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M) Check for updates

Thrombotic microangiopathy in
aHUS and beyond: clinical clues from
complement genetics

Fadi Fakhouri

complement biology.

The study of complement genetics has had a crucial role
in improving understanding of the pathogenesis of pri-
mary atypical haemolytic uraemic syndrome (aHUS)'.
The discovery in 1999 of abnormalities in the CFH
gene, which encodes complement factor H (CFH), in
patients with inherited or sporadic HUS? provided the
first evidence of a contribution of dysregulation of
the complement alternative pathway (CAP) to endothe-
lial cell dysfunction and the formation of microvascu-
lar thrombi. Subsequently, loss-of-function variants in
genes that encode two other complement regulators,
membrane-cofactor protein (MCP; also known as
CD46)** and complement Factor I (CFI)’, as well as gain-
of-function variants in genes that encode two main
components of the alternative C3 convertase, comple-
ment C3 (REF’) and complement factor B (CFB)¥, were
also identified in patients with aHUS. These genetic
associations have important clinical implications and
their discovery led to targeted treatment of aHUS with
C5 blockade™'". The findings also sparked a renewed
interest in the study of the role of complement in a
wide variety of thrombotic microangiopathies (TMAs)
beyond aHUS, such as pregnancy-associated TMA,

"™ agnd Véronique Frémeaux-Bacchi?

Abstract | Studies of complement genetics have changed the landscape of thrombotic
microangiopathies (TMAs), particularly atypical haemolytic uraemic syndrome (aHUS).
Knowledge of complement genetics paved the way for the design of the first specific treatment
for aHUS, eculizumab, and is increasingly being used to aid decisions regarding discontinuation of
anti-complement treatment in this setting. Complement genetic studies have also been used to
investigate the pathogenic mechanisms that underlie other forms of HUS and provided evidence
that contributed to the reclassification of pregnancy- and postpartum-associated HUS within the
spectrum of complement-mediated aHUS. By contrast, complement genetics has not provided
definite evidence of a link between constitutional complement dysregulation and secondary
forms of HUS. Therefore, the available data do not support systematic testing of complement genes
in patients with typical HUS or secondary HUS. The potential relevance of complement genetics
for distinguishing the underlying mechanisms of malignant hypertension-associated TMA should
be assessed with caution owing to the overlap between aHUS and other causes of malignant
hypertension. In all cases, the interpretation of complement genetics results remains complex,

as even complement-mediated aHUS is not a classical monogenic disease. Such interpretation
requires the input of trained geneticists and experts who have a comprehensive view of

secondary HUS and malignant hypertension-associated
TMA.

HUS likely results from interactions between genetic
susceptibility factors in and/or potentially outside the
complement system and environmental factors (such as
infections and injuries) that trigger complement acti-
vation and/or endothelial cell damage. One of the best
examples of such a mechanism occurs in haematopoietic
stem cell transplantation (HSCT)-associated TMA, in
which endothelial injury owing to the transplantation
procedure and associated complications frequently leads
to the development of TMA in patients with genetic sus-
ceptibility factors, including complement dysregulation.
The setting of HSCT provides a unique opportunity to
dissect the underlying mechanisms, predict the occur-
rence and treat this severe form of TMA. However, the
respective contributions of genetic susceptibility factors
and environmental triggers varies between types of
HUS and between patients. This variation might explain
the occurrence of aHUS in the absence of complement
gene variants.

Currently, three types of TMA raise some clinically
challenging questions regarding a potential role of CAP
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Key points

* Knowledge of complement genetics has transformed the landscape of atypical
haemolytic uraemic syndrome (aHUS) and other forms of HUS.

* To date, aHUS is the only form of HUS that has been clearly associated with genetic
susceptibility factors related to complement regulation.

* Pregnancy- and postpartum-associated HUS is part of the spectrum of complement-

mediated HUS.

 Secondary forms of HUS do not share genetic risk factors with aHUS.

* Malignant hypertension is highly prevalent in patients with aHUS; however, aHUS is a
rare cause of malignant hypertension.

¢ Interpretation of complement genetics results requires comprehensive expertise in

complement biology.

Next-generation sequencing
A high-throughput
methodology that enables
rapid sequencing of the base
pairs in DNA samples.

Sanger sequencing

This ‘first-generation” DNA
sequencing method is
considered to be the gold
standard for validating DNA
sequences, including those that
have been obtained using
next-generation sequencing.

Multiplex ligation-dependent
probe amplification

A multiplex assay to detect
copy number variations of
genomic DNA sequences.

Non-allelic homologous
recombination

A molecular mechanism of
exchange between two long
segments of DNA (~300bp or
longer) that have very high
sequence homology.

dysregulation in their pathogenesis, namely pregnancy-
and postpartum-associated TMA, secondary HUS and
malignant hypertension-associated TMA (FIC. 1). In this
Review, we summarize the current knowledge of com-
plement genetics in aHUS and discuss how complement
studies affect the clinical management of patients with
other types of TMA.

Rare complement variants in HUS

Screening for rare variants in complement genes
usually involves next-generation sequencing and/or
sanger sequencing of at least five complement genes,
CFH, C3, CFI, CFB and MCP, as well as multiplex
ligation-dependent probe amplification to identify potential
CFHR1-CFH hybrid genes, which are caused by non-
allelic homologous recombination™!'-'*, To date, more than
500 variants in these five complement genes have been
identified in patients with aHUS". These genes encode
proteins that have been implicated in both cell surface and
fluid phase CAP regulation, with the exception of MCP,
which is involved in cell surface CAP regulation only'®.
The results of studies that screened for rare complement
gene variants in more than 3,000 patients worldwide
have established that aHUS is a complement-mediated
disease’”. Notably, in all reported series approximately
half of the detected variants were located in the CFH
gene'® (Supplementary Figure 1).

Genetic data are also now available for >140,000
individuals from diverse populations in the Genome
Aggregation Database (gnomAD). These data indicate
that rare variants in the five complement genes with
minor allele frequencies (MAFs) of <1% and <0.1%
are present in 12% and 3.7% of healthy individuals,
respectively'”'®. Thus, it is not the presence but the
enrichment of rare variants in one or several comple-
ment genes in patients with HUS that suggests a role of
CAP dysregulation in the pathogenesis of the disease".

