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Abstract: Atypical hemolytic uremic syndrome (aHUS) is a rare disease caused by a genetic dys-
regulation of the alternative complement pathway, characterized by thrombocytopenia, hemolytic
anemia, and acute kidney injury, and included in the group of thrombotic microangiopathies. With
the introduction of humanized monoclonal antibodies that inhibit C5 activation, the natural history
of aHUS completely changed, with a better prognosis, a quick recovery of renal function, and a
significant reduction of end-stage renal disease incidence. Nowadays, there is an increasing interest in
the molecular and genetic bases of this severe disease. The aim of this narrative review is to provide
readers with a practical guide about different possible involved genes, elucidating the specific role
of each transcribed protein in the pathogenesis of aHUS. Moreover, we analyzed the main current
evidence about the relationship among genetic mutations, outcomes, and the risk of recurrence of
this manifold disease.
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1. Introduction

Hemolytic uremic syndrome (HUS) is a rare disease characterized by thrombocytope-
nia, hemolytic anemia, and acute kidney injury, and is included in the group of thrombotic
microangiopathies (TMAs). TMA is a histopathologic term used to describe a variety of
thrombotic vascular lesions [1] leading to different pathologies depending on what organ
is mainly affected and on the underlying pathophysiology. Kidneys are the main target
organs of HUS, with fibrin and platelet thrombi in glomerular capillaries, endothelial cell
swelling, detachment from the glomerular basement membrane, and consequent severe
renal impairment [2].

The first reported HUS form was Shiga toxin-producing Escherichia Coli (STEC)-HUS,
also known as “typical HUS” based on the association, described in the 1970s, between this
gastroenteric infection and TMA [3].

In 2016, the International Hemolytic Uremic Syndrome provided the first classification
of HUS into five groups [4]: 1. HUS with coexisting diseases or conditions (including
hemopoietic stem cell transplantation, solid-organ transplantation, malignancy, autoim-
mune diseases, drugs, malignant hypertension, pre-existing nephropathy); 2. infection-
induced HUS (consequent to S. pneumoniae, STEC, influenza A, H1N1, HIV, and, recently,
SARS-CoV-2); 3. Cobalamin C defect–HUS; 4. DGKE–HUS (depending on a diacylglycerol
kinase ε deficiency); 5. atypical HUS (aHUS). The latter is further split in HUS with a
genetically determined dysregulation of the complement alternative pathway and HUS
without an identified complement mutation or anti-CFH antibody.

In particular, genetic dysregulation of the alternative complement pathway, resulting
in endothelial cell dysfunction and microvascular thrombi formation, can be identified in
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40–60% of aHUS patients [5–7]. This dysregulation follows mutations in genes coding for
complement regulatory proteins, such as factor H (CFH), factor I (CFI), membrane cofactor
protein (MCP), complement 3 (C3), factor B (CFB), or thrombomodulin (THBD), or by
the presence of anti-CFH antibodies with consequent hyperactivation of the complement
system [8–10].

With the introduction of anti-C5 therapy (humanized monoclonal antibodies that block
C5 activation), the natural history of aHUS completely changed, with a better prognosis, a
rapid recovery of renal function, and a sharp reduction of end-stage kidney disease (ESKD)
incidence in affected patients.

Today there is an increasing interest in the genetic bases of this severe disease. Indeed,
an accurate and comprehensive genetic analysis is fundamental in the clinical routine to
reinforce diagnosis and guide patient management and clinical decisions (as treatment with
anti-C5 inhibitors). Moreover, it guarantees a correct assessment of the risk of recurrence,
helping in establishing when to discontinue treatment and the consequent follow-up period.
Finally, it is essential to correctly inform counseling and testing of at-risk relatives and to
lead to an appropriate selection of kidney transplant recipients to ensure adequate pre- and
post-transplant treatment.

The aim of this narrative review is to provide readers with a practical guide about
different genes possibly involved, elucidating the specific role of each transcribed protein
in the pathogenesis of aHUS. We focused on the main current evidence available in the
literature about the relationship between genetic mutations, the outcome, and the risk
of recurrence of this rare disease. For this purpose, an accurate literature search was
performed. The PubMed database was searched on May 2023, using the following set
of terms:

(((hemolytic uremic syndrome[MeSH Terms]) OR (HUS[Title/Abstract]) OR
(aHUS[Title/Abstract]) OR (Hemolytic uremic syndrome[Title/Abstract]))

AND ((Genetic*[MeSH Terms]) OR (Genome[MeSH Terms]) OR
(Mutation*[MeSH Terms]) OR (Variant*[MeSH Terms]) OR

(Gene*[MeSH Terms])))

All the original articles selected were published in the last 10 years, except for other
additional articles identified and included by snowballing.

2. Defective Regulation of the Alternative Complement Pathway in aHUS

The complement system is a major component of the innate immune system and is
activated through three distinct pathways: classical, alternative, or lectin. They converge to
form C3 convertase, a complex that primes membrane attack complex (MAC) formation.
Particularly, the alternative pathway activates the innate immune system in the absence of
antibodies [11] (Figure 1). C3b, upon encountering foreign elements, becomes activated and
combines with factor B to create C3 convertase [12]. Thereafter, the C3 convertase attracts
further C3b that, depositing on the cell membrane, promotes C5 convertase formation
and, consequently, the MAC, whose function is to kill target cells [13]. This alternative
route is controlled by several regulatory factors, such as THBD, CFH, and CFI [14,15].
Mutations of genes encoding for these regulatory factors lead to uncontrolled activation of
the complement system, considered the main underlying mechanism of aHUS.

Genetically determined aHUS can be familial or sporadic. The familial form represents
about 20% of cases and it is defined by at least two members of the same family being diag-
nosed with aHUS in a maximum period of 6 months [7]. Genetic mutations predisposing
to aHUS can be inherited in either an autosomal dominant or autosomal recessive manner
or, rarely, as polygenic inheritance [16].
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Figure 1. Activation of the alternative pathway of the complement system. CFB (complement factor 
B); CFD (complement factor D); TAFIa (thrombin activatable fibrinolysis inhibitor A); C4bBP (C4b 
binding protein); THBD (thrombomodulin); FH (complement factor H); FI (complement factor I); 
MCP (membrane cofactor protein). 

Genetically determined aHUS can be familial or sporadic. The familial form 
represents about 20% of cases and it is defined by at least two members of the same family 
being diagnosed with aHUS in a maximum period of 6 months [7]. Genetic mutations 
predisposing to aHUS can be inherited in either an autosomal dominant or autosomal 
recessive manner or, rarely, as polygenic inheritance [16].  

