
605

22Atypical Hemolytic Uremic 
Syndrome
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 Introduction

The hemolytic uremic syndrome (HUS) is a 
thrombotic microangiopathy (TMA) character-
ized by the triad of thrombocytopenia, nonim-
mune microangiopathic hemolytic anemia, and 
acute kidney injury [1]. The most frequent form 
of HUS in children is secondary to Shiga toxin 
(Stx)—producing Escherichia coli (STEC) and 
the term atypical HUS (aHUS) was initially used 
to designate any HUS not caused by STEC. It is 
now clear that within the umbrella of aHUS are a 
number of specific causes of HUS—for example 
Streptococcus pneumoniae infection, cobalamin 
C defect, Diacylglycerol kinase ε (DGKε) defect 
and various underlying conditions.

Atypical HUS without coexisting disease or 
specific infection is mostly a disease of comple-
ment alternative pathway (AP) overactivation, 

due to hereditary mutations in complement  
genes or acquired autoantibodies against comple-
ment factor H (FH). The clinical characteristics 
of patients, patient outcome and genotype- 
phenotype correlations were described [2–7]. 
Therefore, the term aHUS is today preferentially 
used to designate HUS without coexisting dis-
ease or specific infection [5, 6, 8–11]. Plasma 
exchange (PE) was the mainstay of treatment for 
aHUS until 2009, with considerable morbidity in 
children [12, 13]. Since 2009, terminal comple-
ment blockade therapy by eculizumab has dra-
matically changed the hitherto dismal outcome of 
the disease [14, 15]. The aims of this chapter are 
to summarize the previous era of treatment, to 
review new knowledge in the domain of atypical 
HUS and to scan the horizon for future develop-
ments in the management of atypical HUS.

 Definition of Atypical HUS

Atypical HUS is one of a number of causes of 
TMA—life or organ threatening diseases charac-
terized by microthrombi in small blood vessels 
which can be classified according to etiology and/
or physiopathology [16–19] (Fig. 22.1). The two 
most important TMAs to exclude when suspect-
ing aHUS are thrombotic thrombocytopenic pur-
pura (TTP) and shigatoxin associated HUS (STEC 
HUS). The latter is the most common TMA 
affecting the kidneys in children. It is caused by 
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Fig. 22.1 Thrombotic microangiopathies are classified 
into: Inherited or acquired primary; secondary; or infec-
tion associated TMAs. Current classifications define pri-
mary TMAs as hereditary (mutations in ADAMTS13, 
MMACHC (cb1c deficiency), or genes encoding comple-
ment proteins) or acquired (autoantibodies to ADAMTS13, 
or autoantibodies to complement FH, which is associated 
with homozygous CFHR3/1 deletion). TMA is associated 
with various infections: in STEC-HUS and pneumococcal 
HUS, distinct mechanisms result in TMA; in other infec-
tions, the processes are not defined and in some cases the 
infection may trigger manifestation of a primary 
TMA.  Secondary TMAs occur in a spectrum of condi-
tions, and in many cases the pathogenic mechanisms are 
multifactorial or unknown. The classification presented 
here is not unequivocal: in some secondary TMAs, for 
example pregnancy-associated TMA or de novo TMA 

after transplantation, a significant proportion of individu-
als will have a genetic predisposition to a primary TMA. 
AAV ANCA-associated vasculitis; ADAMTS13 a disinteg-
rin and metalloproteinase with a thrombospondin type 1 
motif, member 13; aHUS atypical hemolytic uremic syn-
drome; C3G C3 glomerulopathy; CAPS catastrophic 
antiphospholipid syndrome; cblC cobalamin C type; 
DGKE gene encoding diacylglycerol kinase ε; FH factor 
H; HELLP syndrome of hemolysis, elevated liver 
enzymes, and low platelets; HUS hemolytic uremic syn-
drome; IgAN IgA nephropathy; MN membranous 
nephropathy; MPGN membranoproliferative glomerulo-
nephritis; SRC scleroderma renal crisis; STEC shiga 
toxin–producing Escherichia coli; TMA thrombotic 
microangiopathy; TTP thrombotic thrombocytopenic pur-
pura. Reproduced from Brocklebank et al. [19]

intestinal infection by certain strains of E coli car-
rying a plasmid for producing shigatoxin, particu-
larly serotypes O157:H7, O104:H4 and O26 and 
in rare cases by Shigella dysenteriae [20, 21]. This 
type of HUS was previously labeled as typical or 
D+, however this classification is now obsolete.

TTP is an important cause of TMA that must be 
ruled out before making a diagnosis of aHUS. It is 
due to a severe deficiency (<10%) in ADAMTS13 
(A Disintegrin And Metalloproteinase with a 

ThromboSpondin type 1 motif, member 13) activ-
ity, either from a congenital absence of functional 
protein caused by homozygous or compound het-
erozygous mutations in the ADAMTS13 gene, or 
due to anti- ADAMTS13 antibodies [22].

TMA can also occur secondary to a coexisting 
disease or condition, such as malignancy or auto-
immune disease. This is more common in adults 
than children, with the exception of post- 
hematopoietic stem cell transplant (HSCT) TMA.

M. Malina et al.
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As the classification of TMA has evolved with 
increasing understanding [23], there is general 
agreement that the term aHUS defines patients 
with HUS without a coexisting disease or specific 
infection [5, 6, 8–11]. This chapter is focused on 
aHUS according to this definition.

 Incidence and Prevalence of 
Atypical HUS

Atypical HUS, defined as indicated above, is an 
ultra-rare disease. In the United States, aHUS is 
considered to have an annual incidence rate of 
two new pediatric cases per million total popula-
tion [24]]. An incidence of approximately 0.11 
new pediatric cases per million total population 
per year was also observed between July 2009 
and December 2010  in an exhaustive cohort of 
children with aHUS from France, the United 
Kingdom, Spain, Netherlands and Canada [13]. 
A recent systematic review has reported an over-
view of global incidence and prevalence of aHUS 
[25]. Eight studies were reviewed from Europe, 
Australia, and New Zealand [5, 26–32]. In 
Europe the reported incidence (all ages) ranged 
between 0.23 and 1.9 per million annually [5, 
32]. In Australia a pediatric study reported a cal-
culated incidence of 0.44 per million annually 
[28]. Studies reporting incidence for individuals 
under 20 years of age ranged between 0.26 and 
0.75 per million annually [27, 32]. A systematic 
review by Yan reported that in individuals under 
20 years of age, the prevalence of aHUS ranged 
between 2.21 and 9.4 per million people [25].

 The Alternative Pathway of 
Complement

The alternative pathway (AP) of the complement 
system plays a predominant, though not exclusive 
role in aHUS (Fig.  22.2) [33–46]. The comple-
ment system is composed of plasma proteins that 
react with one another to opsonize microbes and 
induce a series of inflammatory responses that 
help the immune cells to fight infection. There is 
mounting evidence that complement participates 

not only in the defense against pathogens, but also 
in host homeostasis [47–52]. The complement 
cascade can be activated by three different path-
ways. While the activation of the classical and the 
lectin pathways occurs after binding to immune 
complexes or microorganisms respectively, the 
AP is continuously activated and generates C3b 
which binds indiscriminately to pathogens and 
host cells. On a foreign surface, C3b binds factor 
B (FB), which is then cleaved by Factor D to form 
the C3 convertase C3bBb. The C3 convertase, 
which is stabilized by its binding to properdin, 
induces exponential cleavage of C3b and the gen-
eration of C3bBbC3b complexes with C5 conver-
tase activity. The C5 convertase cleaves C5 to 
generate C5a—the most potent anaphylatoxin—
and C5b which initiates the formation of the 
membrane attack complex (MAC or C5b-9), able 
to lyse pathogens [52] (Fig.  22.2). The CAP 
amplification loop is normally strictly controlled 
at the surface of the host quiescent endothelium, 
which is protected from the local formation of the 
C3 convertase by complement regulatory pro-
teins. These include regulators in serum, such as 
FH and Factor I (FI), as well as membrane bound 
CD46 (membrane cofactor protein (MCP), which 
cooperate locally to inactivate C3b. FH is the 
most important protein for the regulation of the 
CAP and consists of 20 short consensus repeats 
(SCRs) and contain two C3b-binding sites 
(Fig.  22.3). MCP is a widely expressed trans-
membrane glycoprotein that binds C3b and inhib-
its complement activation on host cells. The serine 
protease FI cleaves C3b in the presence of various 
cofactors including FH, complement receptor 1 
(CR1, CD35) and MCP.  Coagulation regulator 
thrombomodulin (THBD) enhances FI-mediated 
inactivation of C3b in the presence of FH [47, 52].

