued (atleast temporarily) in patients who are experiencing
infection or severe adverse events. Note that discontinuing mTORC1
inhibition therapy might cause re-growth of angiomyolipomata as
suggested in a post hoc analysis of a subgroup of the EXIST-2 study'.
Therefore, monitoring of angiomyolipomata through imaging remains
essential after discontinuation of mTORCl inhibition (Box 10).

Side effects. Everolimus is generally well tolerated in both adult
and paediatric patients with TSC, with most adverse events being of
grade 1or 2 severity and occurring within the first 6 months'”"*%, The
side effects of MTORCl1inhibition are not specific to patients with TSC.
The most common grade 1 or 2 adverse events caused by mTORC1
inhibitors in patients with TSC are aphthous stomatitis, irregular men-
struation, hypercholesterolaemia or hypertriglyceridaemia, urinary
tract infection, hypertension, dermatitis acneiform, insomnia and
interstitial lung disease'**'*. The most common grade 3 adverse events
areirregular menstruationand aphthous stomatitis™°. Of note, the inci-
dence of stomatitis and irregular menstruation correlates with the dos-
age of everolimus'. The impact of mTORCI inhibitor-associated
hyperlipidaemia on cardiovascular outcomes is unclear; interest-
ingly, data from animal models suggest that sirolimus can attenuate

Recommendations on duration and discontinuation of mTORC1
inhibition therapy in patients with TSC

Recommendation1:

In cases with response to mechanistic target of rapamycin complex 1
(mTORC1) inhibition, we recommend continuing mTORCT inhibition
therapy for as long as the patient tolerates it (level B, strong).

Recommendation 2:

When mTORCT1 inhibition therapy has been initiated in cases of
typical angiomyolipoma, we recommend continuing for a minimum
of 12 months before assessing the response to therapy (level B,
strong).

Recommendation 3:
If a typical angiomyolipoma does not respond to mTORCT inhibition
by 12 months, we suggest exploring adherence, dosage and

confirmation that the lesion is indeed a typical angiomyolipoma
as well as considering alternative treatment options (level D, weak).

Recommendation 4:

We recommend stopping or pausing mTORC1 inhibitor treatment
in patients with active severe infection or who experience severe
adverse effects (grade >3) (level B, strong).

Statement:

The safety profile of mMTORCT1 inhibition in patients with tuberous
sclerosis complex (TSC) does not differ from that in the general
population.
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Box 11

Recommendations on radiological and surgical intervention

in patients with TSC

Recommendation 1:

Radiological or surgical interventions must be offered in case of
angiomyolipoma haemorrhage with haemodynamic compromise
(level X, strong).

Recommendation 2:

We suggest discussing radiological interventions, surgery or active
surveillance in angiomyolipoma cases with substantial bleeding risk
and a contraindication to the use of mechanistic target of rapamycin
complex 1(mTORC1) inhibitors (level D, weak).

Recommendation 3:

We suggest offering radiological interventions for the treatment
of typical angiomyolipomata that do not respond to therapy with
mTORC1 inhibitors (Box 8) (level D, weak).

Recommendation 4:

We recommend radiological intervention, if available on site, as
the first approach in cases of angiomyolipoma bleeding requiring
intervention (level X, strong).

Recommendation 5:

In angiomyolipoma at risk of bleeding requiring radiological or
surgical intervention, we recommend tailoring the type of intervention
considering both patient and tumour features (level C, moderate).

Recommendation 6:

We recommend steroid prophylaxis of post-embolization
syndrome when embolization of an angiomyolipoma is performed
(level B, strong).

atherosclerotic plaque progression'®'®', The FDA and EMA as well as
national resources about drug safety and efficacy are useful for continu-
ing pharmacosurveillance on the use of MTORCl inhibitors. Nephrotox-
icity hasnotbeenreportedin patients with TSC exposed to everolimus,
except for patients with severely compromised kidney function before
treatment or patients with prior kidney intervention?>'*>, Some of
these patients experienced anincrease in proteinuria. The diagnostic
algorithm of mTORCl inhibitor-induced proteinuria is similar to that
ofthe general population as described in the latest CKD guidelines by
the KDIGO consortium'®, Electrolyte, glucose and liver function moni-
toring is required for all patients treated with an mTORCl inhibitor,
irrespective of a TSC diagnosis.