Although several mutations are implicated in its pathogenesis, aHUS development 
is multifactorial. In fact, a second hit is necessary for the disease to manifest itself [17]: 
different triggers are associated such as drugs (cisplatin, gemcitabine, mitomycin, 
clopidogrel, quinine, interferon-alfa/beta, anti-vascular endothelial growth factor, 
alemtuzumab, cyclosporin tacrolimus, ciprofloxacin, oral contraceptives, and vaccines), 

Figure 1. Activation of the alternative pathway of the complement system. CFB (complement
factor B); CFD (complement factor D); TAFIa (thrombin activatable fibrinolysis inhibitor A); C4bBP
(C4b binding protein); THBD (thrombomodulin); FH (complement factor H); FI (complement factor I);
MCP (membrane cofactor protein).

Although several mutations are implicated in its pathogenesis, aHUS development
is multifactorial. In fact, a second hit is necessary for the disease to manifest itself [17]:
different triggers are associated such as drugs (cisplatin, gemcitabine, mitomycin, clopido-
grel, quinine, interferon-alfa/beta, anti-vascular endothelial growth factor, alemtuzumab,
cyclosporin tacrolimus, ciprofloxacin, oral contraceptives, and vaccines), infections (such
as influenza, SARS-CoV-2), malignant hypertension, and pregnancy. Generally, mutations
affect a single gene; however, the combination of two or more mutations has been described
in about 12% of patients [18].

Among the principal involved genes (Table 1), we consider:
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Complement Factor H (CFH)—The most frequently mutated gene (>30% of aHUS
cases) encodes CFH and it is located on chromosome 1 (1q32) [7]. The CFH gene cluster
is characterized by large repeated regions, favoring genomic rearrangements and copy
number variations (CNVs) [19,20]. More than 120 CFH pathogenic or likely pathogenic
variants have been identified in aHUS patients. Various mutations (missense, nonsense,
small deletions/insertions) have been described, both in homozygosity and in heterozygos-
ity, determining a quantitative (type I) or qualitative (type II) CFH deficiency [21]. CFH
is a single-chain plasma glycoprotein of 150 KDa produced predominantly by the liver
and made up of 20 structural domains called short consensus repeats (SCR), homologous
to each other, consisting of about 60 amino acids [22,23]. It acts by competitively binding
to C3b to inhibit the C3 convertase production, accelerating C3 convertase degradation,
and as a cofactor for CFI in the cleavage of C3b [24]. Specifically, it interacts with various
types of polyanions, such as heparan sulfates and salic acids, generating a greater affinity
for C3b, with a consequent more effective inactivation [25]. Endothelial cells and the
glomerular basement membrane are rich in polyanionic molecules, consequently being
protected against an uncontrolled deposition of C3b on their surface [26]. According to
different studies, mutated proteins show a low binding affinity both for the polyanions
and for the C3b positioned on the endothelial cells' surface, determining a minor control of
complement system activation [27]. Indeed, in most cases, mutations are not associated
with low plasma levels of CFH, but only with an alteration of the cofactor activity. In
several clinical studies, it has been observed that most patients with CFH mutations have
clinically manifested the disease only in adulthood [28]. Moreover, genes encoding CFH
and CFH-related (CHFR) proteins, located on the long arm of chromosome 1, are highly
homologous and prone to non-allelic homologous recombination and conversion [29]. It
results in deletions of CFHR1, CFHR3, or CFHR4, as well as the formation of hybrid genes
such as CFH-CFHR1 [30]. Some of these recombination or hybrid genes are associated with
the production of CFH autoantibodies or malfunctioning hybrid proteins [31].

Complement Factor I (CFI)—Mutations of the CFI gene, located on chromosome 4 in
the q25 region, are observed in 4–10% of aHUS cases. CFI is an 88 KDa plasma glycoprotein,
mainly synthesized by the liver, characterized by an N-terminal heavy chain (H chain)
and a C-terminal light chain (L chain), covalently linked by a disulfide bond [32]. The
CFI regulates both the classical and the alternative pathways of the complement system
by degrading C3b and C4b in a highly specific manner [33]. It needs several cofactors,
including CFH, MCP, and C4bBP (C4b binding protein).

Membrane Cofactor Protein (MCP)—Mutations of the gene encoding MCP, located
on chromosome 1 (1q32.2), are detected in 8–10% of cases. MCP is a transmembrane glyco-
protein widely expressed on the surface of almost all human cell types, except erythrocytes,
consisting of an N-terminal portion (composed of four SCRs), an STP region (serine, threo-
nine, and proline), a hydrophobic transmembrane domain, and a C-terminal cytoplasmic
tail [34]. It is a cofactor for CFI-mediated C3b and C4b cleavage. The four SCR regions
bind C3b and/or C4b, facilitating their lysis by CFI. Homozygous or heterozygous muta-
tions result in either reduced cell surface expression of MCP (type I mutation) or normal
expression with reduced complement regulatory activity (type II mutation). According to
several studies, MCP mutations predispose to aHUS [35]: indeed, the presence of mutant
MCP on the cell surface and the potential exposure to triggering environmental factors
could represent a risk factor for damage to the glomerular endothelial cells, with possible
activation of the alternative pathway of the complement.

Complement Factor B (CFB) and C3—CFB and C3 mutations are uncommon. Their
genes are located on chromosomes 6 (6p21.33) and 19 (19p13.3), respectively. CFB mutations
result in an increased formation of C3 convertase with hyperactivation of the alternative
complement pathway [36]. Instead, C3 is required for the formation of both C3 convertase
and C5 convertase. Gain-of-function mutations of C3 result in C3b resistance to cleavage,
prevention of inhibition by CFI, and raised affinity between C3b and CFB.



Int. J. Mol. Sci. 2023, 24, 14496 5 of 12

Thrombomodulin (THBD)—Heterozygous mutations of the THBD gene, encoding
thrombomodulin, have been found in 3–4% of cases. The pathogenic mechanism is not
fully understood yet. However, it seems to involve both the coagulation cascade and the
complement system. As a matter of fact, thrombomodulin provides additional protection
of the membrane by enhancing CFI-mediated inactivation of C3b in the presence of either
CFH or C4bBP; by binding to thrombin, thereby preventing it from activating C5; and by
promoting the generation from the thrombin activatable fibrinolysis inhibitor (TAFI) of an
active carboxypeptidase, known as TAFIa, which inactivates C3a and C5a [37].

Table 1. Mechanism of action and mutation frequency of the main involved genes.

Gene Locus Mechanism of Action Mutation Frequency

CFH 1q31.3
CFH competitively binds to C3b to inhibit the C3 convertase
production, accelerating the C3 convertase degradation, and

as a cofactor for CFI in the cleavage of C3b.
>30%

MCP (CD46) 1q32.2 MCP is a cofactor for CFI-mediated C3b and C4b cleavage. 8–10%

CFI 4q25
The CFI regulates both the classical and alternative

pathways of the complement system by lysing C3b and C4b
in a highly specific manner.