Over the past 20 years, genetic discoveries have 
substantially improved our understanding of the 
mechanisms responsible for aHUS and driven 
development of novel therapeutic strategies) [33–
46] (Fig.  22.4). In a large genetic screen of 794 
aHUS patients, rare variants in one the 5 genes 
(CFH, C3, CFI, CFB, or CD46) that encode pro-
teins involved in the regulation of the alternative 
pathway of complement were identified in 41% of 
patients and combinations of mutations were noted 

22 Atypical Hemolytic Uremic Syndrome
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Fig. 22.2 Complement activation and its regulation. 
aHUS is the prototype of a disease resulting from ineffi-
cient protection of endothelial cells against complement 
activation. (a) Protection of cells surface. The AP is per-
manently active, with a continuous formation of small 
amounts of the C3 convertase C3bBb at the cell surface. 
To prevent unopposed complement activation resulting in 
cell damage, the complement system is tighly regulated. 
The glycocalyx is a multifunctional thick carbohydrate 
layer containing glycoaminoglycans (GAG) (heparin sul-
phate, sialic acid, polyanions) that covers all endothelial 
cells, in particular the glomerular endothelium in the kid-
ney. FH binds to GAG and C3b. MCP is constitutionally 
anchored to endothelial membrane. Under normal condi-
tions, the C3 convertase formation is stopped by the inter-
action of FH or MCP with C3b, which makes further 
binding of FB to C3b impossible. C3b is then cleaved by 
FI to iC3b, which cannot bind FB. (b) Activation of com-
plement and covalent attachment of C3b to the microbial 
surfaces. The major function of complement is to act as a 
defense mechanism against microbes. Very small amounts 

of C3b are normally present in plasma due to low levels of 
spontaneous C3 cleavage but C3b can bind to bacteria. 
Once C3b is covalently bound to the surface of microor-
ganisms, FB binds to it and becomes susceptible to cleav-
age by Factor D (FD). The resulting C3bBb complex is a 
C3 convertase that will continue to generate more C3b, 
thus amplifying C3b production. C3b attaches to bacterial 
surfaces for opsonization by phagocytes and simultaneous 
activation of the cytolytic terminal complement cascade. 
(c) In the case of aHUS, AP activation is uncontrolled and 
C3 convertase C3bBb and C5 convertase C3bC3bBb are 
formed. During complement activation, C5 is split into 
C5a and C5b. C5b together with complement proteins C6, 
C7, C8 and C9 form the C5b9 complex in sublytic quanti-
ties that activate endothelial cells to produce prothrom-
botic factors. AP alternative pathway, C3bBb C3 
convertase; C3bC3bBb C5 convertase; FB complement 
factor B; FD complement factor D; FH complement fac-
tor H; FI complement factor I; MCP membrane cofactor 
protein (CD46)

in 3% of patients [53]. Predisposition to aHUS is 
inherited in an autosomal recessive or autosomal 
dominant manner with incomplete penetrance.

An updated database describing all rare vari-
ants identified in aHUS is available at https://
www.complement- db.org [54, 55] and these 

genetic abnormalities are described in more 
detail in specific sections of this chapter. In 
addition, acquired autoantibodies to the FH pro-
tein (anti-FH) have been demonstrated in 
patients with aHUS, also described in more 
detail below.

M. Malina et al.
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Fig. 22.3 Complement factor H. FH is a plasma protein 
consisting in 20 domains called short consensus repeats 
(SCRs) (numbered circles). FH has two C3b binding sites: 
one is localized within the N-terminal SCR 1–4, impli-
cated in the cleavage of C3b by FI and the other in the 
C-terminal SCR 19–20, implicated in cell surface binding. 
FH regulates the formation, stability and decay of the C3 
convertase C3bBb. 94 rare variants in CFH reported in the 
aHUS database https://www.complement- db.org are 

shown within columns. Blue squares indicate frameshift, 
deletion, nonsense and conserved cysteine affected vari-
ants (prediction of quantitative FH deficiency), orange 
squares indicate missense variants (with or without dem-
onstrating functional consequences). 20% of all variants 
are located in the C-terminus SCR 20 and are mostly asso-
ciated with normal FH plasma level. FH complement fac-
tor H; FI complement factor I; GAG glycoaminoglycans; 
SCR short consensus repeat

Fig. 22.4 Discoveries that allowed a better understand-
ing of the pathophysiology of aHUS during the last 
decades. This led to the approval of eculizumab for the 
treatment of patients with aHUS, to control the overacti-
vation of complement. FB complement factor B; FH com-

plement factor H; FI complement factor I; DGKE 
diacylglycerol kinase ε; MCP membrane cofactor protein 
(CD46); THBD thrombomodulin; RCA regulators of 
complement activation; CFHR complement factor H 
related protein

22 Atypical Hemolytic Uremic Syndrome
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 Clinical Presentation

The majority of children with aHUS present with 
the complete triad of HUS; microangiopathic 
hemolytic anemia (with hemoglobin <10  g/dL, 
presence of schistocytes, high lactate dehydroge-
nase (LDH), decreased haptoglobin levels) throm-
bocytopenia with platelet count <150 × 109/L and 
acute kidney injury (serum creatinine above the 
upper limit of normal). Approximately 60% of them 
require dialysis at the first episode. Severe hyperten-
sion is common. However, the complete triad may 
be missing at admission and a gradual onset is pos-
sible. Particularly, platelet count may be 
>150 × 109/L (approximately 15% of patients) and 
hemoglobin may be >10 g/dL (approximately 5% 
of patients) [5]. Children may also have normal 
serum creatinine at presentation (approximately 
15%) [56] and/or present with proteinuria/nephrotic 
syndrome/hematuria/hypertension as the only kid-
ney manifestations. Thus, any association of two 
components of the triad with the third one missing 
can be a manifestation of HUS.  While kidney 
biopsy is not required to establish the diagnosis 
when full-blown HUS is present, it is useful when 
hematology criteria are missing or incomplete and 
any time the diagnosis of HUS is uncertain, to docu-
ment that the underlying histological lesion is TMA.

 Age and Gender

In a cohort of French children with aHUS (66.2% 
of whom had a proven genetic or acquired comple-
ment abnormality), the mean age at onset was 
1.5 years (0 to <15 years). 56% (50/89) of children 
had onset between birth and 2 years of age (28% 
between birth and 6  months, 28% between 
6 months and 2 years) [5], similar to the proportion 
of 22% (10/45) of children having onset between 
1 month and 1 year in another series [4] and 36.3% 
(53/146) less than 2 years and 19.8% (29/146) less 
than 1 year in another [57]. Atypical HUS in chil-
dren is as frequent in females as in males (female-
to-male ratio 0.9), in contrast with the female 
preponderance when the disease presents in adult-
hood (female-to-male ratio 3) [4, 5]. In a large 
series from the Global aHUS Registry, 387/851 
(45%) of patients with aHUS presented before the 

age of 18  years (mean 3.8  years) and 166/387 
(43%) of those with pediatric onset were female.

Age at onset in children varies according to the 
underlying genetic or acquired abnormality (more 
information about specific genetic/acquired 
abnormalities is given below). Onset between 
birth and 1 year of age has been reported in the 
majority of aHUS patients (37/50) reported to 
date with DGKE mutation [45, 46, 58–61] and all 
children with homozygous CFH mutation. It is 
also frequent in children with heterozygous CFH 
or CFI mutation-associated HUS.  Conversely, 
MCP mutation-associated HUS in children excep-
tionally starts before the age of 1 year but most 
often between age 2 and 12 years. Anti factor H 
autoantibody associated HUS (anti-FH HUS) is 
also mostly a disease of late childhood and ado-
lescence (onset between 5 and 12 years, mean age 
7.6–9 years in five series including a total of over 
500 patients with this form of aHUS [62–67]. C3 
or CFB mutation- associated HUS and aHUS 
without complement mutation or anti-FH anti-
bodies appears to start at any age [2, 5, 25].

 Family History

As indicated above, despite aHUS being a genetic 
disease, a family history of HUS is present in 
only 20–30% of patients [2, 4, 5] due to incom-
plete penetrance. The diagnosis of HUS may be 
unknown in the family and questioning should 
ask about cases of acute or chronic kidney fail-
ure, thrombocytopenia, anemia, hypertension, 
dialysis and graft failure in the pedigree as well 
as about consanguinity, which is significant for 
homozygous mutations in CFH, MCP and 
DGKE. No familial case of anti-FH antibody- 
associated HUS has been reported [68].

 Triggering Events

Atypical HUS episodes in children are fre-
quently triggered by intercurrent infections, 
whatever the genetic background. Specific 
reported infections include varicella [69], influ-
enza [70, 71], Bordetella pertussis [72] and 
recently SarsCov2 virus [73].

M. Malina et al.
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Diarrhea precedes the onset of aHUS in at 
least one third of children and upper respiratory 
tract infections in at least 10% [4, 5]. This fre-
quency of diarrhea at onset of aHUS explains 
why the former “post-diarrheal” or “non post- 
diarrheal” (or D+/D-) criterion to differentiate 
STEC-HUS from aHUS was frequently mislead-
ing. It is, however, often unclear whether gastro-
intestinal symptoms in aHUS are linked to an 
infectious trigger or whether they are manifesta-
tions of intestinal TMA. Rare patients (approxi-
mately 1%) have been reported in whom the first 
episode of aHUS was caused by STEC gastroen-
teritis, with the diagnosis of aHUS being retained 
because the patient had subsequent relapses and a 
familial history of aHUS (one patient with MCP 
mutation) [5], a severe course possibly favored 
by the genetic complement abnormality (one 
patient with CFH mutation) [74] or recurrence 
after kidney transplantation (two patients with 
CFI or MCP mutation—the latter also in the 
mother who donated the kidney) [75] . In a cohort 
of 75 patients with proven STEC HUS, four 
patients (5%) were found to have pathogenic 
variants in complement genes, including one 
patient with severe outcome. In aHUS secondary 
to anti-FH antibodies, a gastrointestinal pro-
drome (such as diarrhea, vomiting and/or abdom-
inal pain) has been reported in 27.7% [65, 76, 
77]. This type of aHUS is more common in the 
Asian subcontinent where it comprises 56% of 
cases compared with 10–25% of European 
cohorts [66, 77]. A recent study looking for gas-
trointestinal pathogens in aHUS secondary to 
anti-FH antibodies showed that twice as many 
patients had evidence of gastrointestinal patho-
gens compared with those without anti-FH 
(62.5% compared with 31.5%) including 
Clostridium difficile, Giardia intestinalis, 
Salmonella, Shigella, Rotavirus, Norovirus and 
Entamoeba histolytica. No stool was positive for 
Shigatoxin [78]. However, STEC has been 
reported as the trigger for HUS in a couple of 
patients with anti-FH HUS [62, 65]. Interestingly, 
the association of homozygous MCP mutation 
with common variable immunodeficiency has 
been reported [41]. Therefore, patients with 
homozygous MCP mutation should be investi-
gated for immunodeficiency that may require 

immunoglobulin therapy to prevent infections—
and thus decrease the frequency of HUS relapses 
triggered by infections.