The frequency of rare variants in CFH, C3, CFI, FB
and MCP or CFHRI-CFH hybrid genes in cohorts of
patients with aHUS varies from 26% to 62%, depend-
ing on whether patients with secondary forms of HUS,
paediatric patients and patients with malignant hyper-
tension were included'>'>'%*, In 2013, we reported
the results of complement gene variant screening in
125 adult patients with aHUS in France'’; 61% had at
least one rare variant in one of the five aHUS suscepti-
bility genes. This study excluded patients with secondary

HUS (that is, HUS associated with drug exposure,
autoimmune diseases, infections or solid organ trans-
plantation) but included those with pregnancy- or
postpartum-associated HUS (P-HUS). By contrast, a
US series that used a broad definition of HUS based
on TMA in the absence of Shiga toxin and complete
ADAMTSI13 deficiency (and thus included patients with
secondary HUS) reported a lower frequency of rare var-
iants (37 in 118 patients; 32%)'. Thus, the precise defi-
nition of the phenotype of patients with a type of HUS
is of the utmost importance for the interpretation of the
results of complement gene screening.

In contrast to aHUS without coexisting diseases, the
frequency of rare complement variants is only moderately
increased compared with healthy individuals in patients
with Shiga toxin-producing Escherichia coli-associated
HUS (STEC-HUS) (12 of 75 patients; 16%)'” and in
those with de novo TMA after kidney transplantation
(6 of 24 patients, 25%)*' and is not increased in patients
with secondary HUS. Of note, a high frequency of rare
complement gene variants has been identified in patients
with HSCT-associated TMA*-**. However, the majority
of these variants have no documented pathogenic effect
and their relevance for the disease phenotype remains
to be fully established. A comparison of the frequencies
of rare and pathogenic variants in the five major at-risk
complement genes in healthy individuals from the
1000 Genomes Project'”'**® and in patients with vari-
ous forms of HUS'>!”1#2227=%0 or disorders with features
of TMA’'-* suggests that only aHUS is associated with
clear genetic susceptibility factors related to complement
regulation (FIC. 2). Thus, routine screening of complement
genes is only recommended for patients with primary
aHUS (TABLE 1).

Limitations of clinical translation. Translation of com-
plement genetic findings into the clinical management
of patients with HUS has limitations. First, complement
activation, regardless of the presence or absence of
genetic dysregulation, is not necessarily harmful in all
settings. Moreover, such activation might be transient
and spontaneously self-remitting.

Second, aHUS is not a monogenic disease and
familial forms have been reported in less than 20% of
patients'>”. Furthermore, the penetrance of the disease
is highly variable, with healthy carriers of complement
gene variants in the families of affected patients®. Thus,
in contrast to the carriers of variants that are associated
with monogenic diseases, not all carriers of complement
gene variants will develop aHUS. The classical genetic
approach, including family-based studies, has proved
valuable for understanding the pathogenic mecha-
nisms of HUS, as illustrated by the initial identification
of CFH variants in patients with aHUS?. Moreover,
a whole-exome sequencing approach is increasingly
being used in patients with aHUS without identified
complement gene variants, particularly in familial cases.
However, to date, this strategy has only led to the identi-
fication of variants in DGKE, which encodes diacyl glyc-
erol kinase epsilon (a protein that does not have a role
in the complement system), in rare early-onset forms
of HUS”.
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TMA
e Platelet count<30g/l
® Serum creatinine < 200 mmol/l
* ADAMTS13<10%
SeDcondary TMA L o + anti-ADAMTS13 antibodies
e TTP
e Infection C d i
« Malignancy ontext and specific tests J
* Post-transplant L Shiga toxin PCR in stool
de novo STEC-HUS

e Autoimmune
disorder-associated

e Serum homocysteine
¢ Genetic testing
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* Preeclampsia or J
eclampsia

® HELLP syndrome

¢ Delivery
haemorrhage

Primary aHUS

Pregnancy or
postpartum HUS

|

L—» Hypertensive
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Hypertensive emergency
or malignant hypertension
¢ Essential hypertension
 Primary
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¢ Oestrogen
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Complement gene variants

N
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Fig. 1| Algorithm for the diagnosis of primary aHUS. Thrombotic microangiopathy (TMA) arises from various pathogenic
mechanisms that share a final common phenotype of endothelial cell injury leading to thrombosis. The initial diagnostic
work-up of TMA is aimed at ruling in or out various causes, some of which require specific treatments (for example, plasma
therapy with or without immunosuppressive therapies in ADAMTS13-deficiency-related TMA and hydroxocobalamin
supplementation in cobalamin-deficiency-related TMA). Currently, complement-mediated atypical haemolytic uraemic
syndrome (aHUS) is an exclusion diagnosis that is made once alternative diagnoses have been ruled out with a reasonable
clinical probability. This step-by-step diagnostic work-up is more complex in certain clinical situations. For example,
pregnancy and postpartum are high-risk periods for various types of TMA ranging from preeclampsia to aHUS, with potential
overlap between these disorders (for example, aHUS can be complicated by preeclampsia). Malignant hypertension is
another clinically challenging setting during which clinicians have to urgently rule in or out aHUS (an ultra-rare cause of
malignant hypertension that requires specific treatment with complement blockade) from a list that includes much more
frequent causes of TMA resulting from accelerated hypertension. TTP, thrombotic thrombocytopenic purpura; STEC-HUS,
Shiga toxin-producing E. coli-associated haemolytic uraemic syndrome; HELLP, haemolysis, elevated liver enzymes and low
platelet count; Anti-CFH Abs, anti-complement factor H antibodies.

Third, not all detected complement gene variants
have clinically relevant consequences. For this rea-
son, they are classified along a gradient ranging from
those that almost certainly have a pathogenic role
to those that are very likely benign®. This classifica-
tion is largely based on the frequency of a variant in
healthy individuals (BOX | and Supplementary Table 1).
As a general rule, variants with a MAF <0.1% might be
considered relevant for the pathogenesis of aHUS or
other complement-mediated disorders'’; 18 of 19 rare
variants in the CFH gene with a MAF <0.1% that have
been identified in patients with aHUS are classified as
pathogenic based on the demonstration that they impair
CFH regulatory activity”. However, this rule does not
apply to rare variants in CFB; 5 of 11 rare variants in the
CFB gene with MAF <0.1% that have been identified in
patients with aHUS are not associated with a clear alter-
ation in the function of the encoded protein®. Analysis
of functional alterations in complement proteins takes
into account the level of expression of the encoded pro-
tein (in plasma for CFH and CFI and at the granulocyte

surface for CD46), the impact of the variant on the
function of the encoded protein (assessed using in vitro
assays”** (Supplementary Table 2)) and prediction of the
pathogenicity of a variant based on functional domains
and in silico analyses.