4–10%

C3 19p13.3 C3 is required for the formation of both the C3 convertase
and C5 convertase. 2–10%

CFB 6p21.33 Combines with C3b to create C3 convertase. 0–3%

THBD 20p11.21 Encodes thrombomodulin, involved both in the coagulation
cascade and the complement system. 3–4%

3. Genetic Mutations and Outcome: Is There a Connection?

Thanks to the development of different aHUS registries, collecting data from patients
from several countries worldwide, it is now possible to determine thin connections between
genetics and aHUS outcomes. Schaefer et al. [38], on behalf of the Global aHUS Registry,
analyzed the correlation between genetic background and ESKD-free survival. They
included in their analysis 851 patients (45% pediatrics, 55% adults), with a family history
in 16% of them, finding complement system abnormalities in up to two-thirds of patients
diagnosed with aHUS. Specifically, 119 patients (45%) reported a mutation in more than
one aHUS-associated gene or anti-CFH: mutations in MCP turned out to be more frequent
in childhood, while adult patients were more likely to have mutations of CFI. On the
other hand, anti-CFH was common in both subgroups. They pointed out that age at first
presentation was independent of the presence of any identified complement abnormality.
Nonetheless, when patients with a single complement protein abnormality were analyzed
individually, those with a CFI mutation were older at the initial presentation of aHUS than
patients with other complement abnormalities in the overall population. At the same time,
in the pediatric population, patients with anti-CFH antibodies presented at a significantly
older age. Hence, anti-CFH antibodies proved to be the most commonly identified cause of
aHUS in children aged 6 to 17 years.

ESKD-free survival at 1 and 5 years from initial disease presentation is clearly related
to age at initial presentation, with more children than adults remaining ESKD-free after
5 years (73% and 51%, respectively). However, even if there were no differences among
patients when analyzed by sex and the presence or absence of a complement abnormality,
the authors underlined that patients carrying CFH mutations showed poor outcomes, with
ESKD occurring more rapidly. On the other hand, patients with MCP mutations showed
longer ESKD survival compared with those who tested negative for mutations in these
genes. Other identified mutations, instead, did not affect time to ESKD, although numbers
were limited for some genotypes. Additionally, outcomes for patients with anti-CFH
antibodies were slightly inferior to those without anti-CFH antibodies.
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Finally, the authors also analyzed the extrarenal manifestations associated with aHUS.
Reported rates resulted from 19% to 38% in recently diagnosed patients depending on the
organ system. In particular, neurologic involvement was found in 24% of pediatric and
25% of adult patients with aHUS. The extrarenal involvement was evident in the chronic
phase of the disease, demonstrating that all organs can continue to be affected following
initial presentation. However, an assessment of the association of individual complement
mutations with extrarenal manifestations was not possible due to the limited number of
patients within each mutation group. Nonetheless, they underlined that, by continuing
data collection, it may become possible to predict patients at risk of specific extrarenal
complications through an accurate genetic assessment.

These data were strengthened by different authors. In particular, Piras et al. [39]
reported the results of a retrospective study of CFH-CFHR copy number variation (CNV)
analysis underlining the prevalent role of CFH genetic defects in the pathogenesis of
aHUS, also proposing that abnormalities in CFHR proteins may play a role. The authors
provided an in-depth characterization of resulting structural variants (SVs) in a large
cohort of patients, including 258 patients with primary aHUS and 92 with secondary forms,
evaluating the prognosis of patients carrying CFH-CFHR SVs and the contribution of the
concomitant presence of rare complement gene variants or anti-CFH abnormalities to
disease development.

This study showed relevant associations between the specific SV and disease phe-
notype, response to therapies, and risk of recurrence after kidney transplant. Precisely,
CFH::CFHR1 hybrid genes were commonly found in patients whose disease onset is in
their first year of life. Moreover, they pointed out that in the majority of cases, aHUS
in CFH::CFHR1 carriers was triggered by infections, suggesting that dysfunctional CFH
could not adequately control the complement activation induced by the first exposure
to pathogens in these patients. On the contrary, the reverse CFHR1::CFH hybrid genes
were associated with a later aHUS onset. In any case, both hybrid CFH::CFHR1 genes and
reverse CFHR1::CFH genes in that cohort demonstrated a poor prognosis without anti-C5
therapy, confirming previous data. Nevertheless, they underlined that those treated with
eculizumab reached a full remission. On the other hand, the outcome in patients with
CFHR hybrids was better than in patients with CFH SVs, even if they did not receive C5
inhibitors, highlighting the lower pathogenic impact of CFHR SVs compared to CFH SVs.
The authors also studied the association between CFH genetic abnormalities and the risk
of relapses after kidney transplant, observing an adverse outcome in eight out of nine
grafts without preventive eculizumab, while three grafts transplanted under eculizumab
prophylaxis kept normal function.

Additionally, Merinero et al. [40,41] highlighted the poor prognosis associated with
CFH gene mutations in patients with aHUS, stressing the importance of analyzing and
characterizing CFH variants to guarantee a complete functional understanding of CFH
genetic variability.

Particularly interesting is the study by Fujisawa et al. [42], who conducted a nationwide
epidemiological survey of clinically diagnosed aHUS patients, examining 118 patients
enrolled from 1998 to 2016 in Japan. They found out that the most frequent genetic
abnormalities were in C3 (31%), while the frequency of CFH variants was relatively low
(10%), totally different compared to Western countries.

The authors compared the clinical characteristics of aHUS patients according to ge-
netic or acquired backgrounds. They observed that the initial episode usually occurred
during childhood in the C3, MCP, and unidentified groups, while patients with anti-CFH
antibodies showed a biphasic distribution of age at aHUS onset (childhood in 80% and
middle-to-old age in the remaining 20%). Severe anemia was observed in patients with CFH
variants (38%), while C3 levels varied depending on complement abnormalities: indeed,
half of the patients with C3 and MCP variants and 89% of the patients with anti-CFH
antibodies showed decreased levels of C3. No difference could be observed in the mortality
rate in the acute phase among different mutations. Nevertheless, at discharge, the overall
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renal mortality rate was higher in CFH variants (38%) and the unidentified group (24%).
Similarly, the risk of death or ESKD in the acute phase did not differ by treatment choice
for any mutated genes. Patients were, then, followed for a median of 2.5 years: relapses
occurred in patients with C3 (77%), MCP (50%), and CFH (38%) variants. All three patients
who had renal transplantation experienced aHUS relapse, and the one with the C3 variant
redeveloped ESKD, while the other two (one with a CFH variant and the other in the
unidentified group) recovered renal function.