Lastly, pregnancy is the trigger for aHUS in 
20% of adult women [5] and 86% of women with 
pregnancy—associated HUS (mostly in the post- 
partum period) have a complement mutation 
[79]. For this reason, pregnancy-associated HUS 
is now classified as aHUS.

 Histology of Atypical HUS

The underlying histological lesion of aHUS is 
TMA involving afferent arterioles and glomeru-
lar capillaries. Characteristic features during the 
acute phase are platelet and fibrin thrombi within 
glomerular capillaries and the thickening of glo-
merular capillary walls related to endothelial cell 
swelling and detachment and the accumulation of 
flocculent material (proteins and cellular debris) 
between the endothelial cells and the basement 
membrane, with double contour appearance. 
Mesangiolysis (fluffy mesangial expansion) is 
also common. Bloodless and ischemic glomeruli 
related to the narrowing or occlusion of the capil-
lary and arteriolar lumen can be observed. 
Arterial changes range from endothelial swelling 
and intramural fibrin to fibrinoid necrosis with 
occlusive thrombi and fragmented red blood 
cells. Immunofluorescence studies for immuno-
globulin G or C3 deposits are generally negative. 
C5b-9 staining has been reported in microangi-
opathy attributed to complement abnormalities 
and other causes, however its presence is not 
reliable.

Chronic lesions are characterized by mesan-
gial sclerosis, thickening of capillary walls with 
sparse or diffuse double contours, ischemic 
changes of glomeruli and mucoid intimal hyper-
plasia and narrowing of the arterial lumen (onion- 
skinning). The time course for histological 
resolution of TMA is unknown and therefore it is 
difficult to know if presence of chronic features 
points to an ongoing active TMA process or to a 
chronic sequel [80, 81].

There is a general consensus that it is not pos-
sible to determine the etiology of TMA from his-
tological morphology [82].

22 Atypical Hemolytic Uremic Syndrome



612

 Manifestations Outside the Kidneys

Although the TMA process predominates in the 
kidney vasculature, other organs may be involved. 
The most frequent manifestation outside the kid-
neys during acute episodes of aHUS is brain 
involvement, reported in 15–20% of children 
with aHUS [5, 83–86]. Symptoms can be sei-
zures, altered mental status, altered conscious-
ness, visual problems (diplopia, sudden visual 
loss), paresis and coma. Computed tomography 
scan is useful to rule out cerebral bleeding. 
Magnetic resonance imaging (MRI) shows 
hyperdensities of variable severity and extension. 
Focal cerebral infarction is possible. The prog-
nostic significance of MRI abnormalities is gen-
erally uncertain. The frequency of cardiac 
involvement is poorly documented, but life 
threatening ischemic myocardiopathy may occur, 
which makes sequential troponin level assay, 
electrocardiography and echocardiography 
advisable during acute episodes [86–89] . 
Peripheral acute ischemia leading to gangrene of 
fingers/hands and toes/feet [90], skin necrosis 
[91–93] or retinal ischemia with sudden visual 
loss [94] have been reported in a few patients. 
Manifestations outside the kidneys may also 
include pancreatitis (increase in pancreatic 
enzymes with or without clinical/radiologic 
signs) and/or hepatitis (increase of hepatic 
enzymes) (5–10% of patients) and, exceptionally, 
intra-alveolar hemorrhage, severe gastro- 
intestinal manifestations including intestinal per-
foration or life-threatening multiorgan failure 
(2–3% of patients [5, 91]. Severe gastrointestinal 
symptoms (abdominal pain, vomiting, diarrhea, 
biochemical pancreatitis and hepatitis), myocar-
dial and neurological manifestations appear to be 
particularly frequent in patients with anti-FH 
antibodies [62, 65, 77, 84, 90].

Four children with aHUS have been reported 
who developed cerebral ischemic events due to 
stenosis of cerebral arteries after several years on 
dialysis [95–98]. One of them also had stenosis of 
coronary, pulmonary and digestive arteries [96]. 
These observations have suggested that local 
complement activation during acute episodes and/
or subclinically in the long term, may lead to such 
macrovascular complications, independently or as 
aggravating factors of the vascular consequences 
of long-term dialysis. Prospective studies are 
required to document whether aHUS patients 
have an increased risk of cardio-or cerebro-vascu-
lar events and of arterial disease due to the local 
complement activation [99].

Experience of eculizumab to treat manifesta-
tions of aHUS outside the kidneys is limited to 
case reports. However, eculizumab was impres-
sively effective in two children with acute distal 
ischemia [90] or skin necrosis and intestinal per-
foration [91], respectively. Eculizumab may res-
cue central nervous system manifestations, as 
suggested by nine case reports, including four in 
children [85, 86, 88, 100, 101]. Eculizumab also 
appeared life-saving in four children with myo-
cardial involvement [86–89]. Lastly, two children 
who had developed cerebral artery stenosis 
stopped having ischemic events under eculi-
zumab therapy, with non-progression of arterial 
stenosis documented in one [95, 97].

 Making the Diagnosis of Atypical 
Hemolytic Uremic Syndrome

When the features of HUS are present (as sum-
marized in Table  22.1), careful assessment is 
required to exclude possible causes before a 
 provisional diagnosis of aHUS can be reached 
[102, 103] (Fig. 22.5 and Table 22.2).

Table 22.1 Investigations to support the presence of a thrombotic microangiopathy

Test to confirm a TMA Result in aHUS Comment
Haemoglobin Low
Platelet count Low
Blood film Fragmented red blood cells
Direct antiglobulin test Negative May be positive in pneumococcal HUS
Reticulocyte count High Low suggests either bone marrow problem or ESKD

M. Malina et al.
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Fig. 22.5 Suggested approach to making the diagnosis 
of atypical HUS. When the clinical triad of microangio-
pathic hemolytic anemia, acute kidney injury and throm-
bocytopenia are present without clinical evidence of 
STEC infection, further evidence should be sought for 
STEC and pneumococcal infection. TTP should be 
excluded, along with secondary causes of TMA.  The 
triad of HUS may indicate sepsis, which should be sought 
and excluded. Evidence for cobalamin disorder should 
also be sought. *these investigations may take some time 
to return and treatment with anti-C5 therapy should not 
be delayed if results are not available and the diagnosis of 
aHUS is strongly suspected. In practice, if an alternative 

diagnosis is secured after commencement of anti-C5 
therapy, it can be discontinued. STEC shiga-toxin pro-
ducing Escherichia coli; PCR polymerase chain reaction; 
TTP thrombotic thrombocytopenic purpura; ADAMTS13 
a disintegrin and metalloproteinase with a thrombospon-
din type 1 motif, member 13; pHUS pneumococcal hae-
molytic uremic syndrome; DAT direct antigen test; TMA 
thrombotic microangiopathy; HSCT hematopoietic stem 
cell transplant; VEGF vascular endothelial growth factor; 
DIC disseminated intravascular coagulation; CRP 
C-reactive protein; DGKE Diacylglycerol Kinase 
Epsilon; MMACHC methylmalonic aciduria and homo-
cystinuria type C, FH factor H

Test to confirm a TMA Result in aHUS Comment
Lactate dehydrogenase High
Creatinine High Previous measurements are helpful to exclude CKD
Urinalysis Blood, protein
Kidney ultrasound scan Normal sized or large kidneys, 

often echobright
Small kidneys suggest ESKD

Plasma C3 Low or normal Not sensitive or specific for aHUS

ESKD end stage kidney disease; CKD chronic kidney disease

Table 22.1 (continued)

22 Atypical Hemolytic Uremic Syndrome
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Table 22.2 Investigations to rule out an alternative diagnosis

Tests for differential diagnoses Result Differential diagnosis
ADAMTS13 activity <5% TTP
Stool culture for E. coli O157 Positive STEC HUS
Stool PCR for STEC virulence genes Positive STEC HUS
Serology for STEC Positive STEC HUS
T-antigen Positive Pneumococcal HUS
Pneumococcal PCR (blood/fluid) Positive Pneumococcal PCR
Coagulation Prolonged PT/PTT and low 

fibrinogen
Sepsis/DIC

C-reactive protein High Sepsis/infectiona

Plasma homocysteine High Cobalamin C disorder
Urinary MMA High Cobalamin C disorder
ECG/Echocardiogram Evidence of left ventricular 

hypertrophy
Malignant hypertension

Anti-double stranded DNA antibodies Positive Systemic lupus erythematosus
Renal transplant—donor-specific 
antibodies

Positive Antibody mediated rejection

Renal transplant—C4d staining Positive Antibody mediated rejection
Anti-phospholipid antibody Positive Anti-phospholipid antibody 

syndrome
Serum/urine electrophoresisb Paraprotein Plasma cell dyscrasia
Serum free light chainsb Positive Plasma cell dyscrasia

ADAMTS13 a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13; STEC shiga toxin 
producing E. coli; PT prothrombin time; PTT partial thromboplastin time; DIC disseminated intravascular coagulation; 
MMA methylmalonic acid
a Infection can be a trigger for an episode of aHUS in a susceptible individual
b Unlikely in children

Since the most common cause of HUS in 
children is STEC infection and because STEC 
infections may be asymptomatic, thorough 
microbiological assessment is required. This is 
reviewed in Chap. 24, but in brief requires stool 
culture (which commonly only detects E. coli 
serotype O157:H7) and stool polymerase chain 
reaction (PCR) for STEC virulence genes. Sero-
logical assessment may also be helpful. Medical 
history and physical examination usually elimi-
nate HUS secondary to a coexisting condition—
mostly HSCT- and generally suffice for the 
diagnosis of Streptococcus pneumoniae- HUS, 
that occurs mostly in children less than 2 years of 
age presenting with symptoms of invasive infec-
tion (pneumonia, meningitis, bacteremia) (see 
Chap. 2). Malignant hypertension can be difficult 
to distinguish from aHUS, and careful assess-
ment for alternative causes of hypertension may 
help in this differential diagnosis. TTP must be 
excluded by urgent assessment of ADAMTS13 
activity, since there is treatment dichotomy 
depending on the result. Evidence for a cobala-

min C defect (raised plasma homocysteine and 
raised urinary methylmalonic acid) must also be 
sought since alternative treatment will be required 
[20, 102, 104–114].