Immunosuppressive regimens after kidney transplantation.NoRCTs
have examined the impact of differentimmunosuppressive regimens
after kidney transplantation in patients with TSC*”'**. Nonetheless,
based on the effect of mTORC1 inhibition on several TSC-associated
phenotypes, aregimen containingan mTORCl inhibitor inthe context

Recommendation 7:

We recommend that nephrectomy should not be typically performed
in patients with tuberous sclerosis complex (TSC) undergoing kidney
transplantation (level X, strong).

Recommendation 8:

We suggest nephrectomy prior to kidney transplant in patients
with TSC if the patient presents with large ipsilateral kidney
preventing heterotopic transplantation, suspicion of concomitant
malignancy, high risk of concomitant angiomyolipoma

bleeding as assessed by multiple risk factors or symptomatic
angiomyolipoma unresponsive to mTORC1 inhibition therapy
(level D, weak).

Recommendation 9:

If surgery is considered the preferred elective approach based on
multidisciplinary assessment, we recommend a nephron-sparing
approach (level B, strong).

Recommendation 10:

In cases without suspected malignancy, we recommend
tumour enucleation over tumour resection with a margin
(level C, moderate).

Statement:

In cases of haemodynamic instability owing to ongoing
bleeding after arterial embolization, radical nephrectomy might
be required.

of TSC-associated phenotypes knowntorespond to mTORClinhibition
(forexample, angiomyolipoma, subependymal giant cell astrocytoma,
epilepsy, skin manifestations and LAM) should be considered'®.

Interventional radiology

In most centres, an actively bleeding angiomyolipoma of any tumour
size is an accepted indication for arterial embolization owing to the
minimalinvasiveness of the procedure'*®'’ (Fig. 2 and Box 11). However,
incases with moderate self-limiting bleeding, medical or conservative
management can also be considered'*®'*’, In asymptomatic angiomy-
olipoma, the potential benefit of arterial embolization is less clear.
Expert opinion suggests preventive arterial embolization of angiomy-
olipomawithathreshold diameter >4 cm, especiallyinlesions withrich
angiomatous content and distinct arterial supply**.

Arterial embolization is less invasive than surgery and thus the
first-line approach for the treatment of relevant angiomyolipoma
haemorrhaging. In the decision-making process regarding surgery
as an alternative to arterial embolization, several factors should be
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Fig. 3| Multidisciplinary approach for the management of TSC. This algorithm
depicts the optimal multidisciplinary approach for patients suspected of having
tuberous sclerosis complex (TSC). This approachincludes appropriate referral
to an expert centre and coordination of multidisciplinary care with emphasis on
kidney issues. eGFR, estimated glomerular filtration rate; TAND, TSC-associated
neuropsychiatric disease.

considered: whether the blood supply allows selective arterial embo-
lization, RENAL score'”°, comorbidities and risk of general anaesthesia,
number and position of lesions within the kidney, and the technical
skills of the interventional radiologist performing the procedure. In
particular, effective targeting of the angiomatous arteries and avoid-
ance of non-target embolization s key to avoiding nephron loss”. The
RENAL nephrometryscoreis based on five anatomical characteristics of
solid renal masses — radius, exophytic or endophytic aspect, nearness
tothecollecting systemor sinus, anterior (a) or posterior (p) location,
locationwithrespectto the polar lines, and contact with the main renal
artery or vein — and is used to quantify the degree of difficulty of a
surgical approach'> Steroid prophylaxis has been used successfully to
prevent post-embolization syndrome after treatment of TSC-associated
angiomyolipomawitharterial embolization”>"*. If embolization fails
orisunavailable, surgery needs to be considered.