Overall, a higher frequency of C3 variants and anti-CFH antibodies and a lower
frequency of CFH variants are associated with a better prognosis of Japanese aHUS (with a
total mortality rate of 5.4% and a renal mortality rate of 15%, as reported by the authors),
drawing attention to genetic testing and reinforcing the available data on the poorest
prognosis in patients with CFH variants.

4. C5 Inhibitors Discontinuation: Is There a Path to Follow?

Considering the essential role of anti-C5 therapy to prevent aHUS relapses, patients
diagnosed with aHUS usually start a lifelong treatment with eculizumab every two weeks,
with a consequent reduction of their compliance in the long run, entailing significant health
costs. Even if the modern ravulizumab clearly improved the management and quality of
life of aHUS patients, and reduced the economic impact of this therapy, our primary goal
should be to safely suspend treatment, and if possible, monitor patients in an outpatient
setting. Nevertheless, the main obstacle is to find a guiding criterion to decide the correct
timing for therapy discontinuation.

Fakhouri et al. [43] report data from a large cohort with aHUS, in whom eculizumab
was discontinued after a period of treatment of at least 6 months. The authors demonstrated
that complement genetic variants do not affect the response to eculizumab. However, they
are major predictive factors for aHUS relapse after eculizumab discontinuation. The risk
of relapse after therapy interruption was the highest in patients with CFH variants (72%),
reflecting the severity of the disease in these patients. Those with MCP variants represent
the second group of patients with an equally relatively high risk of relapse after eculizumab
discontinuation (about 50%). Compared with CFH variant carriers, relapses in patients
with MCP variants tended to occur later after therapy discontinuation (> 1 year), but the
median time to relapse after eculizumab stop did not significantly differ between patients
with CFH variants and those with MCP variants. Interestingly, none of the patients with
no detected complement gene variants had aHUS relapse after a relatively long median
follow-up (17 months). However, their series did not provide sufficient data for patients
with C3, CFI, or CFB variants or anti-CFH antibodies. Nevertheless, they underlined that
a titer of anti-CFH antibodies below a pathogenic threshold of 1000 IU/mL may allow
treatment suspension with anti-CFH antibody monitoring.

Altogether, from these data, eculizumab discontinuation seems to be safe in patients
with no documented complement gene variants after 6–12 months of treatment. In contrast,
patients with CFH variants and patients with MCP variants have a high risk of relapse after
eculizumab discontinuation.

The same group, in a more recent study [44], supported its conclusions. Indeed,
they observed that aHUS relapse risk after eculizumab discontinuation is predominantly
determined by the presence or the absence of a rare variant in a complement gene. In
particular, the absence of a complement gene variant proved to be the most powerful
negative predictive factor (no relapses occurring in 26 patients with aHUS without a
complement gene variant); on the other hand, relapses occurred in 12 of 28 patients with
a complement gene variant (with a positive predictive value of 43%; 95% CI: 25–61%).
The risk was the highest (about 50%) in carriers of variants in CFH and MCP genes, and
the lowest (<5%) in patients without detected variants. Therefore, in a patient with no
detected variant, aHUS relapse should lead to a reassessment of genetic results or even of
aHUS diagnosis.
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Moreover, several features were identified, in addition to complement genetics, to
help in decision making. First of all, female patients seemed to be at increased risk of
relapse compared with male patients. An elevated sC5b-9 level at therapy interruption was
independently associated with a risk of relapse.

In both studies, all patients who experienced a relapse rapidly resumed eculizumab,
resolving AKI and thrombocytopenia and recovering baseline renal function. Furthermore,
the authors stressed that close patient monitoring is fundamental to guarantee an early
restart of treatment in the case of recurrence.

Brodsky, in [45], underlined that this study increased our confidence about eculizumab
discontinuation in most patients with rare germline complement mutations, even if it was
not clear whether this holds for patients with factor H autoantibodies, considering that
there were too few patients. Moreover, another limitation of the study is that germline
mutations of CFH are usually the most common mutations, but not in this study (MCP
resulted mutated in 43% of cases). Furthermore, the study included nine patients (16%)
who experienced more than one episode of aHUS before study entry, potentially biasing
the study and overestimating the relapse rate. In any case, the author highlighted that
patients carrying germline variants, considered at higher risk, have a relapse rate of 50% or
less, wondering if it is appropriate to also offer them a trial of C5-inhibitor discontinuation
under careful supervision. Finally, the mean follow-up was less than 18 months. This short
period of observation significantly limits the conclusion of the study. Hence, the author
asked for further prospective studies.

Similarly, Bouwmeester et al. [46] further discussed this nonrandomized study's limita-
tions. The authors first underlined a clear bias in patient selection: eculizumab withdrawal
was attempted in only 56% of patients (30 of 52) who were newly diagnosed with aHUS
at enrolling sites during the study period. Moreover, the study cohort included only six
patients (11%) with a CFH mutation, even if CFH gene mutations are more common in most
aHUS cohorts, as previously reported, suggesting that there was probably a hesitance in
attempting withdrawal in these individuals. Furthermore, we have no information about
other relevant clinical parameters that might have affected the decision of discontinuation
(such as blood pressure control, cardiovascular diseases, patient compliance, etc.) and
about therapy interruption in kidney transplant recipients (who are more at risk of having
a relapse and less likely to recover baseline GFR). Finally, the optimal timing and the role of
soluble C5b-9 in routine clinical practice are not clearly defined. Nevertheless, the authors
confirmed the utility of this study in demonstrating that eculizumab withdrawal is feasible
in some patients with aHUS, although the relapse rate was not negligible among patients
with complement gene variants. These findings strengthened the necessity of full genetic
evaluation in aHUS patients and of further studies on this topic.

Acosta-Medina et al. [47] attempted to estimate the role of complement genetic variants
in aHUS recurrence after the discontinuation of C5 inhibitors, analyzing data from 280 pa-
tients from 40 different studies. Variants were identified in 60% of patients (most commonly
CFH and MCP/CD46). Half (51.3%) of them had ≥1 likely pathogenic/pathogenic variant,
whereas the remaining had variants of uncertain significance (VUS). The overall relapse
rate after therapy discontinuation resulted to be 29.6%. Complement genetic variants were
associated with a three-fold increase in the risk of relapse after therapy withdrawal, without
differences among individuals with single or multiple concomitant variants. CFH and C3
variants were associated with the highest risk of relapse, particularly the variants in CFH
exon 22. Moreover, a prominent and significant increase in relapse risk was also observed
among patients with variants in the MCP/CD46 gene. However, even if the highest risk was
demonstrated in the population with pathogenic/likely pathogenic variants, they provided
proof of a relevant risk of relapse in patients with VUS. Therefore, until these genetic
alterations are better characterized, continuation of eculizumab may be recommended.