Variants with a MAF >0.1% are unlikely to be path-
ogenic but are cautiously classified as pathogenic in
rare instances when experimental proof of an associ-
ated functional defect is provided. Importantly, one
cannot be absolutely certain that a pathogenic vari-
ant (defined based on genetic findings) or a dysfunc-
tional variant (defined by complement experts based
on functional assays and prediction of pathogenicity)
is disease-causing. Enrichment of a variant in patients
compared with healthy controls is therefore not suffi-
cient to determine if a variant is a genetic susceptibility
factor for HUS. For example, the rare C3 variant Gln155
is detected at a similar frequency in patients with aHUS
and healthy individuals'” but is usually classified as a
dysfunctional variant because it leads to resistance of C3
to proteolytic inactivation by CFH and CFI*. The lack
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of demonstrated enrichment of this variant in patients
with aHUS might simply be due to the limited number
of cases that have been studied. Thus, until further data
clearly define the clinical relevance of Gln155, this vari-
ant, which is not rare, should be cautiously considered to
be a potential contributor to the pathogenesis of aHUS,
which is a very rare disease. Similarly, one may postu-
late that in some instances, aHUS might be the conse-
quence of the accumulation of common variants and/or
polymorphisms within several complement genes and
potentially even in genes outside the complement sys-
tem, particularly those that are involved in vascular
physiology and repair.

Limitations of variant classification. The current clas-
sification of complement gene variants has several lim-
itations. Analyses of the potential enrichment of these
variants in patients with aHUS are based on compar-
isons with genetic data from large population studies
such as The 1000 Genomes Project®. These studies were
designed to detect fairly frequent variants using tech-
niques distinct from those that are routinely used in the
clinic and are therefore not necessarily optimal tools to

aHUS of paediatric onset (n=389)

aHUS without hypertensive emergency (n=61)
Pregnancy-associated HUS (n=123)

aHUS with hypertensive emergency (n=130)

Secondary HUS (n=110)

Pathogenic or likely

STEC-HUS (n=75) pathogenic variants

M Variants of unknown

HELLP (n=73) significance

Healthy controls (n=503)

f T T T T 1
0 20 40 60 80 100

% of rare variants detected

Fig. 2 | Frequencies of rare variants in CFH, CFl, MCP, C3, CFB and THMD genes
identified in TMA. Pathogenic and likely pathogenic variants in complement genes are
more frequent in atypical haemolytic uraemic syndrome (aHUS) of paediatric onset
(data from the French HUS cohort'?), aHUS of adult onset with or without hypertensive
emergencies (data from the French HUS cohort'**¥) and pregnancy-associated HUS
(data from Bruel et al., Gaggl et al. and Huerta et al.””~*°) but not more frequent in
secondary HUS (data from the French HUS cohort??), in Shiga toxin-producing

E. coli-associated HUS (STEC-HUS; data from the French HUS cohort'’) or in HELLP
(haemolysis, elevated liver enzymes and low platelet count) syndrome?'~** than in cohorts
of healthy individuals'#**?°, These data derive mainly from European cohorts that
included mostly white European individuals. For classification of complement variants,
we adapted criteria from the 2015 American College of Medical Genetics and Genomics
consensus recommendations®, which were used at the 2017 KDIGO Controversies
Conference®® and are summarized in BOX 1. Variants identified in CFH, CFl and MCP
genes are classified as pathogenic if they fulfil the evidence criteria for both pathogenic
very strong 1 (PVS1; that is null variants) and pathogenic strong 3 (PS3, that is variants
that result in well-established in vitro or in vivo functional abnormalities) or likely
pathogenic if they fulfil the criteria for both PVS1 and pathogenic moderate 2 (PM2,
that is variants with a MAF <0.1%). Variants identified in CFH, CFI, MCP, C3 and CFB are
classified as likely pathogenic if they fulfil the criteria for PS3 and PM2. aHUS, atypical
haemolytic uraemic syndrome; CFH, complement factor H; MCP, membrane-cofactor
protein; CFl, complement factor I; CFB, complement factor B; TMA, thrombotic
microangiopathy.

assess the frequency of rare variants that are of interest
for aHUS. In addition, the frequency (and thus rarity)
of variants might vary markedly between populations.
For example, some hot-spots of pathogenic complement
gene variants have been identified in restricted geo-
graphic areas such as Cyprus'"*>. An increasing number
of identified variants are novel and have not yet been
functionally characterized".

To date, the issue of race has not been fully addressed
in the field of complement genetics and no adequate
strategy has been used to control for the racial diversity
in studied populations. For example, the majority of
patients with aHUS in European cohorts are white and
do not necessarily share the same ancestry as individuals
included in The 1000 Genomes Project. Importantly, data
on the incidence of aHUS and of rare complement gene
variants in Black individuals are still very limited and
crucially lacking. This important knowledge gap might
lead to the underdiagnosis or late diagnosis of aHUS in
Black individuals and to uncertainties in the classifica-
tion of complement gene variants in these patients. Thus,
research into the incidence of rare complement gene var-
iants in healthy Black people and in Black patients with
complement-driven kidney diseases, including aHUS, are
crucially needed to enable optimal management.

Clinicians should be mindful that the current clas-
sification of complement gene variants is not optimal
and relies at least in part on prediction rather than proof
of pathogenicity. As the classification continuously
evolves with the identification of new familial forms
and the accumulation of enrichment and/or functional
data, the categorization of a given variant may change
over time and requires regular reassessment. Assays
have now been developed that can assess the capacity
of plasma or serum from patients with TMA to induce
complement deposition (mostly C5b-9) on endothelial
cells in vitro**~*. Use of these assays could potentially
improve analyses of the pathogenicity of variants and
help to achieve a more accurate classification. However,
they have yielded discrepant results between laborato-
ries depending on whether serum or plasma were used
and in some instances have shown an unacceptably
high variability of results within the same laboratory***.
Such variability might result from the variable activation
state of endothelial cells used in in vitro assays. These
assays require duplication of results in different labo-
ratories as well as standardization before their clinical
usefulness and contribution to the classification of com-
plement gene variants can be fully assessed. Translation
of these assays into clinical practice should therefore be
cautious and is currently premature.