 Biological Assays to Support 
the Clinical Diagnosis of Atypical HUS

STEC infection should be ruled out as soon as 
possible when aHUS is suspected. Stools should 
be collected at admission or rectal swab per-
formed if no stools are available, allowing stool 
culture and fecal PCR or immunologic assay for 
Stx (see Chap. 26). Negative results, mostly due 
to delayed stool collection or prior administration 
of antibiotics, are observed in at least 30% of 
cases classified clinically as STEC-HUS [21, 
106]: in such cases, the clinical diagnosis should 
prevail. Congenital TTP requires urgent plasma 
infusion (PI) and acquired TTP requires urgent 
plasma exchange (PE) plus corticosteroids and 
rituximab. Blood samples collected before PE/PI 
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are required for ADAMTS13 activity assays, 
which most commonly rely on the cleavage by 
plasma ADAMTS13 of the von Willebrand 
Factor (VWF) peptide containing the cleaving 
site of VWF (Fret-VWF 73). Results can be 
available within a few hours [115, 116]. A limita-
tion is the interference of hyperbilirubinemia 
[117]. Results of commercial kits show reason-
able though not full agreement (80–90% concor-
dance) with Fret-VWF [116, 118, 119].

Lastly, assays to detect a cobalamin defect 
should be part of the initial biological sampling 
in any child suspected to have aHUS. Cobalamin 
defect—associated HUS, which can be rescued 
by hydroxocobalamine treatment, may occur in 
neonatal forms presenting with neurological, car-
diac or multivisceral involvement, but at least as 
frequently in late-onset forms presenting with 
predominant or isolated HUS during childhood 
or early adulthood [110, 111, 120–122].

 Complement Investigations 
in Patients Suspected to Have aHUS

All patients suspected of having aHUS should 
have blood sampling before PE/PI for measure-
ment of C3, C4, FH, FI and FB plasma levels and 
screening for anti-FH antibodies. A recent publi-
cation from seven European laboratories reports 
the standardization of the enzyme linked immu-
nosorbent assay technique for anti-FH antibodies 
[123], which could be developed in other coun-
tries. MCP surface expression on polymorpho-
nuclear or mononuclear leucocytes is also 
required.

As indicated above, decreased C3 levels are 
observed in only 30% of children with aHUS [2, 
4–6]. Therefore, a normal C3 level does not rule 
out the diagnosis of aHUS.  Normal C4 
 concentration associated with decreased C3 level 
confirms activation of the AP as would a 
decreased FB concentration. As the C3 level is 
normal in patients with isolated MCP mutation 
and decreased in patients with high titer anti-FH 
antibodies, aHUS in a pre-adolescent or adoles-
cent child—the age of onset in these two sub-
groups of complement-dependent HUS—is most 

likely MCP mutation-associated-HUS if C3 level 
is normal or anti-FH antibody-associated HUS if 
C3 level is low.

As indicated above, decreased FH or FI 
plasma levels are observed in approximately 50% 
and 30% of patients with mutations in CFH or 
CFI genes, respectively [5, 6]. Therefore, a nor-
mal FH or FI plasma level does not exclude a 
mutation in the corresponding gene.

Recent data suggest that levels of C5a and 
soluble C5b-9 (sC5b-9) are elevated during acute 
episodes of aHUS and may be biological markers 
to differentiate aHUS from TTP [124]. Increased 
C5a and sC5b-9 plasma levels have been con-
firmed in approximately half of aHUS patients 
during acute phases of the disease and also dur-
ing remission [125]. However, a normalization of 
complement activation products levels after 
remission, including sC5b-9, has been reported 
by another group [126]. This, and the fact that 
sC5b-9 may be elevated in conditions which are 
not aHUS [127], means that the usefulness of 
these markers for routine clinical care remains to 
be determined.

 Genetic Screening in Patients 
with Atypical HUS

Genetic screening results are not required for 
urgent therapeutic decisions but are necessary to 
establish whether the disease is complement- 
dependent or not, prognosis, risk of relapses and 
of progression to kidney failure, genetic counsel-
ling, decisions for complement blockade treat-
ment duration and for kidney transplantation. 
The six complement genes identified as suscepti-
bility factors for aHUS (CFH, CFI, MCP, C3, 
CFB and THBD) should be analysed by direct 
sequencing or next generation sequencing analy-
sis. Multiplex ligation dependent probe amplifi-
cation (MLPA) is required to detect hybrid CFH 
genes (5% of patients) and copy number varia-
tions in CFH and CFH Related (CFHR) protein 
genes. Because of the frequency of combined 
mutations indicated above, all six genes should 
be screened for mutations in all patients. 
Screening for DGKE mutations should be per-
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formed in children with onset of aHUS before the 
age of 1–2 years and maybe in older children if 
further reports indicate DGKE mutation- 
associated HUS may occur later in life. Sequence 
variants in complement genes have been identi-
fied in 5 of 13 patients with anti-FH antibody—
associated HUS in one series [128], but none of 
26 patients in another series [62]. Genetic analy-
ses even when anti-FH antibodies are present 
may be justified. If the patient has anti-FH anti-
bodies and a mutation, treatment should be 
decided according to the antibody titer and the 
functional consequences of the mutation [103]. 
Next-generation sequencing analysis allows the 
simultaneous study of all potentially relevant 
genes and should reduce the turnaround time for 
results and the cost of genetic analysis. Exome 
sequencing, which was successfully used to iden-
tify DGKE mutations [45], is still limited to 
research laboratories.

 Rare Coding Variants in the CFH Gene
The role of CFH in aHUS was first suggested 
more than 40 years ago (Fig. 22.4). A decrease of 
plasma C3 level was first reported in 1973 in five 
patients with severe HUS [33] and low FH plasma 
levels were first reported in 1981 in a 8-month- 
old boy with HUS [34]. However, it is only in 
1998 that Warwicker et al., by linkage analysis, 
could establish the link between aHUS and the 
Regulators of Complement Activation (RCA) 
region in chromosome 1q32, and the presence of 
mutations in CFH, mainly in the SCR 20, despite 
normal plasma levels of FH and C3 [37] .

During the last 15 years, at least 90 different 
rare variants of CFH with minor allele frequen-
cies (MAF) <0.1% including missense or non-
sense variants, short deletions or insertions, 
located everywhere in the gene, have been identi-
fied and referenced in the FH aHUS mutation 
database. The type I mutations, which induce a 
quantitative deficiency of the FH protein (low FH 
plasma levels), are located everywhere in the 
gene. By contrast, the mutations which induce a 
decreased ability of FH to bind to endothelial 
cells-bound C3b while plasma levels of FH are 
normal (namely type II mutations), are mostly 

located in SCR 20 (Fig. 22.3). More than 90% of 
reported mutations have been heterozygous and 
plasma C3 levels are decreased in approximately 
50% of patients [2, 5, 45, 58, 65]. Less than 20 
children (2–4% of reported children with aHUS), 
mostly from consanguineous families, carried a 
CFH homozygous variant or two heterozygous 
variants leading to complete FH deficiency, with 
permanently very low C3 levels. CFH pathogenic 
variants are the most common among aHUS 
patients, accounting for 20–30% of all aHUS 
cases in registries from the United States and 
Europe [1, 3–5] (Table 22.3).

The CFH gene is in close proximity to genes 
encoding for the five CFHR proteins that are 
thought to have arisen from several large genomic 
duplications. All CFHRs share a high degree of 
homology, which makes the region particularly 
prone to genomic rearrangement. The C-terminal 
SCR domains of CFHR1 proteins show a high 
level of amino acid sequence identity to the 
C-terminal recognition region of FH, represent-
ing the central combined cell surface anchoring- 
and C3b recognition region of FH. Using MLPA, 
genetic rearrangements between CFHR1 and FH, 
which result in a hybrid CFH/CFHR1 gene lead-
ing to the formation of hybrid CFH/CFHR1 pro-
tein have been reported in several unrelated 
aHUS patients from distinct geographic origins 
[129–132]. Two types of factor H/CFHR1 hybrid 
proteins have been described. One hybrid protein 
comprises the first 18 SCRs of FH linked to the 
C-terminal two SCRs of CFHR1. The second 
fusion protein has the first 19 SCRs of FH linked 
to SCR5 of CFHR1. Both hybrid factor H/
CFHR1 proteins differ from their native 
C-terminal FH domain 20 by two amino acids 
only, at positions S1191L and V1197A [132]. 
They lack proper FH cell binding and protection 
from complement and are directly implicated in 
the disease pathogenesis [132].