On these bases, the authors provided a possible framework regarding how comple-
ment genetics (together with patient-specific factors, such as age, baseline renal function,
and prior kidney transplant) can guide eculizumab discontinuation. Indeed, they suggested



Int. J. Mol. Sci. 2023, 24, 14496 9 of 12

that eculizumab discontinuation should be considered after at least 6 months of treatment
with a complete hematologic response and a stable renal function for at least 3 months.

If aHUS occurs in patients < 18 years at the time of first symptoms or in patients with
kidney graft, they warned to perform a complete complement gene panel and antibody
evaluation (including CFH, MCP/CD46, CFI, C3, CFB, THBD, ADAMTS13, anti-CFH, and
CFHR1-5) and, in case of:

- ≥1 variant reported as pathogenic/likely pathogenic in CFH, MCP/CD46, C3, CFI,
and CFB;

- positive anti-CFH titer despite immunosuppressive treatment;
- ≥1 VUS in CFH, C3, or splice region variant in MCP/CD46;

longer-term or lifelong therapy should be considered.
In any case, as in the previous studies, these authors also highlighted that is crucial to

strictly monitor patients once therapy is discontinued to guarantee C5 inhibitors as soon as
a relapse is detected.

Recently, Bouwmeester et al. [48] reported the results of the CUREiHUS study, a 4-year
prospective, observational study monitoring unbiased eculizumab discontinuation in Dutch
patients with aHUS after 3 months of therapy. A total of 21 patients, both pediatrics and
adults with aHUS in native kidneys and a first-time eculizumab treatment were included.
In 17 patients (81%), a defect in complement regulation was found by either a proven
or likely pathogenic mutation or a VUS in one of the complement regulatory genes or
by antibodies against factor H. All patients showed full recovery of hematological TMA
parameters after the start of C5-inhibitor and a renal response was noted in 18 patients.
After a median treatment duration of 13.6 weeks, eculizumab was withdrawn in all patients.

During a follow-up of 80.7 weeks after treatment discontinuation, the relapse rate
was 22% (4 patients), with a median time to first relapse of 19.5 weeks. All relapses were
detected early, with no need for dialysis; moreover, no extrarenal manifestations of TMA
were observed. The C5 inhibitor was promptly restarted in all relapsing patients (within
24 h), and no chronic sequelae and/or hypertension was observed in relapsing patients
at the last follow-up. Even if the authors underlined that the low sample size and event
rate did not allow them to determine predictors of relapse, they stressed that relapses only
occurred in patients with a likely pathogenic variant.

Furthermore, the study also provides an extensive cost/consequence analysis, show-
ing that eculizumab withdrawal reduced the medical costs per patient by 70% without
negatively affecting quality of life.

Therefore, this study further highlighted that an early treatment withdrawal (median
3 months) is safe, feasible, and cost-effective, but larger data registries are needed to deter-
mine factors to predict relapses and long-term outcomes of eculizumab discontinuation.

Indeed, Noris et al. [49], in their comment on this study, underlined that in the
high-risk group of aHUS patients with pathogenic or likely pathogenic complement gene
variants, 50% to 75% of patients did not relapse. Hence, it is not clear yet if we may offer
high-risk patients the opportunity to discontinue eculizumab and how it is possible safely,
considering the current absence of early and reliable predictors of aHUS relapse.

In addition, the authors stressed the necessity to further investigate the long-term
effects associated with a chronic activation of complement even in the absence of distinct
clinical signs of relapse.

5. Conclusions

From this narrative review, it seems clear that, even if aHUS is well known today,
different questions are still unsolved, representing an important and promising field of
research. A full knowledge of all the underlying molecular and genetic mechanisms
is essential to guarantee steps forward in the treatment of this rare disease and in the
management of these frail patients.

Considering its rarity, the only way to ensure progress in this area of interest is to
stimulate all specialized centers to undergo routine genetic screening of all their patients in
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order to increase the amount of data about the influence of complement abnormalities on
disease characteristics and progression. In particular, it emerges that further studies are
necessary to understand the meaning of numerous VUS, not only of CFH and MCP, but
also of other involved genes (such as CFI, C3, CFB, and THBD). Indeed, it may be useful
to better understand all the slight connections among different mutations and specific
aHUS phenotypes.

Moreover, despite several limitations, Fakhouri et al. [43,44], Acosta-Medina et al. [47],
and Bouwmeester et al. [48] gave a spark of hope for a possible safe therapy discontinuation
through an accurate genetic evaluation of the single patient.

Nevertheless, more studies are necessary to accurately determine genetic predictors of
aHUS relapses and to guarantee a safe therapy withdrawal. Further research is needed to
identify predictive biomarkers and patient features that may help in treatment tapering
and discontinuation.

However, even if lifelong therapy is currently recommended in the present regula-
tory guidance, we have a social responsibility to ensure a feasible, safe, and controlled
eculizumab withdrawal in patients with aHUS in the next years in order to improve their
quality of life and to reduce the huge costs for the national health system.

Author Contributions: A.S., D.P. and L.D. wrote the original draft. R.B. and F.B. revised the
manuscript. G.G. and F.P. revised the manuscript and gave the final approval. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Data sharing not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Manrique-Caballero, C.L.; Peerapornratana, S.; Formeck, C.; Del Rio-Pertuz, G.; Gomez Danies, H.; Kellum, J.A. Typical and

Atypical Hemolytic Uremic Syndrome in the Critically Ill. Crit. Care Clin. 2020, 36, 333–356. [CrossRef] [PubMed]
2. Fakhouri, F.; Zuber, J.; Frémeaux-Bacchi, V.; Loirat, C. Haemolytic uraemic syndrome. Lancet 2017, 390, 681–696. [CrossRef]

[PubMed]
3. Viteri, B.; Saland, J.M. Hemolytic Uremic Syndrome. Pediatr. Rev. 2020, 41, 213–215. [CrossRef] [PubMed]
4. Loirat, C.; Fakhouri, F.; Ariceta, G.; Besbas, N.; Bitzan, M.; Bjerre, A.; Coppo, R.; Emma, F.; Johnson, S.; Karpman, D.; et al. An

international consensus approach to the management of atypical hemolytic uremic syndrome in children. Pediatr. Nephrol. Berl.
Ger. 2016, 31, 15–39. [CrossRef] [PubMed]

5. Fakhouri, F.; Frémeaux-Bacchi, V. Thrombotic microangiopathy in aHUS and beyond: Clinical clues from complement genetics.
Nat. Rev. Nephrol. 2021, 17, 543–553. [CrossRef]

6. Raina, R.; Krishnappa, V.; Blaha, T.; Kann, T.; Hein, W.; Burke, L.; Bagga, A. Atypical Hemolytic-Uremic Syndrome: An Update
on Pathophysiology, Diagnosis, and Treatment. Ther. Apher. Dial. 2019, 23, 4–21. [CrossRef]

7. Noris, M.; Caprioli, J.; Bresin, E.; Mossali, C.; Pianetti, G.; Gamba, S.; Daina, E.; Fenili, C.; Castelletti, F.; Sorosina, A.; et al. Relative
role of genetic complement abnormalities in sporadic and familial aHUS and their impact on clinical phenotype. Clin. J. Am. Soc.
Nephrol. 2010, 5, 1844–1859. [CrossRef]

8. Caprioli, J.; Noris, M.; Brioschi, S.; Pianetti, G.; Castelletti, F.; Bettinaglio, P.; Mele, C.; Bresin, E.; Cassis, L.; Gamba, S.; et al.
Genetics of HUS: The impact of MCP, CFH, and IF mutations on clinical presentation, response to treatment, and outcome. Blood
2006, 108, 1267–1279. [CrossRef]

9. Laurence, J. Atypical hemolytic uremic syndrome (aHUS): Making the diagnosis. Clin. Adv. Hematol. Oncol. 2012, 10 (Suppl. S17),
1–12.