Classification of complement gene variants is not
only a semantic issue. Misinterpretation of complement
genetics results might have important consequences
for patients and their relatives. Determining whether a
variant is pathogenic is of the utmost importance and
directly affects the clinical management of patients
with aHUS and potentially other forms of HUS.
In aHUS, complement genetics is a valuable tool to
provide proof of a link between complement dysregu-
lation and the disease, to assess disease severity*, and
most importantly to predict the risk of recurrence after
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Table 1 | Suggested indications for complement tests and gene screening in TMA

Test Indication
Measurement of C3, C4, FH, Fl and CH50 Primary aHUS
and in plasma and CD46 expression on
granulocytes
Anti-CFH antibodies Primary aHUS
Measurement of sC5b-9 in plasma Primary aHUS
Complement deposition in vitro TMA
Complement gene testing (screening for Primary aHUS
variants and hybrid genes in CFH, CFl,
MCE,C3, CFB, THMD and DGKE using
next-generation sequencing and multiplex
ligation-dependent probe amplification)?

STEC-HUS

Post-transplant de novo

TMA

TTP

Cobalamin deficiency HUS

Notes

Clinical relevance in the initial work-up
of other forms of TMA remains to be fully
assessed

Valuable for the diagnosis of anti-CFH
autoantibody-associated HUS, which
potentially requires immunosuppressive
treatment

Potentially useful to aid decisions on
whether to discontinue eculizumab

Clinicalrelevance not yet clear

Recommended for all patients. The results
can potentially enable discontinuation

of complement blockade, individualized
prophylactic use of complement blockade
in kidney graft recipients and retrospective
confirmation of complement-mediated
aHUS. Genetic results are not required for
urgent diagnosis

To be discussed on a case-by-case basis.
Complement gene testing is indicated

for children with severe forms leading to
kidney failure within 3 years of diagnosis

To be discussed on a case-by-case basis
following the exclusion of alternative
causes of TMA in the kidney graft (such as
drugs and humoral rejection)

Not currently recommended

Not currently recommended

(resulting from mutations

in MMACHC)

Preeclampsia, eclampsia or

Not currently recommended

HELLP syndrome

Delivery haemorrhage
Secondary TMA

Not currently recommended

Not currently recommended

HELLP, haemolysis, elevated liver enzymes and low platelet count; STEC-HUS, Shiga toxin-producing E. coli-associated HUS;
CH50, total complement activity 50%; sC5b-9, soluble C5b-9; CFH, complement factor H; MCP, membrane-cofactor protein;
CFIl, complement factor |; CFB, complement factor B; THMD, thrombomodulin. °The classification of complement gene variants
is not optimal and is continuously evolving, and the pathogenicity of a variant requires regular reassessment based on newly
generated data compared with healthy individuals and/or the lack of clinical implications of genetic results.

kidney transplantation’” and of disease relapse after
discontinuation of anti-C5 (eculizumab) treatment*-*°,
In several countries, complement genetics are used to
enable highly individualized prophylactic complement
blockade in patients with aHUS who are undergoing
kidney transplantation. This approach has contributed
to a dramatic improvement in graft survival®'. Similarly,
retrospective data indicate that the presence or absence
of a pathogenic complement gene variant is currently
the most reliable predictive factor for relapse of aHUS
after eculizumab discontinuation. The risk of relapse
is <10% in patients with no detected complement
gene variants and ranges from 30 to 60% in carriers of
these variants*~’. A prospective study that assessed a
strategy of eculizumab discontinuation based mainly on
complement genetics found that such discontinuation
is safe in patients with no detected complement gene
variants™. The risk of aHUS relapse following eculi-
zumab discontinuation in these patients was <5%. Such
a strategy could potentially enable more cost-effective
use of this efficient, innovative and expensive treatment.

Complement genetics beyond rare variants
Complement gene haplotypes, mainly homozygous
CFH-H3 and MCPggaac (which are present in ~5% of
heathy individuals), together with triggers such as infec-
tion or pregnancy, might also contribute to the develop-
ment of aHUS'>*". These polymorphisms might at least
partly explain the incomplete penetrance of the disease
in carriers of pathogenic variants and potentially also
the occurrence of aHUS in patients with no detectable
variants. This latter hypothesis remains to be confirmed
as the functional consequences of at-risk haplotypes in
aHUS are not fully understood.

Genetic defects in THBD, which encodes thrombo-
modulin, a protein that interconnects the coagulation
cascade and complement system, have been suggested
to contribute to the pathogenesis of aHUS>. However,
this hypothesis has now been challenged"'. The reported
variants in THBD are heterozygous missense variants
that result in a loss of cofactor activity but not the com-
plete loss of thrombomodulin secretion. Although rare
variants in THBD have been reported in 41 patients
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Box 1| Tools used for the classification of complement gene variants in aHUS

Prevalence of the variant in healthy individuals*
Strong evidence of pathogenicity

e Variant occurs significantly more often in affected individuals than in healthy

individuals.

Moderate evidence of pathogenicity

* MAF <0.1%.

Prediction of the impact of the variant on protein structure or function
Very strong evidence of pathogenicity

¢ Null variant (nonsense, frameshift, canonical +1 or 2 splice sites, initiation codon,
single or multiexon deletion) in a gene in which loss-of-function is a known mechanism
of disease (CFH, CFl, MCP or DGKE).

Strong evidence of pathogenicity

* The results of well-established in vitro or in vivo functional studies support a damaging
effect on the gene or gene product.

- The variant affects protein synthesis: assessment of protein expression or levelin
plasma (Factor H and |) or on granulocytes (CD46) and/or well demonstrated in vitro
lack of synthesis (CFH (including missense variant implicating Cys), CFl, CD46).

- The variant affects protein function: in vitro studies supportive of a damaging
functional effect on the gene product (FH, FI, THMD, CD46) or an indirect or direct
gain-of-function (C3, CFB).