Surgical intervention

Partial nephrectomy is feasible in populations undergoing surgery
for angiomyolipoma with minimal morbidity'”; this approach seems
appropriate for cases selected by the multidisciplinary decision algo-
rithm as it maximizes preservation of normal kidney parenchyma in
patients with TSC who are at risk of kidney failure (Box 11).

InRCC, many studies have demonstrated that partial nephrectomy
can prevent CKD development and ensuant morbidity and mortality.
Although patients with TSC can present with angiomyolipoma and
concomitant RCCP*'¢, enucleation might still be appropriate. In the
case of sporadic RCC, tumour enucleation, iftechnically possible, yields
oncological results comparable to those of tumour resection with a
safety margin; tumour enucleationis therefore a parenchymal-sparing
therapy option evenif malignancyis suspected. In practice,acombined

procedure (enucleoresection) is usually conducted. Of note, resection
with amarginshould be considered if RCC suspicionis high, especially
high-grade RCC. In cases of haemodynamic instability, attempting
partial nephrectomy might be hazardous and could even compromise
survival. Where main kidney arterial clamping stabilizes the patientand
nephron-sparing surgery seems to be technically straightforward to
perform within a reasonable time frame, partial nephrectomy might
remain an option; this expert opinionis based on first principles.

Nephrectomy before transplantation. Similar to patients with auto-
somal dominant PKD and kidney failure undergoing kidney trans-
plantation, nephrectomy before transplantation might be warranted
if the native kidney in patients with TSC occupies so much space that
ipsilateral kidney transplantation is not technically feasible®. Of note,
large contemporary cohort studies show a1.4-2.8% major complication
rate for nephrectomy'”’, with blood transfusion rates as high as 9.1%,
whereasthe rates of haematuriaand bleeding were reported at 4.2% and
5.4%, respectively,ina 2020 report on patients with TSC'®. Whether the
risks of nephrectomy are counter-balanced by the benefits of avoiding
bleeding episodesis therefore unclear. Additionally, if the goal of rou-
tine nephrectomy in transplant recipients with TSC is to avoid future
bleeding events after transplantation, this concern might be addressed
with the routine use of an mTORCl inhibitor after grafting?*"".

Given the weak retrospective evidence, routine nephrectomy
in patients with TSC undergoing kidney transplantation should be
avoided. However, special consideration should be given to this pro-
cedure on a case-by-case basis, including in cases of suspected kid-
ney malignancy or of an angiomyolipoma with a high risk of bleeding
that cannot be treated with mTORCL inhibitors. In this last scenario,

Box 12

Recommendations on
multidisciplinary management
of patients with TSC

Recommendation 1:

The diagnosis and monitoring of hypertension in children and
adults with tuberous sclerosis complex (TSC) with consideration
of primary and other secondary aetiologies and treatment of
hypertension should be conducted by a (paediatric) nephrologist
(level D, weak).

Recommendation 2:

Patients with TSC should be offered structured, multidisciplinary
(kidney and other organ specialities) follow-up visits, ideally on the
same day where possible (level C, moderate).

Recommendation 3:

We recommend clinical assessment, including the collection

of complete relevant history, kidney or abdominal imaging,
assessment of kidney function proteinuria, and blood pressure,
at the diagnosis of children and adults with TSC (level B, strong).
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Glossary

Cortical tubers

A developmental brain lesion in
which there is loss of normal cortical
architecture with large giant’ cells
and gliosis.

many cortical tubers, some have few
and some have none.

Enucleation

Tumour excision by blunt dissection
along the natural cleavage

plane between the peritumoural
pseudocapsule and the kidney
parenchyma. This method avoids the
removal of visible kidney tissue.

First principles

An approach used by Aristotle where
complicated problems are reduced
to fundamental elements and
relationships and interventions can be
posited to formulate solutions.

Enucleoresection

Minimally invasive endoscopic
procedure used to remove kidney
lesions.