10. Sellier-Leclerc, A.L.; Fremeaux-Bacchi, V.; Dragon-Durey, M.A.; Macher, M.A.; Niaudet, P.; Guest, G.; Boudailliez, B.; Bouissou, F.;
Deschenes, G.; Gie, S.; et al. Differential impact of complement mutations on clinical characteristics in atypical hemolytic uremic
syndrome. J. Am. Soc. Nephrol. 2007, 18, 2392–2400. [CrossRef]

11. Raina, R.; Vijayvargiya, N.; Khooblall, A.; Melachuri, M.; Deshpande, S.; Sharma, D.; Mathur, K.; Arora, M.; Sethi, S.K.; Sandhu, S.
Pediatric Atypical Hemolytic Uremic Syndrome Advances. Cells 2021, 10, 3580. [CrossRef] [PubMed]

12. Pangburn, M.K.; Müller-Eberhard, H.J. Initiation of the alternative complement pathway due to spontaneous hydrolysis of the
thioester of C3. Ann. N. Y. Acad. Sci. 1983, 421, 291–298. [CrossRef] [PubMed]

13. Podack, E.R.; Tschoop, J.; Müller-Eberhard, H.J. Molecular organization of C9 within the membrane attack complex of complement.
Induction of circular C9 polymerization by the C5b-8 assembly. J. Exp. Med. 1982, 156, 268–282. [CrossRef] [PubMed]

https://doi.org/10.1016/j.ccc.2019.11.004
https://www.ncbi.nlm.nih.gov/pubmed/32172817
https://doi.org/10.1016/S0140-6736(17)30062-4
https://www.ncbi.nlm.nih.gov/pubmed/28242109
https://doi.org/10.1542/pir.2018-0346
https://www.ncbi.nlm.nih.gov/pubmed/32238553
https://doi.org/10.1007/s00467-015-3076-8
https://www.ncbi.nlm.nih.gov/pubmed/25859752
https://doi.org/10.1038/s41581-021-00424-4
https://doi.org/10.1111/1744-9987.12763
https://doi.org/10.2215/CJN.02210310
https://doi.org/10.1182/blood-2005-10-007252
https://doi.org/10.1681/ASN.2006080811
https://doi.org/10.3390/cells10123580
https://www.ncbi.nlm.nih.gov/pubmed/34944087
https://doi.org/10.1111/j.1749-6632.1983.tb18116.x
https://www.ncbi.nlm.nih.gov/pubmed/6586103
https://doi.org/10.1084/jem.156.1.268
https://www.ncbi.nlm.nih.gov/pubmed/6177822


Int. J. Mol. Sci. 2023, 24, 14496 11 of 12

14. Maga, T.K.; Nishimura, C.J.; Weaver, A.E.; Frees, K.L.; Smith, R.J.H. Mutations in alternative pathway complement proteins in
American patients with atypical hemolytic uremic syndrome. Hum. Mutat. 2010, 31, E1445–E1460. [CrossRef]

15. Zipfel, P.F.; Skerka, C. Complement regulators and inhibitory proteins. Nat. Rev. Immunol. 2009, 9, 729–740. [CrossRef]
16. Esparza-Gordillo, J.; de Jorge, E.G.; Garrido, C.A.; Carreras, L.; López-Trascasa, M.; Sánchez-Corral, P.; Rodríguez de Córdoba, S.

Insights into hemolytic uremic syndrome: Segregation of three independent predisposition factors in a large, multiple affected
pedigree. Mol. Immunol. 2006, 43, 1769–1775. [CrossRef]

17. Tomazos, I.; Garlo, K.; Wang, Y.; Chen, P.; Laurence, J. Triggers in Patients with Atypical Hemolytic Uremic Syndrome: An
Observational Cohort Study Using a US Claims Database. Blood 2020, 136, 30–31. [CrossRef]

18. Bresin, E.; Rurali, E.; Caprioli, J.; Sanchez-Corral, P.; Fremeaux-Bacchi, V.; Rodriguez de Cordoba, S.; Pinto, S.; Goodship, T.H.J.;
Alberti, M.; Ribes, D.; et al. Combined complement gene mutations in atypical hemolytic uremic syndrome influence clinical
phenotype. J. Am. Soc. Nephrol. 2013, 24, 475–486. [CrossRef]

19. Zipfel, P.F.; Wiech, T.; Stea, E.D.; Skerka, C. CFHR Gene Variations Provide Insights in the Pathogenesis of the Kidney Diseases
Atypical Hemolytic Uremic Syndrome and C3 Glomerulopathy. J. Am. Soc. Nephrol. 2020, 31, 241–256. [CrossRef]

20. Piras, R.; Breno, M.; Valoti, E.; Alberti, M.; Iatropoulos, P.; Mele, C.; Bresin, E.; Donadelli, R.; Cuccarolo, P.; Smith, R.J.H.; et al.
CFH and CFHR Copy Number Variations in C3 Glomerulopathy and Immune Complex-Mediated Membranoproliferative
Glomerulonephritis. Front. Genet. 2021, 12, 670727. [CrossRef]

21. Pérez-Caballero, D.; González-Rubio, C.; Gallardo, M.E.; Vera, M.; López-Trascasa, M.; Rodríguez de Córdoba, S.; Sánchez-Corral,
P. Clustering of missense mutations in the C-terminal region of factor H in atypical hemolytic uremic syndrome. Am. J. Hum.
Genet. 2001, 68, 478–484. [CrossRef] [PubMed]

22. Zipfel, P.F.; Hellwage, J.; Friese, M.A.; Hegasy, G.; Jokiranta, S.T.; Meri, S. Factor H and disease: A complement regulator affects
vital body functions. Mol. Immunol. 1999, 36, 241–248. [CrossRef] [PubMed]