Moderate evidence of pathogenicity

* A rare missense variant found in a disease-related functional domain of CFH (that is,
in CFH SCR1-4 or CFH SCR19-20) or located at the surface of C3b close to the binding
site of Factor H and/or MCP or in CFB near to the C3b binding site.

Supporting evidence of pathogenicity

e Avariety of in silico tools that score the predicted deleteriousness of a variant (such as
PolyPhen, SIFT, Mutation Taster and CADD) can aid in the interpretation of sequence
variants but should be used carefully.

Variant segregation

Supporting evidence of pathogenicity

* Co-segregation of a variant and the disease within families (the proband and all of his
or her affected relatives are expected to carry the same variant).

Important limitations

* Even strong evidence that a variant is deleterious does not equate to a

disease-causing variant.

¢ In the absence of definite evidence or prediction of the impact of a variant on protein
structure or function, all variants with MAF <0.1% will be classified as variants of

uncertain significance.

e Variant classification is a dynamic process that evolves with the accumulation of
segregation and functional data.

*Assessment of MAF is available in public databases such as gnomAD.

aHUS, atypical haemolytic uraemic syndrome; CFH, complement factor H; CFl, complement
factor I; DGKE, diacyl-glycerol kinase epsilon; CFB, complement factor B; MAF, minor

allele frequency; MCP, membrane-cofactor protein; SCR, short consensus repeats; CADD,
combined annotation dependent depletion; SIFT, Sorting Intolerant from Tolerant.

Combined annotation
dependent depletion
(CADD). An in silico tool that
is designed to predict the
pathogenicity of variants.
CADD scores are based on
diverse genomic features
derived from the surrounding
sequence context, gene model
annotations, evolutionary
constraint, epigenetic
measurements and functional
predictions. In silico predictive
scores should be used, at
most, as supporting evidence
of pathogenicity.

with aHUS", their frequency is not significantly higher
in these patients than in the general population' and
no THBD variants without coexisting complement gene
variants were detected in a French cohort of 214 patients
with aHUS"'. Thus, the role of THBD in the pathogenesis
of aHUS is questionable (Supplementary Figure 1).
Notably, complete deletion of CFHRI and CFHR3
is not a rare complement gene variant and is not cur-
rently considered to be a risk factor for aHUS. The fre-
quency of this complete deletion varies from 5 to 10%
depending on the ethnicity of the screened population®.
However, this variant is associated with the presence
of anti-CFH antibodies, which are detected in 5-13% of

13,55

patients with aHUS in European cohorts'*** and in up
to 56% of patients with aHUS in India*. In all published
studies, approximately 80% of patients with aHUS and
anti-CFH antibodies had complete CFHR1 deficiency
owing to homozygous CFHR3-CFHRI deletion or, more
rarely, to compound heterozygous CFHR3-CFHRI and
CFHR1-CFHR4 deletions. The link between lack of
CFHRI1 and the development of anti-CFH antibod-
ies has not yet been clarified. Nevertheless, complete
CFHRI deficiency frequently occurs in healthy individ-
uals and has not been shown to affect CAP regulation so
should not be considered a genetic risk factor for aHUS.
Similarly, no association with an increased risk of
aHUS has been shown for rare variants in some other
complement genes, including CFHR5 (which enco-
des complement factor H-related protein 5), CD55
(which encodes complement decay-accelerating factor),
CD59 (which encodes CD59 glycoprotein) and CRI
(which encodes complement receptor 1).

The potential clinical relevance of rare variants in
genes such as PLG (which encodes plasminogen)'’,
INF2 (which encodes inverted formin 2)”, VI'N (which
encodes vitronectin)'' and CLU (which encodes clus-
terin)*® warrants further assessment. The INF2 vari-
ants segregated completely with HUS in families and
functional data are available for at least one of these
variants”’, but whether HUS was the primary event or
a consequence of focal segmental glomerulosclerosis
and nephrotic syndrome is unknown. Other forms of
severe focal segmental glomerulosclerosis and profound
nephrotic syndrome are not associated with HUS, which
suggests that similar to DGKE® variants, IFN2 var-
iants might be implicated in the pathogenesis of both
TMA and nephrotic syndrome. In the absence of segre-
gation and functional data, variants identified in VTN or
PLG should be reported with caution.

Genetics studies have also expanded the spectrum
of pathogenic mechanisms leading to aHUS beyond
the complement cascade. The best illustration is the
identification by exome sequencing of rare recessive
loss-of-function variants in the DGKE gene in children
with very early onset aHUS”. DGKE is an enzyme with
a key role in the regulation of endothelial cell activation®
but no clear connection with the complement cascade.

In the subset of patients with aHUS who do not
respond to complement inhibiting therapy, alternative
diagnoses, including a deficiency in MMACHG, should
be ruled out®' (FIG. 1).

Complement and pregnancy-associated TMA

Pregnancy-associated and P-HUS was long considered
to be a type of secondary HUS. The detection of rare
variants in complement genes in a substantial propor-
tion (40-56%) of patients with P-HUS>*, as well as
other similarities between this type of HUS and atyp-
ical HUS (such as severity at presentation and kidney
outcomes), led to the inclusion of P-HUS within the
spectrum of complement-mediated HUS (FIG. 1). This
reclassification has important clinical implications as
patients with P-HUS can be treated with complement
blockers. In published case reports and small series, ecu-
lizumab seems to be similarly efficacious in P-HUS and
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in primary aHUS that is not related to pregnancy
However, HUS is a rare cause of pregnancy or postpar-
tum TMA, which is most frequently linked to preec-
lampsia, eclampsia or HELLP (haemolysis, elevated liver
enzymes, and low platelets) syndrome® and to a lesser
extent to postpartum haemorrhage®. Preeclampsia and
HELLP syndrome have several clinical and biological
similarities to P-HUS and some patients with HELLP
syndrome show features of complement activation in
their serum””",

The available data indicate that constitutional CAP
dysregulation is not a major risk factor for preeclamp-
sia, eclampsia and HELLP syndrome. In a series from
the USA, the incidence of complement gene variants in
patients with preeclampsia was 12% (12 of 99 patients)”.
This series included 7 individuals who were heterozygous
for the pathogenic MCP variant p.Ala353Val, which is
associated with reduced CAP control on the cell surface
(MAF 7% versus 2% in healthy individuals). Similarly,
among 73 patients with HELLP syndrome included in
three small series™*, only 11 (15%) had identified rare
variants (MAF <1%) in complement genes, a frequency
that is similar to that in healthy individuals.