Conversely, two types of hybrid CFHR1/CFH 
genes that encode a fusion protein with the first 
three short consensus repeats (SCRs) of FHR1 
and the last two SCRs of FH or with the first four 
SCRs of FHR1 and the terminal SCR20 of FH 
have been identified in aHUS patients. Functional 
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Table 22.3 Frequency of complement and DGKE abnormalities in children and adults with atypical hemolytic uremic 
syndrome in four cohorts from Europe and the USA

[2] [5]a [4] [3]
Total Children Adults Total Children Adults Children Children + adults

Number of patients 256 152 104 214 89 125 45 I44
CFH mutation, % 25.3 15.6 25 37.5 11.3 32 11 27
Homozygous 4.2 – – 1.8 4.4 0 –
Heterozygous 21.1 – – 25.7 16.8 32 –
MCP mutation, % 7 9.2 3.8 9.3 13.5 6.4 9 5
Homozygous – – – 2.8 5.6 0.8 – –
Heterozygous – – – 6.5 7.8 5.6 – –
CFI mutation, % 3.9 2.6 5.7 8.4 6.7 9.6 7 8
C3 mutation, % 4.6 3.9 5.7 8.4 7.8 8.8 9 2
CFB mutation, % 0.4 – – 1.4 1 2.4 4 4
Anti-CFH antibodies, % 3.1 3.9 1.9 6.5 11 3.2 13 –
THBD mutation, % 5 7.8 0.9 0 0 0 0 3
Combined mutations, % 3 – – 4.2 3.4 4.8 4 5.5
Complement-mediated HIS, % 52.3 53 43 65.7 64.7 67.2 55 46
DGKE mutation, % – – – 3.2 7.9 0 – –
No identified abnormality, % 47.7 47 57 31.1 27.4 32.8 45 54

CFB complement factor B; CFH complement factor H; CFI complement factor I; DGKE diacylglycerol kinase ε; MCP 
membrane cofactor protein (CD46); THBD thrombomodulin
% percentage of patients; − not documented
a  DGKE mutations were identified in seven children who were previously within the group with no complement muta-
tion identified [5]

studies revealed that the hybrid protein causes 
complement dysregulation at the cell surface by 
acting as a competitive antagonist of FH.

 Rare Coding Variants in the CFI Gene
To date more than 100 CFI distinct rare variants 
have been published, located everywhere in the 
gene. All but one variants are heterozygous [4]. 
CFI pathogenic variants induce a default of 
secretion of the mutant protein (de Jong) and less 
frequently disrupt its cofactor activity, with 
altered degradation of C3b in the fluid phase and 
on surfaces. However, 40% of CFI mutations 
have no identified functional consequences and 
their link with the disease remains unclear. 
Plasma C3 levels are below the normal range in 
approximately 50% of patients with CFI variants 
and FI levels are slightly decreased in 30% [5]. 
CFI rare variants account for 4–8% of aHUS 
cases [5].

 Rare Coding Variants in the MCP Gene
More than 100 distinct rare variants in MCP gene 
have been reported in cohorts of patients with 

aHUS.  Fifty percent of variants identified in 
MCP gene are splice site nonsense or frameshift 
variants. In the French aHUS cohort, one third of 
MCP mutations are homozygous and two-thirds 
are heterozygous [5]. Over 80% of the patho-
genic variants induce a reduction in MCP expres-
sion on granulocytes. Plasma C3 level is normal 
in patients with isolated MCP mutations [5].

 Rare Coding Variants in the C3 Gene
Screening the French aHUS cohort for mutations 
in the C3 gene led to the discovery of heterozy-
gous pathogenic variants including a recurrent 
C3 variant (p.R139W) in aHUS patients. 
Functional studies showed that the nucleotide 
change induces either a defect in the ability of C3 
to bind the regulatory proteins MCP and FH 
(indirect gain of function mutation) or an increase 
in the capacity of C3 to bind FB (direct gain of 
function mutation). In both cases, the genetic 
change induces enhanced C3bBb convertase for-
mation and complement activation on cell sur-
faces [133]. There are now at least 90 distinct C3 
mutations reported in hundreds of aHUS patients, 
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however few functional studies have been 
reported. It is estimated that ~2–10% of incident 
aHUS patients will carry a C3 pathogenic muta-
tion. The majority of these patients have persis-
tently low plasma C3 levels [43].

 Rare Coding Variants in the CFB Gene
Very few pathogenic variants of CFB with func-
tional consequences have been identified. 
Therefore, CFB mutations account for only 1–2% 
of aHUS patients (Table 22.3). Functional analy-
ses demonstrated that aHUS-associated CFB 
mutations are exclusively gain-of-function muta-
tions that result in enhanced formation of the 
C3bBb convertase [134, 135]. CFB-mutated 
patients exhibit a permanent activation of the 
alternative pathway with very low C3.

Out of 9 CFB rare variants characterized using 
functional in vitro assays, only 5 revealed a gain- 
of- function phenotype; the other variants are 
classified of undetermined significance [134].

 Combined Complement Gene 
Mutations
Only 8–10% of patients with mutations in CFH, 
C3, or CFB had combined mutations, whereas 
approximately 25% of patients with mutations in 
MCP or CFI had combined mutations [53].

 Mode of Inheritance and Penetrance
Twenty to 30% of patients have a familial history 
of aHUS. More frequently the disease is sporadic 
with only one case per family. However, de novo 
mutations are exceptional [135]. Among pedi-
grees with familial aHUS, transmission of the 
disease is autosomal recessive in cases with 
homozygous or compound heterozygous muta-
tions in CFH or MCP. Transmission is autosomal 
dominant in cases with a heterozygous mutation. 
Disease penetrance in family members who carry 
the heterozygous mutation has been evaluated to 
be approximately 50%, as only half of these sub-
jects develop the disease. This may be an over- 
estimate, due to the issue of reporting bias, since 
pedigrees with more that one affected individual 
are more likely to be studied than those with just 
one patient. The identified mutation therefore 

appears to be a risk factor for the disease rather 
than its direct and unique cause and aHUS has to 
be regarded as a complex polygenic disease 
which results from a combination of genetic risk 
factors. Homozygous haplotypes (defined by five 
frequent genetic variants transmitted in block) in 
CFH (at risk CFH tgtgt), MCP at risk (MCP 
ggaac) [136] and CFHR1*B allele [137] have 
been demonstrated to be more frequent in patients 
with aHUS than in controls. In addition, precipi-
tating events or triggers appear required for the 
disease to manifest in patients genetically at risk.

 Complement Alternative Pathway: 
From Gene Change to TMA Lesion
Mutations in the genes CFH, MCP and CFI 
impair the mechanisms that regulate AP activa-
tion and gain of function variants in C3 and CFB 
increase AP activation. Whatever the pathogenic 
variants identified, endothelial cells are no longer 
protected from complement activation [138, 
139]. The increased production of MAC at the 
endothelial cell surface induces alterations of 
these cells, which become procoagulant by pro-
ducing high molecular weight multimers of von 
Willebrand Factor, thus triggering the formation 
of thrombi [140–142]. In addition, complement 
activation at the surface of platelets triggers 
platelet activation and aggregation and this con-
tributes to the formation of thrombi within the 
microcirculation [143]. This physiopathological 
model is corroborated by transgenic animal mod-
els. Mice which express a FH variant lacking the 
C-terminal 16–20 domain responsible for the 
interaction of FH with C3b and the endothelium 
develop HUS similar to the human disease [144].

 Variants of Unknown Significance 
in Complement Genes: Disease 
Relevant or Benign?
Over the coming decade, the challenge will be to 
optimize and to implement at scale, strategies 
that use human genetics to further the under-
standing of disease, and to maximize the clinical 
benefit of those discoveries. The modern genetic 
screening test to identify genetic abnormality in 
aHUS patients includes next generation sequenc-
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ing (NGS) with at least a panel of 5 genes (CFH, 
CFI, MCP, C3 and CFB), Sanger sequencing and 
MLPA with an interpretation of the clinical 
consequences.

Not all detected complement gene variants 
have clinically relevant consequences. The stan-
dards and guidelines published in 2015 by the 
American College of Medical Genetics (ACMG) 
lay out an extensive framework of evidence for 
interpretation of sequence variants, including 
guidance for using population data and computa-
tional and predictive tools. The variants are clas-
sified along a gradient ranging from those that 
almost certainly have a pathogenic role to those 
that are very likely benign. However functional 
characterization of aHUS associated FH variants 
reveals limitations of routinely used variant clas-
sification methods. Access to resources that cata-
logue genetic variation across populations (such 
as gnomAD) has enabled the confident exclusion 
of genetic variants too common in population- 
level data to be plausible causes of rare diseases. 
As a general rule, variants with a MAF <0.1% 
might be considered relevant for the pathogene-
sis of aHUS or other complement-mediated 
disorders.

In 2021 this rule cannot be applied for variants 
in the complement genes. Genetic data are 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 MAFs of 
<0.1% are present in 3.7% of healthy individuals 
and pathogenic variants can be found in 1% of 
samples of DNA from healthy blood donors. 
Only 9 out the 15 genetic changes in CFB identi-
fied in patients with aHUS led to functional activ-
ity changes compared to the wild-type protein 
[134]. Furthermore, only 29 of 79 rare variants in 
the CFH gene with a MAF <0.1% that have been 
identified in patients with aHUS are classified as 
pathogenic based upon the demonstration that 
they impair CFH regulatory activity [145]. The 
classification of complement gene variants relies 
on tools that help predict the potential pathoge-
nicity of a variant [146].

In clinical practice, analysis of functional 
alterations in complement proteins takes into 
account the level of expression of the encoded 
protein (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 and prediction of 
the pathogenicity of a variant based on functional 
domains) and in silico analyses. Establishing a 
causal relationship is difficult with the lack of 
experimental data. According to ACMG guide-
lines, more frequently the variants have only 
moderate evidence for pathogenicity and the 
variant will be classified as a variant of undeter-
mined significance VUS). The current classifica-
tion of complement gene variants is not optimal 
and the clinical relevance of individual variants 
should therefore be regularly re-evaluated.