23. Rodríguez de Córdoba, S.; Esparza-Gordillo, J.; Goicoechea de Jorge, E.; Lopez-Trascasa, M.; Sánchez-Corral, P. The human
complement factor H: Functional roles, genetic variations and disease associations. Mol. Immunol. 2004, 41, 355–367. [CrossRef]
[PubMed]

24. Ståhl, A.L.; Vaziri-Sani, F.; Heinen, S.; Kristoffersson, A.C.; Gydell, K.H.; Raafat, R.; Gutierrez, A.; Beringer, O.; Zipfel, P.F.;
Karpman, D. Factor H dysfunction in patients with atypical hemolytic uremic syndrome contributes to complement deposition
on platelets and their activation. Blood 2008, 111, 5307–5315. [CrossRef]

25. Ferreira, V.P.; Herbert, A.P.; Cortés, C.; McKee, K.A.; Blaum, B.S.; Esswein, S.T.; Uhrín, D.; Barlow, P.N.; Pangburn, M.K.;
Kavanagh, D. The binding of factor H to a complex of physiological polyanions and C3b on cells is impaired in atypical hemolytic
uremic syndrome. J. Immunol. 2009, 182, 7009–7018. [CrossRef] [PubMed]

26. Guo, W.Y.; Song, D.; Liu, X.R.; Chen, Z.; Xiao, H.J.; Ding, J.; Sun, S.Z.; Liu, H.Y.; Wang, S.X.; Yu, F.; et al. Immunological features
and functional analysis of anti-CFH autoantibodies in patients with atypical hemolytic uremic syndrome. Pediatr. Nephrol. 2019,
34, 269–281. [CrossRef]

27. Manuelian, T.; Hellwage, J.; Meri, S.; Caprioli, J.; Noris, M.; Heinen, S.; Jozsi, M.; Neumann, H.P.H.; Remuzzi, G.; Zipfel, P.F.
Mutations in factor H reduce binding affinity to C3b and heparin and surface attachment to endothelial cells in hemolytic uremic
syndrome. J. Clin. Investig. 2003, 111, 1181–1190. [CrossRef]

28. Sánchez-Corral, P.; González-Rubio, C.; Rodríguez de Córdoba, S.; López-Trascasa, M. Functional analysis in serum from atypical
Hemolytic Uremic Syndrome patients reveals impaired protection of host cells associated with mutations in factor H. Mol.
Immunol. 2004, 41, 81–84. [CrossRef]

29. Sugawara, Y.; Kato, H.; Nagasaki, M.; Yoshida, Y.; Fujisawa, M.; Minegishi, N.; Yamamoto, M.; Nangaku, M. CFH-CFHR1 hybrid
genes in two cases of atypical hemolytic uremic syndrome. J. Hum. Genet. 2023, 68, 427–430. [CrossRef]

30. Eyler, S.J.; Meyer, N.C.; Zhang, Y.; Xiao, X.; Nester, C.M.; Smith, R.J.H. A novel hybrid CFHR1/CFH gene causes atypical
hemolytic uremic syndrome. Pediatr. Nephrol. 2013, 28, 2221–2225. [CrossRef]

31. Moore, I.; Strain, L.; Pappworth, I.; Kavanagh, D.; Barlow, P.N.; Herbert, A.P.; Schmidt, C.Q.; Staniforth, S.J.; Holmes, L.V.; Ward,
R.; et al. Association of factor H autoantibodies with deletions of CFHR1, CFHR3, CFHR4, and with mutations in CFH, CFI,
CD46, and C3 in patients with atypical hemolytic uremic syndrome. Blood 2010, 115, 379–387. [CrossRef] [PubMed]

32. Tsiftsoglou, S.A.; Willis, A.C.; Li, P.; Chen, X.; Mitchell, D.A.; Rao, Z.; Sim, R.B. The catalytically active serine protease domain of
human complement factor I. Biochemistry 2005, 44, 6239–6249. [CrossRef] [PubMed]

33. Kavanagh, D.; Kemp, E.J.; Mayland, E.; Winney, R.J.; Duffield, J.S.; Warwick, G.; Richards, A.; Ward, R.; Goodship, J.A.; Goodship,
T.H.J. Mutations in complement factor I predispose to development of atypical hemolytic uremic syndrome. J. Am. Soc. Nephrol.
2005, 16, 2150–2155. [CrossRef] [PubMed]

34. Liszewski, M.K.; Leung, M.; Cui, W.; Subramanian, V.B.; Parkinson, J.; Barlow, P.N.; Manchester, M.; Atkinson, J.P. Dissecting sites
important for complement regulatory activity in membrane cofactor protein (MCP; CD46). J. Biol. Chem. 2000, 275, 37692–37701.
[CrossRef] [PubMed]

35. Fremeaux-Bacchi, V.; Sanlaville, D.; Menouer, S.; Blouin, J.; Dragon-Durey, M.A.; Fischbach, M.; Vekemans, M.; Fridman, W.H.
Unusual clinical severity of complement membrane cofactor protein-associated hemolytic-uremic syndrome and uniparental
isodisomy. Am. J. Kidney Dis. 2007, 49, 323–329. [CrossRef]

https://doi.org/10.1002/humu.21256
https://doi.org/10.1038/nri2620
https://doi.org/10.1016/j.molimm.2005.11.008
https://doi.org/10.1182/blood-2020-136278
https://doi.org/10.1681/ASN.2012090884
https://doi.org/10.1681/ASN.2019050515
https://doi.org/10.3389/fgene.2021.670727
https://doi.org/10.1086/318201
https://www.ncbi.nlm.nih.gov/pubmed/11170895
https://doi.org/10.1016/S0161-5890(99)00038-3
https://www.ncbi.nlm.nih.gov/pubmed/10403477
https://doi.org/10.1016/j.molimm.2004.02.005
https://www.ncbi.nlm.nih.gov/pubmed/15163532
https://doi.org/10.1182/blood-2007-08-106153
https://doi.org/10.4049/jimmunol.0804031
https://www.ncbi.nlm.nih.gov/pubmed/19454698
https://doi.org/10.1007/s00467-018-4074-4
https://doi.org/10.1172/JCI16651
https://doi.org/10.1016/j.molimm.2004.01.003
https://doi.org/10.1038/s10038-023-01129-1
https://doi.org/10.1007/s00467-013-2560-2
https://doi.org/10.1182/blood-2009-05-221549
https://www.ncbi.nlm.nih.gov/pubmed/19861685
https://doi.org/10.1021/bi047680t
https://www.ncbi.nlm.nih.gov/pubmed/15835912
https://doi.org/10.1681/ASN.2005010103
https://www.ncbi.nlm.nih.gov/pubmed/15917334
https://doi.org/10.1074/jbc.M004650200
https://www.ncbi.nlm.nih.gov/pubmed/10960475
https://doi.org/10.1053/j.ajkd.2006.10.022