Studies in animal models and limited clinical data
suggest that complement activation might occur in
the settings of preeclampsia, eclampsia and HELLP
syndrome**”>’*. However, the available biomarkers of
complement activation (including serum C3, Ba/Bb
and soluble C5b-9) cannot reliably determine if com-
plement activation has a role in a subtype of TMA.
C3 plasma levels are reduced in <30% of patients with acute
complement-mediated aHUS' and soluble C5b-9 levels
are elevated in only ~50% of patients with acute aHUS,
do not correlate with disease activity and can remain at
detectable levels even in those receiving eculizumab*>”.
In a small series, sera from patients with preeclamp-
sia, eclampsia or HELLP syndrome induced increased
deposition of C5b-9 at the surface of endothelial cells
in vitro compared with sera from healthy individuals*.
However, complement deposition persisted up to 90 days
after clinical remission of preeclampsia, eclampsia and
HELLP syndrome, suggesting that this finding might
not be clinically relevant. The fact that preeclampsia,
eclampsia and HELLP syndrome occur in patients with
aHUS™ and paroxysmal nocturnal haemoglobinuria”
despite treatment with eculizumab also suggests that
complement activation does not have a pivotal role in
the pathogenesis of these disorders.

CAP dysregulation and secondary HUS

Secondary HUS are a heterogeneous group of disorders
associated with drug administration, infections, auto-
immune diseases and malignancies” (FIC. 1). They are
more frequently encountered in clinical practice than
primary aHUS® but their heterogeneity is a limitation
for a global comprehensive analysis. Secondary HUS
raises two clinically relevant questions, particularly in
the context of the availability of eculizumab. The first is
whether secondary forms of HUS are linked to a consti-
tutional or acquired CAP dysregulation. The second is
whether complement blockade is beneficial in patients
with secondary HUS.
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Two series provided some evidence to answer these
questions. The first from Spain” included 29 patients,
52% of whom had drug-induced HUS. All patients were
treated with eculizumab and 22 had complement
gene analysis. The second, larger series from France”
included 110 patients with secondary HUS, which was
drug-induced in 29% and associated with autoimmune
diseases in 24%. All patients had complement assays
including gene analysis and 39 (35%) received eculi-
zumab. In both studies, the incidence of rare variants
in complement gene was very low: 6.8% (2 patients) in
the Spanish series” and 5.4% (6 patients) in the French
series”. Importantly, these frequencies did not signifi-
cantly differ from those in two cohorts of healthy indi-
viduals. Similarly, only 2 patients (9%) in the Spanish
series and 1 patient (<1%) in the French series had
low-titre anti-CFH autoantibodies with questionable
pathogenicity. Thus, secondary HUS are not driven by
constitutional or acquired CAP dysregulation, a finding
that might explain the <1% risk of relapse of secondary
HUS once the underlying condition has been treated or
the associated drug has been withdrawn?>’.

Even in the absence of constitutional or acquired CAP
dysregulation, the possibility that complement activation
may occur as a ‘second-hit’ event in some forms of sec-
ondary HUS cannot be excluded. Such activation might
contribute to the persistence of TMA initially triggered
by the underlying condition or drug in the absence of
complement-induced endothelial cell damage. The two
available studies do not provide a definite answer as
to whether such complement activation might occur.
Markers of complement activation during the acute
phase of secondary HUS were not assessed in the Spanish
study. In the French study, C3 serum levels were reduced
in only 15% of patients (8% had reduced C3 with normal
C4) and other markers were not assessed.

As discussed above, the currently available biomarkers
of complement activation lack sensitivity and specificity.
Thus, their utility in determining whether complement
activation is involved in secondary HUS is limited.
Therapeutic complement blockade might provide indirect
evidence for or against clinically significant complement
activation in patients with secondary HUS. However, the
two available series provide discrepant results regarding
the outcomes of eculizumab treatment in these patients.
In the Spanish series, 20 of 29 (68%) patients with severe
HUS (requiring dialysis in 14 patients), had a rapid resolu-
tion of TMA and 15 (51%) had a >50% decrease in serum
creatinine levels after initiation of eculizumab’®. However,
50% of patients had tacrolimus-associated TMA, a form
of HUS that resolves with drug withdrawal in a substantial
number of cases. In addition, eculizumab-treated patients
were not compared with a control group who had not
received a complement blocker. In the French series, the
kidney outcome was similarly bad in eculizumab-treated
patients (n=38) and those not treated with eculizumab
(n=72), with kidney failure occurring in 36% and 38%
and chronic kidney disease stage 3-4 in 51% and 33%
of patients, respectively?”. However, the eculizumab-
treated patients had more severe disease in terms of dialy-
sis requirement and neurological involvement than those
who were not treated with eculizumab.
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Thus, in contrast to primary aHUS for which the
benefit of eculizumab was evident in small prospec-
tive trials”'* and retrospective series’, to date no hard
evidence exists of a benefit of eculizumab in secondary
HUS. Planned or ongoing prospective trials assessing
the impact of complement blockade in secondary HUS
are unlikely to provide definitive answers owing to the
heterogeneity of secondary HUS and the confounding
effect of treatment of the underlying condition. The use
of eculizumab in patients with secondary HUS remains
empirical and varies between countries as well as
between institutions within the same country. A reason-
able approach might be to restrict the use of eculizumab
to patients with severe kidney and/or extra-kidney
manifestations and those who do not achieve haema-
tological remission after withdrawal of the associated
drug or treatment of the underlying condition and/or
plasma exchange.

Malignant hypertension and aHUS

The link between malignant hypertension and aHUS
is the subject of an ongoing debate'**"** that focuses
on how to distinguish aHUS from malignant hyper-
tension of other causes and how to determine whether
TMA complicating malignant hypertension that is not
related to aHUS is linked, at least in part, to constitu-
tional dysregulation of the CAP. Complement genetics
may provide some helpful clues to inform the discussion.