In summary, not all detected gene variants 
have clinically relevant consequences. In prac-
tice, where a VUS is found in a complement gene 
of a patient with aHUS, it is important that other 
causes of a TMA are still excluded, rather than 
attributing causality. In addition, it is important 
not to screen family members for the presence of 
a VUS, since this could attribute risk where none 
exists or conversely, falsely reassure when risk 
still exists.

 Genetic Abnormalities in Genes Not 
Related to Complement

Diacylglycerol Kinase ε Mutations
Diacylglycerol kinase ε (DGKε) is an intracellu-
lar lipid kinase highly expressed in glomerular 
capillaries, podocytes and platelets of healthy 
mice and humans. DGKs are enzymes that phos-
phorylate diacylglycerol molecules to phospha-
tidic acid. Using exome sequencing, deficiency in 
DGKε was established as a novel cause of 
 pediatric onset aHUS in 2013 [45]. Subsequent to 
the first publication of 13 aHUS children from 9 
kindreds, 6 new cases from 4 kindreds have been 
identified [58, 59], followed by a third cohort 
with clinical information on 15 patients based on 
data from the UK National Renal Complement 
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Therapeutics Centre including patients from UK, 
United Arab Emirates and New Zealand [46]. 
This cohort also established the presumed preva-
lence and incidence of DGKε-aHUS in the UK 
population at 0.009 per million per year, when 
the incidence rate of complement-mediated 
aHUS was 0.47 per million per year [46]. The 
phenotypic spectrum and outcome of DGKE dis-
ease was reviewed by Azukaitis et al. in a global 
cohort of 44 (including 10 previously unpub-
lished) cases [60].

Transmission of DGKε mutations follows an 
autosomal recessive pattern and all patients 
reported to date carry homozygous or compound 
heterozygous nonsense, splice site or frameshift 
mutations. A likely explanation for the pathogen-
esis of DGKε mutations is that the loss of DGKε 
enhances protein kinase C activation in endothe-
lial cells, platelets and podocytes, which may 
result in upregulation of prothrombic factors and 
platelet activation and altered podocyte function 
[45, 147]. However, the pathophysiological 
mechanisms of DGKε nephropathy have not yet 
been fully understood.

The aHUS relapses are clustered in early life 
and appear to be less prevalent later. In addition 
to presentation with aHUS, patients carrying 
DGKε mutations can also present with protein-
uria without aHUS or steroid resistant nephrotic 
syndrome with MPGN pattern on biopsy. The 
symptoms can overlap in individuals, when in 
early life patients present with nephrotic range 
proteinuria and relapsing course of aHUS pro-
gressing further to chronic kidney disease (CKD) 
later in life with proteinuria, microscopic hema-
turia and hypertension. Neither the UK nor the 
global cohort found predictors that increase the 
risk of reaching end stage kidney disease or evi-
dence of a significant role for complement activa-
tion on progression and relapses of DGKε-aHUS 
[46, 60]. These resolve regardless of therapy 
including complement blockade by eculizumab. 
Moreover, there were aHUS episodes or relapses 
during treatment with complement blocking ther-
apy. Therefore, complement blocking therapy is 
probably not beneficial in this specific cohort of 
aHUS and patients should be managed support-

ively and in those already on eculizumab, with-
drawal should be considered. DGKE nephropathy 
appears to take a slowly progressive course; only 
20% of patients reach ESRD within 10 years of 
diagnosis [60]. There are no reports of DGKE 
nephropathy recurrence after transplantation (6 
transplant cases reported as of October 2019) 
[46, 60]; therefore, individuals who progress to 
end-stage kidney disease (ESKD) should undergo 
kidney transplantation without the need for pre- 
emptive eculizumab [46, 60].

Cobalamin C Metabolism Defect 
Related HUS
A defect in the remethylation pathway caused by 
cobalamin C deficiency can lead to a clinical pre-
sentation very similar to HUS. It can present ful-
minantly in the neonatal period or later in life. 
The triad of HUS is also accompanied by other 
metabolic symptoms like delayed development 
and growth, seizures, hypo or hypertension and 
leucopenia. The inheritance is autosomal reces-
sive, and it is usually caused by a defect in the 
MMCHC gene.

The major markers are elevated homocysteine 
and methylmalonic acid levels in plasma. Levels 
of homocysteine over 50 μM/L with normal lev-
els of vitamin B12 and folate are pathognomonic. 
TMA in cobalamin C deficiency is believed to be 
caused by the endothelial toxicity of high plasma 
homocysteine levels.

Treatment is by loading dose of intramuscular 
vitamin B12 (hydroxycobalamin) followed by 
lifelong supplementation [110, 121]. Although 
rare, Cblc deficiency should not be missed since 
the prognosis of undiagnosed patients is dismal, 
it can easily be treated once detected. Hence, 
plasma homocysteine should be included in the 
routine diagnostic panel of aHUS.

 Rare Variants in Genes with Debatable 
Clinical Relevance
Genetic defects in THBD, which encodes throm-
bomodulin, a protein that interconnects the coag-
ulation cascade and complement system, have 
been suggested to contribute to the pathogenesis 
of aHUS. Few mutations in THBD affecting the 
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functions of the protein have been identified to 
date, with a frequency varying from 0 to 5% of all 
aHUS cases [2, 3, 44] (Table  22.3). Burden or 
aggregate association tests, in which all rare vari-
ants affecting the same gene are combined into 
one test, are used to increase the statistical power 
for rare variant association. Although rare vari-
ants in THBD have been reported in 41 patients 
with aHUS, their frequency is not significantly 
higher in these patients than in controls the gen-
eral population [148]. Therefore, the link of 
THBD with aHUS remains debatable.

The potential clinical relevance of rare vari-
ants in genes such as PLG (which encodes plas-
minogen) [149], INF2 (which encodes inverted 
formin 2) [150], VTN (which encodes vitronec-
tin) [148] and CLU (which encodes clusterin) 
[151] identified in patients presented with some 
features of HUS warrant further assessment.

 Acquired Complement Abnormalities 
in Atypical HUS

 Anti-factor H Autoantibodies
Anti-factor H (anti-FH) autoantibodies are iden-
tified in 5–11% in European aHUS cohorts and in 
about 20% in Asian aHUS cohorts [65, 76, 79]. 
Interestingly, they are identified in more than 
56% cases from India [80]. A Czech cohort 
showed a rather outlying large proportion of anti 
FH antibodies in comparison to other European 
cohorts of aHUS at 61% which could be due to 
small sample size and sampling method [67].

Anti-factor H autoantibodies associated HUS 
(anti-FH HUS) usually manifests later than 
genetic types of aHUS caused by factor H muta-
tions, usually between 5 and 15 years of age [77]. 
An international aHUS registry reported a median 
of age of 13.1 (6.1–31.3) years at presentation 
[81] for this group of patients. However, the 
youngest reported aHUS patient with anti-FH 
antibodies identified was younger than 1 year and 
the oldest reported patient was over 75 years old. 
Most of the published series show a slightly 
higher prevalence of anti-FH HUS in males.

Anti-FH antibodies bind mostly to SCR 19 
and 20 of FH but also to other epitopes of FH 
and thus inhibit the majority of regulatory func-
tions of FH at cell surfaces [153]. Plasma C3 
level is decreased in 40–60% of patients with 
anti-FH antibodies during the acute phase, while 
FH levels are decreased in only approximately 
20% of patients [62]. C3 levels are significantly 
lower in patients with very high anti-FH anti-
body titer.

Ninety percent of patients with anti-FH anti-
bodies have a complete deficiency of CFHR1 and 
CFHR3 due to a homozygous deletion of 
CFHR1-R3, a polymorphism carried by 2–9% of 
European, 16% of African and ≤2% of Chinese 
healthy controls [128, 154]. The reason why indi-
viduals with CFHR1-R3 deletion develop anti-
 FH antibodies is uncertain. The current theory 
linking the deletion in CFHR1 with the genera-
tion of antibodies is based upon the interaction of 
the FH protein that is used by pathogens for 
immune evasion. In individuals with CFHR1 
gene deletion, CFHR1 protein is recognized as 
foreign by their immune system. When a CFHR1- 
deficient individual is infected by an organism 
that can bind CFHR1, CFHR3 and FH proteins, 
the FH protein is changed by the infectious 
organism to resemble CFHR1 and host immunity 
mounts a response, leading to production of anti-
 FH inhibiting FH, thus leading to endothelial 
dysfunction and symptoms of aHUS. This is cor-
roborated by structural differences found between 
CFHR1 and FH [155].

Fujisawa et al. described three aHUS patients 
where anti-FH antibodies affected platelets 
directly [82]. Washed platelets aggregated more 
when in contact with plasma from these patients 
compared to plasma from healthy controls or 
from aHUS patients with complement genetic 
variants.

 Anti-factor I Antibodies
Two cases of anti-FI antibody-associated HUS 
have been reported to date [156]. The clinical 
 relevance of these antibodies is difficult to estab-
lish, also given their extreme rarity.
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 Outcome of Atypical HUS Prior 
to the Availability of C5 Inhibition 
Therapy

In the era before eculizumab became available 
the death rate in children with aHUS was 8% [5], 
9% [4] and 14% [2] in three pediatric series at 
average follow-up times of 3.8, 7.5 and 3 years, 
respectively. Most deaths occurred in children 
less than 1 year of age and at first episode or dur-
ing the first year after onset. Approximately 20% 
of children progressed to ESKD or died at first 
episode or within <1  month after onset, 30% 
within 1 year and 40% at 5 years follow-up. The 
most severe outcome was in children with CFH 
mutations, of whom one third progressed to 
ESKD or died at first episode, half at 1 year and 
two thirds at 5 years follow-up. The prognosis of 
CFI and C3 mutation-associated HUS was hardly 
less severe than that of CFH mutation-associated 
HUS. MCP mutation-associated HUS in children 
had the best prognosis, with an ESKD risk of 
25% at median follow-up of 18 years. aHUS in 
children with no complement mutation identified 
also had a relatively favorable outcome [5].