Int. J. Mol. Sci. 2023, 24, 14496 12 of 12

36. Funato, M.; Uemura, O.; Ushijima, K.; Ohnishi, H.; Orii, K.; Kato, Z.; Yamakawa, S.; Nagai, T.; Ohara, O.; Kaneko, H.; et al. A
complement factor B mutation in a large kindred with atypical hemolytic uremic syndrome. J. Clin. Immunol. 2014, 34, 691–695.
[CrossRef]

37. Delvaeye, M.; Noris, M.; De Vriese, A.; Esmon, C.T.; Esmon, N.L.; Ferrell, G.; Del-Favero, J.; Plaisance, S.; Claes, B.; Lambrechts,
D.; et al. Thrombomodulin mutations in atypical hemolytic-uremic syndrome. N. Engl. J. Med. 2009, 361, 345–357. [CrossRef]

38. Schaefer, F.; Ardissino, G.; Ariceta, G.; Fakhouri, F.; Scully, M.; Isbel, N.; Lommelé, Å.; Kupelian, V.; Gasteyger, C.; Greenbaum,
L.A.; et al. Clinical and genetic predictors of atypical hemolytic uremic syndrome phenotype and outcome. Kidney Int. 2018, 94,
408–418. [CrossRef]

39. Piras, R.; Valoti, E.; Alberti, M.; Bresin, E.; Mele, C.; Breno, M.; Liguori, L.; Donadelli, R.; Rigoldi, M.; Benigni, A.; et al. CFH and
CFHR structural variants in atypical Hemolytic Uremic Syndrome: Prevalence, genomic characterization and impact on outcome.
Front. Immunol. 2022, 13, 1011580. [CrossRef]

40. Merinero, H.M.; García, S.P.; García-Fernández, J.; Arjona, E.; Tortajada, A.; Rodríguez de Córdoba, S. Complete functional
characterization of disease-associated genetic variants in the complement factor H gene. Kidney Int. 2018, 93, 470–481. [CrossRef]

41. Martín Merinero, H.; Zhang, Y.; Arjona, E.; Del Angel, G.; Goodfellow, R.; Gomez-Rubio, E.; Ji, R.R.; Michelena, M.; Smith,
R.J.H.; Rodríguez de Córdoba, S. Functional characterization of 105 factor H variants associated with aHUS: Lessons for variant
classification. Blood 2021, 138, 2185–2201. [CrossRef] [PubMed]

42. Fujisawa, M.; Kato, H.; Yoshida, Y.; Usui, T.; Takata, M.; Fujimoto, M.; Wada, H.; Uchida, Y.; Kokame, K.; Matsumoto, M.; et al.
Clinical characteristics and genetic backgrounds of Japanese patients with atypical hemolytic uremic syndrome. Clin. Exp.
Nephrol. 2018, 22, 1088–1099. [CrossRef] [PubMed]

43. Fakhouri, F.; Fila, M.; Provôt, F.; Delmas, Y.; Barbet, C.; Châtelet, V.; Rafat, C.; Cailliez, M.; Hogan, J.; Servais, A.; et al. Pathogenic
Variants in Complement Genes and Risk of Atypical Hemolytic Uremic Syndrome Relapse after Eculizumab Discontinuation.
Clin. J. Am. Soc. Nephrol. 2017, 12, 50–59. [CrossRef] [PubMed]

44. Fakhouri, F.; Fila, M.; Hummel, A.; Ribes, D.; Sellier-Leclerc, A.L.; Ville, S.; Pouteil-Noble, C.; Coindre, J.P.; Le Quintrec, M.;
Rondeau, E.; et al. Eculizumab discontinuation in children and adults with atypical hemolytic-uremic syndrome: A prospective
multicenter study. Blood 2021, 137, 2438–2449. [CrossRef] [PubMed]

45. Brodsky, R.A. Eculizumab and aHUS: To stop or not. Blood 2021, 137, 2419–2420. [CrossRef] [PubMed]
46. Bouwmeester, R.N.; van de Kar, N.C.A.J.; Wetzels, J.F.M. Enough is enough: Targeted eculizumab withdrawal in atypical

hemolytic uremic syndrome. Kidney Int. 2021, 100, 265–268. [CrossRef]
47. Acosta-Medina, A.A.; Moyer, A.M.; Go, R.S.; Willrich, M.A.V.; Fervenza, F.C.; Leung, N.; Bourlon, C.; Winters, J.L.; Spears,

G.M.; Bryant, S.C.; et al. Complement gene variant effect on relapse of complement-mediated thrombotic microangiopathy after
eculizumab cessation. Blood Adv. 2023, 7, 340–350. [CrossRef] [PubMed]

48. Bouwmeester, R.N.; Duineveld, C.; Wijnsma, K.L.; Bemelman, F.J.; van der Heijden, J.W.; van Wijk, J.A.E.; Bouts, A.H.M.; van
de Wetering, J.; Dorresteijn, E.; Berger, S.P.; et al. Early Eculizumab Withdrawal in Patients With Atypical Hemolytic Uremic
Syndrome in Native Kidneys Is Safe and Cost-Effective: Results of the CUREiHUS Study. Kidney Int. Rep. 2022, 8, 91–102.
[CrossRef]

49. Noris, M.; Remuzzi, G. Every Fifteen Days Forever? Kidney Int. Rep. 2022, 8, 4–7. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s10875-014-0058-8
https://doi.org/10.1056/NEJMoa0810739
https://doi.org/10.1016/j.kint.2018.02.029
https://doi.org/10.3389/fimmu.2022.1011580
https://doi.org/10.1016/j.kint.2017.07.015
https://doi.org/10.1182/blood.2021012037
https://www.ncbi.nlm.nih.gov/pubmed/34189567
https://doi.org/10.1007/s10157-018-1549-3
https://www.ncbi.nlm.nih.gov/pubmed/29511899
https://doi.org/10.2215/CJN.06440616
https://www.ncbi.nlm.nih.gov/pubmed/27799617
https://doi.org/10.1182/blood.2020009280
https://www.ncbi.nlm.nih.gov/pubmed/33270832
https://doi.org/10.1182/blood.2020010234
https://www.ncbi.nlm.nih.gov/pubmed/33956069
https://doi.org/10.1016/j.kint.2021.02.033
https://doi.org/10.1182/bloodadvances.2021006416
https://www.ncbi.nlm.nih.gov/pubmed/35533258
https://doi.org/10.1016/j.ekir.2022.10.013
https://doi.org/10.1016/j.ekir.2022.11.006

	Introduction 
	Defective Regulation of the Alternative Complement Pathway in aHUS 
	Genetic Mutations and Outcome: Is There a Connection? 
	C5 Inhibitors Discontinuation: Is There a Path to Follow? 
	Conclusions 
	References