Clarification of semantics regarding malignant
hypertension and HUS is crucial. Malignant hyperten-
sion was originally defined by the association of severe
hypertension (>200/120 mmHg) with advanced bilateral
retinopathy (haemorrhages, cotton wool spots or pap-
illoedema) without any reference to other acute organ
damage. By contrast, the concept of hypertensive emer-
gencies emphasizes multi-organ damage. A 2019 posi-
tion paper from the European Society of Cardiology*'
defines hypertensive emergencies as situations where
very high blood pressure values are associated with
acute hypertension-induced organ damage requiring
immediate blood pressure control. The terms hyperten-
sive emergency and malignant hypertension are some-
times used interchangeably, including in clinical series
of patients with TMA and/or aHUS'%*%2,

Similarly, different classifications include distinct
definitions of aHUS. Some researchers restrict the use of
aHUS to primary complement-mediated HUS', whereas
others such as ourselves refer to secondary aHUS* (for
example, drug, infection or malignancy-associated
aHUS). Hypertension-associated TMA is sometimes
included in the spectrum of secondary HUS', but this
inclusion might be misleading because malignant hyper-
tension might complicate the course of several types of
HUS, including primary complement-mediated aHUS.
A definition of aHUS based on complement genetics is
not appropriate because 40-60% of patients with clini-
cally diagnosed aHUS do not carry complement gene
variants. The terms complement-mediated aHUS or
complement blockade-responsive aHUS might be more
relevant but are clearly not optimal. To date, primary
aHUS remains an exclusion diagnosis owing to the lack
of a specific positive test (FIG. 1).

The complexity of the issue of malignant hyper-
tension and aHUS derives from the clinical overlap
between these two conditions. On the one hand, malig-
nant hypertension frequently complicates the course
of primary aHUS. In two 2019 series'®*, severe hyper-
tension (>200/120 mmHg) was present in 53% (28 of
55 patients in the Spanish registry)*’ and 55% (76
of 137 patients in the French registry)' of patients with
aHUS. These studies have raised awareness that around
50% (14 of 28 and 39 of 75, respectively) of patients with
aHUS and malignant hypertension carry rare path-
ogenic variants in complement genes (MAF <0.1%).
Most interestingly, 85% of the identified variants are
pathogenic with specific functional alteration of the
proteins. In these series'®*, patients with and without
malignant hypertension did not differ in their clinical
severity of aHUS at presentation (that is, requirement
for dialysis and extra-kidney manifestations), frequen-
cies of complement gene variants, responses to treat-
ment (including with eculizumab) or kidney outcomes.
Thus, malignant hypertension does not seem to increase
the severity of aHUS. However, the French study identi-
fied a subset of patients without malignant hypertension
who had no detected complement gene variants and a
favourable kidney outcome with or without eculizumab
treatment'®. This finding suggests that the presence of
complement gene variants is associated with the severity
of aHUS.

On the other hand, aHUS is a classical cause of malig-
nant hypertension, but only a small minority of cases
of malignant hypertension (<3%) can be attributed to
aHUS™. Consequently, patients who present with malig-
nant hypertension have a low clinical probability of
having aHUS. Nevertheless, diagnosis of aHUS in this
setting is of the utmost importance to enable initiation
of specific therapeutic complement blockade.

Reports from a series of patients with TMA and
severe hypertension (in which the terms hypertension-
associated TMA, hypertensive emergency and TMA
have been used in alternation by the researchers) have
added some complexity to the discussion®>*"*2. The
most recent report, published in 2020 (REF.*), included
26 patients, most of whom were of European descent
(85%), with hypertensive emergency and TMA con-
firmed by kidney biopsy. These patients presented with
severe disease (neurological manifestations were noted
in 23% and dialysis was required in 65%) but profound
systemic haemolysis was absent in 73%. Rare comple-
ment gene variants were present in 8 patients (31%).
Sera from 17 of the 25 patients who were tested induced
increased deposition of C5b-9 on endothelial cells in an
in vitro assay compared with pooled normal human sera,
regardless of the presence or absence of complement gene
variants. Moreover, 61% of patients progressed to kid-
ney failure within 3 months of diagnosis, 5 of 7 patients
responded at least partially to eculizumab and 4 kid-
ney transplant recipients experienced TMA recurrence
in seven renal grafts.

These reports have sparked increased interest in
hypertension emergency or malignant hypertension
and complement biology and genetics. However, use
of the term hypertension-associated TMA might be
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Box 2 | Features that suggest essential hypertension rather than aHUS is the
primary cause of malignant hypertension complicated by TMA*

Male gender
Around 62-71% of patients with malignant hypertension due predominantly or exclusively
to essential hypertension are male® ",

Age >45 years
The mean age of patients with malignant hypertension due predominantly or
exclusively to essential hypertension is frequently >45 years®#45-%,

History of hypertension and/or antihypertensive treatment cessation

Around 37-73% of patients with malignant hypertension due predominantly or
exclusively to essential hypertension have a history of hypertension®’#°. A history of
chronic hypertension is rare (16%) in patients with malignant hypertension subsequently
diagnosed with primary aHUS™.

Rapid (<72 h) resolution of haematological TMA after strict hypertension
control
Such resolution is not suggestive of aHUS.

Absence of glomerular thrombi in kidney biopsy

Kidney biopsy samples from 100 patients aged <50 years with severe hypertension,
kidney failure and TMA who did not have pathogenic or likely pathogenic variants in
complement or coagulation genes did not show evidence of glomerular thrombi®'.

Left ventricular hypertrophy
Around 55-90% patients with malignant hypertension due predominantly or
exclusively to essential hypertension have left ventricular hypertrophy®®57£%,

No requirement for dialysis

In a series of 168 consecutive patients with malignant hypertension that was attributed
to essential hypertension in 74% of cases, less than 1% of patients required dialysis®.

In this series only 15% of patients presented with TMA.

*Provided that common causes of secondary hypertension other than aHUS have been ruled out.

misleading. One could argue that most if not all of
the patients in the series could be classified as hav-
ing complement-mediated atypical HUS with severe
hypertension. Indeed, as already stated, severe or malig-
nant hypertension is highly prevalent in the setting of
aHUS'®*. Furthermore, the absence of haematological
features of TMA at referral does not rule out a diag-
nosis of complement-mediated aHUS; up to 15% of
patients with acute phase aHUS have a normal platelet
count'” and patients with aHUS can undergo haema-
tological remission (either spontaneously or following
plasma exchanges) despite persistent severe impairment
of kidney function. In the first report on this series, 12 of
17 patients had already reached kidney failure by the
time of their referral to a tertiary centre. Thus, the diag-
nosis of aHUS might have been substantially delayed in
a sizeable proportion of patients, which might explain
the discrepancy between the absence of haematological
TMA and severe kidney impairment, and the presence
of chronic TMA and hypertensive vasculopathy in kid-
ney biopsy samples. The abnormal complement find-
ings, including the high prevalence of complement gene
variants, would be less surprising if patients with
hypertension-associated TMA were clinically reclassi-
fied as having primary aHUS with severe or malignant
hypertension.