Hyperechoic

The property of showing higher
echogenicity (that is, appearing brighter
on ultrasound images) than a tissue of
reference.

Expressivity

Refers to the extent and severity of
tuberous sclerosis complex (TSC)
symptoms and signs seen in an
individual with TSC. For example, some
individuals with a diagnosis of TSC have

Isoechoic

The property of showing similar
echogenicity to that of a tissue
of reference.

Post-embolization syndrome
An inflammatory response causing
substantial fever and pain after arterial
embolization.

nephrectomy might be considered a more definitive treatment com-
pared with arterial embolization®"®, Bleeding risk can be assessed
using multiple risk factors (Box 5).

Treatment of RCCin patients with TSC

No RCTs have examined differential therapy of TSC-associated RCC
compared with sporadic RCC. Consequently, no evidence supports
specific therapeutic approachesin TSC-associated RCC. Studiesin spo-
radicRCCregarding the impact of mTOR pathway pathogenic variants,
including TSCIand TSC2, onthe response to mTORCl inhibition provide
no conclusive data”’'®* and studies in patients with TSC are lacking.
Compared with sporadic RCC, TSC-associated RCC seems to have dif-
ferent histopathological patterns and amore indolent course™**"° with
only rare cases of related mortality reported to date'*"'®, Although
these observations do not affect general treatment strategies directly,
they might still be considered in individualized decision-making and
patient counselling'*. Moreover, specificemphasis on nephron-sparing
strategiesis required considering the multiplicity and recurrent nature
of kidney tumours in TSC'*,

Multidisciplinary management

Because every organsystem canbeinvolvedin TSC, care should be coor-
dinated and delivered by amultidisciplinary teamin an expert centre'*
(Fig.3and Box 12). Although attention can be drawn to the most affected
organsystem, organinvolvement changes with age and engagement with
the multidisciplinary team members should be fostered early. Nephrol-
ogy involvement is crucial to help educate patients and their families
and to enable appropriate intervention as the disease progresses. All
patients with TSC-associated kidney lesions technically have CKD stage 1

(ormoreadvanced CKD) and should be followed by anephrologist atleast
annually. Suchinvolvement of a TSC nephrologist can help guide appro-
priate kidney care and reduce the frequency of unnecessary surgical
interventions. Such care can also increase the use of best practices'®.

Another responsibility of the multidisciplinary team is to care
for the family as well as the patient. Discussing screening with family
membersistherefore recommended. Family members with TSC clini-
cal features should be screened for the relevant pathogenic variant,
if itis known; genetic testing has little value in family members with
no clinical features of TSC. However, this opinion is subject to clinical
judgement for individual patients and families.

Transition care

Another obligation of the multidisciplinary team is the creation of
aplanor protocol for the transition from paediatric to adult care. This
plan should include the specified age of transition, the steps in the
process and the identification of health-care professionals for adult
care. Medical issues and concerns change as the patient ages and can
pose challenges for patients who transition to adult-oriented care’®®.
Ideally, establishing a fully functional multidisciplinary TSC clinic for
adults should be undertaken simultaneously with the efforts to develop
a paediatric clinic or the same clinic should be used for both children
and adults. The transition to adult medical care is especially challenging
for adults who have a TSC-associated intellectual disability and other
TSC-associated neuropsychiatric disorders. The adult clinic must be
capable of handling all of those TSC-associated issues.

Conclusion

Patientswith TSC are most ofteninitially encountered in non-specialized
centres where awareness of TSC-associated kidney disease develop-
ment is limited. This lack of awareness can hamper optimal patient
management. Many studies have investigated TSC-associated kid-
ney disease. Here, we summarized expert recommendations on the
renal management of these patients with TSC, including diagnosis
and monitoring of kidney involvement, as well as available treatment
options. These recommendations should inform health-care deci-
sions for patients with TSC to reduce the disease burden and improve
prognoses for this vulnerable population.
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