Lastly, the outcome of anti-FH antibodies 
associated HUS was poor when treatment was 
limited to PE, including death in 10% of patients, 
CKD in 40% and ESKD in one third at mean 
follow-up 39 months [62, 152]. Early treatment 
with a combination of PE, corticosteroids and 
immunosuppressants allowed a more favorable 
outcome, similar to that of MCP mutation—asso-
ciated HUS [5, 64].

Less than 10% of children with DGKE-aHUS 
progress to ESKD in the first year after onset, but 
patients with this form of aHUS develop protein-
uria and nephrotic syndrome, severe hyperten-
sion and progress to CKD stages 4–5 (eGFR 
15–29  mL/min/1.73  m2 or ESKD) between the 
age of 20 and 25 years [45, 46, 60].

In the pre-eculizumab era, several series sug-
gested that approximately half of children with 
aHUS experienced relapses [4, 5]. Among chil-
dren who had not died or reached ESKD at first 
episode or at 1 year follow-up, 25% had relapses 
during the first year and 47% after the first year. 

However, a high relapse rate after the first year 
was mostly in patients with DGKE (83% during 
the first year, 50% up to 5 years) or MCP muta-
tions (25% during the first year, 92% after the 
first year), while relapse rate after the first year 
was 20–30% in other genetic subgroups [5, 45, 
46, 60]. Despite this risk of relapses in the long 
term, MCP mutation-associated HUS has the 
best prognosis in children, as indicated above. 
Last, anti-FH HUS had a relapsing course in two 
third of patients when untreated or treated only 
with PE/PI [62, 65], which was reduced to 
approximately 10% by early treatment combin-
ing PE + immunosuppressants + corticosteroids 
[5, 64].

 Treatment of Atypical HUS Prior 
to the Availability of C5 Inhibition 
Therapy

 Plasma Therapy

PE (or PI when PE was not possible) was first 
line treatment for aHUS until recent year [12] 
Approximately 15 case reports, mostly in chil-
dren with CFH mutation, showed that early, 
intensive plasmatherapy, followed by mainte-
nance PE/PI, could prevent relapses and preserve 
kidney function at follow-up up to 6 years [8, 9, 
157]. However, although plasmatherapy was 
associated with complete or partial remission 
(hematologic remission with kidney sequels) in 
approximately 80% of aHUS episodes in chil-
dren, half of them had died or reached ESKD at 
3 years follow-up [2]. In addition, plasmatherapy 
carried significant morbidity. An audit of compli-
cations in children receiving PE for aHUS 
revealed 31% developed catheter-related compli-
cations (including infection, thrombosis and 
hemorrhage) and 11% developed plasma hyper-
sensitivity [13]. The benefit of PE/PI is uncertain 
in DGKE mutation-associated HUS, as protein-
uria, the main marker of a progressing course in 
DGKE mutation–associated HUS, persisted in 9 
of the 12 patients who received plasmatherapy 
[45, 46, 60].
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 Kidney Transplantation

The risk of post-transplant recurrence of aHUS 
was 60% in the pre-complement blockade era [2, 
104]. Forty percent of recurrences occurred dur-
ing the first month after transplantation and 70% 
during the first year. Graft survival was 30% at 
5  years follow-up in patients with recurrence, 
compared to 68% in those without recurrence 
[104]. Eighty percent of patients who had lost a 
prior graft from recurrence had recurrence after 
retransplantation. The main independent risk 
factor for recurrence was the presence of a com-
plement mutation. The highest risk (approxi-
mately 80%) was in patients with CFH and C3 
or CFB gain of function mutation, the risk in 
patients with CFI mutation was approximately 
50% and patients with no complement mutation 
identified had the lowest risk (approximately 
20%) [104]. The risk of post-transplant recur-
rence in patients with MCP mutation has been 
shown to be low (<10%) if the mutation is iso-
lated (the graft brings the non-mutated MCP 
protein), while it is approximately 30% if the 
MCP mutation is associated with a mutation in 
CFH, CFI or C3 [53]. No post-transplant recur-
rence was observed in four patients with DGKE 
mutations [45, 46, 60]. The risk is low in anti-FH 
HUS if the antibody titer is low at the time of 
transplantation, while substantial if elevated [62, 
65, 66] [128, 158]. One patient with THBD 
mutation has been reported to have had post-
transplant recurrence [159].

This shows that genetic screening is necessary 
before listing a patient for kidney transplantation 
to predict the risk of post-transplant recurrence 
and guide decisions for the choice of the donor 
and the prevention of recurrence.

PE/PI for post-transplant recurrence gener-
ally failed to avoid graft loss [2, 104]. Therefore, 
prophylactic PE/PI was recommended [160]. 
The efficacy of this strategy is poorly docu-
mented. However, graft survival rate free of 
recurrence was significantly higher in nine 
patients who received prophylactic PE/PI than 
in 62 patients without prophylactic PE/PI [104]. 
Interestingly, calcineurin inhibitors (CNI) did 
not significantly increase the risk of recurrence 
in a recent series, while mTOR inhibitor use 

was an independent significant risk factor for 
recurrence, possibly related to the anti-VEGF 
(vascular endothelium growth factor) action of 
these drugs [104]. The current consensus is that 
aHUS is not per se a contraindication to 
CNI. Strict monitoring of blood levels and over-
dosage avoidance is recommended, while CNI-
free mTOR based immunosuppressive regimens 
should be avoided [161].

 Treatment Recommendations

During the initial manifestation of HUS, unless it 
is a relapse in a patient already know to carry a 
risk variant in genes associated to aHUS, diagno-
sis is challenging, and aHUS cannot be excluded 
purely on clinical grounds or complement mark-
ers. Children with suspected aHUS should ide-
ally be transferred to a children’s kidney center 
capable of kidney replacement therapy and inten-
sive care. In contrast to adults, and because the 
incidence of acquired TTP in children is very 
low, immediate PE whilst awaiting ADAMTS13 
results is not routinely recommended. Children 
in whom complement driven aHUS is strongly 
suspected or proven should receive eculizumab 
(see below) as first line treatment, to avoid PE 
and the complications of central catheters [103]. 
Confirmation of a complement mutation is not 
required for the decision of treatment initiation in 
such cases. As treatment delay may affect recov-
ery of kidney function, eculizumab treatment 
should be initiated as soon as possible, ideally 
within 24–48 h of onset or admission. In addition 
to targeted treatment with eculizumab, symptom-
atic care is based on general recommendations 
for AKI [162] and on consensus from observa-
tional studies. The cornerstone is appropriate 
fluid management, kidney replacement therapy in 
patients with high urea or unsafe electrolyte pro-
file and stopping of nephrotoxic drugs. Red blood 
cell transfusions should be given to patients who 
have symptoms of severe anemia or when 
 hemoglobin falls rapidly. Platelet transfusions 
are not advised unless patient has a life threating 
bleeding or requires invasive procedure like 
placement of vascular catheter for adequate 
dialysis.
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 Eculizumab

Eculizumab, a monoclonal humanized anti-C5 
antibody, prevents C5 cleavage and the formation 
of C5a and C5b-9, thus blocking the C5a pro- 
inflammatory and the C5b-9 pro-thrombotic con-
sequences of complement activation. It has been 
the accepted treatment of paroxysmal nocturnal 
hemoglobinuria (PNH), another complement 
dependent disease, for more than 15 years [163].

The rationale for treatment with complement 
C5 blockade was first proposed based on first 
two aHUS patients treated successfully with 
eculizumab in 2009 [164, 165], followed by 
plethora of successful cases [15, 85, 87, 89–91, 
166–170].

Four observational prospective single-arm 
non randomized multinational trials [14, 171, 

172] demonstrated the efficacy of eculizumab to 
stop the TMA process, allowing sustained remis-
sion of aHUS with improved or preserved kidney 
function in the majority of patients. One of these 
trials [172] specifically studied eculizumab in 
children with aHUS.  Figure  22.6 shows the 
remarkable efficacy of eculizumab in these 
patients. Data from the trials also suggested that 
an early switch from PE/PI to eculizumab or the 
use of eculizumab as first line therapy gave 
patients the best chance of full recovery of kidney 
function. Treatment was well tolerated, with no 
increase of adverse events over time. However, 
two of the 100 patients who entered these trials 
developed meningococcal meningitis. Eculi-
zumab is administered by intravenous infusion 
according to the weight-directed dose and sched-
ule shown in Table 22.4.

a b

Fig. 22.6 (a) Improvement in platelet count over 
27  weeks of eculizumab treatment in 22 children with 
aHUS.  N values <5 were not included. Bars represent 
standard error of the mean (SEM). (b) Improvement in 

estimated glomerular filtration rate (eGFR) over 27 weeks 
of eculizumab treatment. N values <5 were not included. 
Bars represent SEM.  Arrows denote administration of 
eculizumab

Table 22.4 Dosing of eculizumab based on European Medicines Agency: Summary of product characteristics Soliris, 
https://www.ema.europa.eu/en/documents/product- information/soliris- epar- product- information_en.pdf, February 2022

Initial dose Maintenance dose
Adult dosing schedule (intravenous 
infusion)

900 mg every week for first 
4 weeks

1200 mg at week 5 then 1200 mg every 
14 days

Paediatric dosing 
schedule according to 
body weight (intravenous 
infusion)

>40 kg Dose as per adult schedule Dose as per adult schedule
30–40 kg 600 mg every week for first 

2 weeks
900 mg at week 3 then 900 mg every 14 days

20–30 kg 600 mg every week for first 
2 weeks

600 mg at week 3 then 600 mg every 14 days

10–20 kg 600 mg first week only 300 mg at week 2 then 300 mg every 14 days
5–10 kg 300 mg first week only 300 mg at week 2 then 300 mg every 21 days
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Eculizumab is currently approved by both the 
Food and Drug Administration and the European 
Medicines Agency for the treatment of atypical 
HUS. The cost of the drug and the presumption 
that patients should receive lifelong treatment 
played a major role in approving the cover of the 
costs by healthcare systems. Access and funding 
are achievable in USA, Australia, United 
Kingdom and in most states of the European 
Union, with exception of Bulgaria and Romania. 
Other countries with availability include Israel 
and Japan. African and Asian countries, includ-
ing China and India, have no access to the drug. 
The availability generally corresponds to the 
countries’ economic position (apart from New 
Zealand where access is very limited).