However, these observations raise two important
questions. The first relates to the implication that com-
plement dysregulation and thus complement-mediated
endothelial cell injury might occur in TMA associated
with hypertensive emergency or malignant hypertension
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in the absence of aHUS. This case scenario includes severe
or malignant hypertension with TMA complicating the
course of essential hypertension or secondary causes
of hypertension, particularly glomerulopathies (FIG. 1).
To date, no proof exists of a clinically relevant contribu-
tion of complement dysregulation to the pathogenesis of
hypertension-associated TMA in patients who do not
have primary aHUS. Screening for complement gene var-
iants has not been performed in large cohorts of patients
with TMA associated with severe hypertension of known
or presumed cause (essential hypertension or secondary
hypertension in patients without aHUS). This limitation
is mainly due to the fairly rare occurrence of TMA in the
setting of hypertensive emergency or malignant hyper-
tension; in two large series, TMA complicated the course
of malignant hypertension in only 5-15% of patients™**,

In a series of 6 patients with TMA and malignant
hypertension, 2 patients with IgA nephropathy (IgAN)
carried pathogenic variants in CFH and CFI genes™.
However, an association between IgAN and malignant
hypertension-associated TMA has long been acknowl-
edged. In a retrospective series of 128 patients with
IgAN, 68 (53%) had acute and/or chronic arteriolar
and arterial TMA in their kidney biopsy samples, 26%
of these patients had malignant hypertension and only
12% had haematological TMA®. However, none of the
11 patients with IgAN-associated TMA who were tested
had complement gene variants.

The second question is how to distinguish aHUS
from other causes of malignant hypertension. The diffi-
culty stems in part from the absence of a reliable positive
diagnostic for aHUS. Thus, ruling aHUS in or out in the
setting of malignant hypertension is highly challenging.
Clinicians can rely on some clues but no definite hard
evidence. In the setting of TMA and malignant hyper-
tension, some features or combinations of features such
as demographic factors, history of chronic hypertension
and complications, severity of renal impairment, rapid-
ity of haematological TMA remission after hypertension
control and kidney biopsy findings might suggest essen-
tial hypertension rather than aHUS (BOX 2). Evidence
for a role of these features derives from clinical practice
and series that included patients with malignant hyper-
tension that was due exclusively or predominantly to
essential hypertension, a minority of whom developed
TMA®# These findings clearly require further valida-
tion in cohorts of patients with malignant hypertension
and TMA that is ultimately attributed to essential hyper-
tension rather than aHUS. Importantly, ethnicity crite-
ria should be used with extreme caution in the setting
of malignant hypertension. Owing to the lack of pub-
lished data on the incidence of complement-mediated
aHUS and complement gene variants in black individ-
uals, malignant hypertension in these patients might
be wrongly attributed to severe essential hypertension,
leading to under-diagnosis or late diagnosis of aHUS and
precluding or delaying the use of efficacious C5 blockade.

Kidney pathological features are rarely used
as criteria for distinguishing the various causes of
hypertension-associated TMA because kidney biopsies
are not frequently performed in patients with malignant
hypertension and TMA. However, some pathological
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features may prove helpful. In a series of 100 patients
aged <50 years who had severe hypertension, kidney
failure and typical features of TMA (that is, arteriolar
oedema, mucoid intimal hyperplasia, mesangiolysis or
necrotizing vasculitis) but no glomerular involvement
(particularly no glomerular thrombi) in kidney biopsy
samples, none had a pathogenic or likely pathogenic
variant in a wide range of complement and coagulation
genes’. Thus, the absence of glomerular TMA might
help to exclude complement-mediated aHUS in patients
with severe hypertension whose kidney biopsy samples
show other features of TMA.

In vitro assays of complement deposition on
endothelial cells are a promising tool for identifying
cases of complement-mediated aHUS among patients
presenting with malignant hypertension*. However,
their implementation in routine clinical practice would
be premature. In some situations, clinicians still face the
dilemma of whether or not to start anti-complement
therapy in a patient who presents with TMA and malig-
nant hypertension. The persistence or recurrence of
haematological features of TMA despite blood pressure
control is clearly a reason to start anti-complement ther-
apy once causes of secondary hypertension have been
excluded. A familial history of aHUS is also a reason
to start anti-complement therapy. In all other cases,
clinicians can only rely on their clinical experience and
potential clues that have not yet been validated (BOX 2).

Conclusions

The study of complement genetics has clearly changed
the landscape of TMAs. Knowledge of the role of com-
plement genetics has enabled breakthroughs in diagnosis

and, most importantly, in the treatment of aHUS, with
the development of eculizumab and subsequently a wide
range of complement modulators targeting the alterna-
tive, lectin or final common pathways, some of which are
currently being tested in patients. Complement genetics
has also led to the reclassification of P-HUS within the
spectrum of complement-mediated HUS, resulting in
improved management of women with this severe dis-
order. By contrast, the study of complement genetics has
not dramatically changed our understanding of other
forms of HUS, most notably secondary HUS.

However, the increasingly important role of comple-
ment genetics in the clinical management of patients
with aHUS has also underlined its limitations. Although
important clinical decisions such as whether to discon-
tinue eculizumab in these patients or to start prophy-
lactic complement blockade in those undergoing kidney
transplantation are now based on complement genetics,
the question of how to determine whether a variant is
pathogenic (and thus clinically relevant) is not clearly
settled, and a genetically pathogenic or dysfunctional
variant is not necessarily disease causing. The current
classification of complement gene variants is not opti-
mal and should be considered a work in progress. The
pathogenicity and clinical relevance of individual var-
iants should therefore be regularly re-evaluated. Most
importantly, data generated through complement gene
screening require careful assessment by geneticists and
experts in the classification of complement variants who
have a comprehensive view of the complement work-up,
of which genetics is only a part.
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