 Ravulizumab

A second generation complement inhibitor, 
ravulizumab, has recently been developed by tar-
geted re-engineering of eculizumab. Two struc-
tural changes were incorporated, aimed at 
extending the terminal half-life. The first change 
enhanced the dissociation rate of the mAb:C5 
complex at pH 6.0, eliminating the target medi-
ated antibody clearance. The second change 
enhanced the affinity of the antibody to human 
neonatal Fc receptor [173].

Ravulizumab has not been directly compared 
to eculizumab in a clinical trial. However, effi-
cacy and safety were confirmed in a phase 3 
single- arm trial in adult patients (n  =  56) with 
aHUS naïve to complement inhibitor treatment 
[174]. Complete TMA response, defined as nor-
malization of platelet count and LDH and ≥25% 
improvement in serum creatinine, was achieved 
in 53.6% of patients in the 26 week study period. 
This lower response rate than reported within the 
eculizumab trials may have been due to broader 
eligibility criteria for recruitment (only 20.5% 
had genetic complement mutations or anti-FH 
identified compared with 76% in the equivalent 
eculizumab trial). There were no severe 
treatment- related events reported. Four deaths 
were reported, none of which were considered 
treatment-related by the study investigator [175].

Two trials tested the efficacy and safety of 
ravulizumab in children under 18 years of age 
with aHUS.  Fourteen of 18 complement- 
inhibitor naïve patients with aHUS (78%), 
achieved complete TMA response with ravuli-
zumab. Ten aHUS patients who were already 
receiving eculizumab, switched to ravulizumab 
for a period of 26  weeks without significant 
safety issues and showed unchanged kidney 
function and hematological remission of aHUS 
even after extended observation of one year. No 
unexpected adverse events, deaths, or meningo-
coccal infections occurred. There were not 
enough data to demonstrate the effectiveness of 
ravulizumab in children weighing less than 
10 kg [176, 177].

Taken together, these trials indicate that ravu-
lizumab, is effective for the long-term treatment 
of patients with aHUS.  Current evidence sug-
gests an acceptable safety profile, although 
longer- term surveillance will be required. The 
main risk of ravulizumab treatment is similar to 
that of eculizumab arising from the same princi-
ple of C5 blockade. Therefore, all patients must 
strictly adhere to the same prevention protocols 
against meningococcal infection as with eculi-
zumab. Dose and schedule information for ravu-
lizumab are shown in Table 22.5.

There are now two licensed treatments for 
patients with aHUS. Clinicians and patients now 
have a choice between short-acting and long- 
acting C5 inhibition. Since the diagnosis of aHUS 
is complex and not all patients initiated on C5 
inhibition will continue with long-term therapy, it 
may be an option to commence initial treatment 
with eculizumab, with a switch to long-acting 
therapy once a need for long-term treatment is 
established (Fig.  22.7). This approach would 
minimise the risk of prolonged C5 blockade for 
those in whom treatment is discontinued due to 
an alternative diagnosis (for example, a subse-
quent positive STEC result). However, com-
mencing with ravulizumab at time of initial 
presentation is also an option.

A subcutaneous ravulizumab formulation is 
currently undergoing evaluation in a phase 3 trial 
in adult patients with PNH [177] and may be a 
future option also for patients with aHUS.
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genetic testing ( aHUS associated genes and C5 polymorphism) 

relapse risk stratification
Initial workup (24-48h) 

eculizumab 
treatment 
initiation in 
24h for all 

aHUS 

Continue treatment with eculizumab 

*center specific decision on immunosuppression in FH antibodies  

Anti FH antibodies 
> 150 IU

eculizumab available

eculizumab access limited

Alternative 
diagnosis

TTP
STEC HUS
Pneumococcus 
associated HUS
Cobalamin C 
defect 

CD46/MCP 
expression 

Eculizumab not initiated

STOP when alternative 
dg confirmed

6 
months 
evaluati

on  

No 
response
ESKD 
DGKE

Anti FH antibodies 
> 150 IU

STOP
eculizumab

Low risk of 
relapse 
genetics 

Consider 
discontinuation 

High risk of 
relapse 
genetics 
kidney Tx 

Consider long 
term treatment 
and switch to 
ravulizumab 

Urgent 

Plasma 
exchange 

(24h)

5-7 days 

Induction 

1) Oral prednisolone
(1 mg/kg for 1 month)

2) i.v. cyclophosphamide 
500 mg/m2 q 4 weeks 3-
5 doses 
or i.v. rituximab 500 
mg/m2 q 7 days 2 doses 

Maintenance

1) Prednisolone
0.2-0.3 mg/kg 
alternate days for 1 
year 
2) MMF 500-700 
mg/m2/ day for 1 year

Supportive therapy 
in CKD4-5

Fig. 22.7 Recommended management approach when atypical HUS is suspected

Initial dose Maintenance dose
Adult dosing schedule 
(intravenous infusion)

≥40 to <60 kg 2400 mg loading dose followed by 
maintenance dose in 2 weeks

3000 mg every 8 weeks

≥60 to <100 kg 2700 mg loading dose followed by 
maintenance dose in 2 weeks

3300 mg every 8 weeks

≥100 kg 3000 mg loading dose followed by 
maintenance dose in 2 weeks

3600 mg every 8 weeks

Paediatric dosing schedule 
according to body weight 
(intravenous infusion)

>40 kg Dose as per adult schedule Dose as per adult 
schedule

30–40 kg 1200 mg loading dose followed by 
maintenance dose in 2 weeks

2700 mg every 8 weeks

20–30 kg 900 mg loading dose followed by 
maintenance dose in 2 weeks

2100 mg every 8 weeks

10–20 kg 600 mg loading dose followed by 
maintenance dose in 2 weeks

600 mg every 4 weeks

Table 22.5 Dosing of ravulizumab based on European Medicines Agency: Summary of product characteristics Ultomiris, 
https://www.ema.europa.eu/en/documents/product- information/ultomiris- epar- product- information_en.pdf, February 2022

 Risk of Meningococcal Infection 
on C5 Inhibition Therapy and Its 
Prevention

The host defense against Neisseria meningitis 
depends on the lytic terminal complement com-
plex C5b-9. The incidence of meningococcal 
infections in patients with hereditary complete 
deficiency of terminal complement factors is 

0.5% per year, corresponding to a 1000 to 
 2000- fold relative risk increase compared to the 
normal population [178]. Patients undergoing 
eculizumab or ravulizumab treatment have the 
same risk as these patients. Therefore, preven-
tion of meningococcal infection is crucial, rely-
ing on vaccination and antibiotic prophylaxis. 
Tetravalent conjugated vaccines protect against 
serogroups A, C, W135 and Y.  Polysaccharide 
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vaccines against serogroup B are also available 
and recommended for all patients receiving 
eculizumab.

The frequency of invasive meningococcal 
infection has been approximately 0.5/100 patient 
years in patients with PNH treated with eculi-
zumab, despite meningococcal vaccination (not 
anti-B) [179].

Two of the 100 aHUS patients treated within 
trial protocols and one among approximately 80 
case reports developed invasive meningococcal 
infection despite being vaccinated [180]. The 
more recent analysis of eculizumab safety from 
the Global Atypical HUS registry showed menin-
gococcal infection in two adult cases (0.17 per 
100 patients years) and one pediatric patient 
(0.11  in 100 patient years) out of 1321 patients 
ever treated with eculizumab. Two patients recov-
ered completely, and one case was fatal [181].

Whilst long-term antibiotic prophylaxis for 
patients on C5 inhibition is not mandated by the 
manufacturer, many clinicians add this to their 
patients’ treatment (phenoxymethylpenicillin or 
erythromycin if penicillin allergic). This is 
strongly recommended for children and in some 
countries, this is obligatory [103]. Neither vac-
cines nor antibiotic prophylaxis guarantee full 
protection, hence the importance of patient and 
family education on signs of meningococcal 
infection and the provision of alert cards to be 
carried by the patient or their caregiver to present 
to their health care provider when unwell, in 
order to minimize delay in recognition.

 Treatment of Anti-factor H Antibody 
Associated HUS

The first large series of patients with anti-FH 
HUS (treated mostly with PE without immuno-
suppressants) suggested that many of these 
patients suffer a relapsing course, leading to end 
stage kidney disease [62]. A much more favor-
able outcome, similar to that of MCP mutation- 
associated HUS, has been reported in children 
with this form of HUS, treated early with PE, 
immunosuppressants and corticosteroids [5].

The largest experience with the approach to 
decrease anti-FH antibodies with immunosup-
pressive treatment comes from India, where 
55.8% of their 781 aHUS patients presented with 
anti-FH antibodies [66].

Combined Plasma exchange (PE) and immu-
nosuppression improved long-term outcomes 
(HR 0.37; P = 0.026); maintenance therapy with 
corticosteroids and MMF reduced the relapse 
risk (HR 0.11; P < 0.001) [66].

Maintenance treatment with corticosteroids 
and mycophenolate mofetil (MMF) or azathio-
prine significantly decreased the risk of relapses, 
from 87% to 46% at last follow-up [64, 157].

Eculizumab was documented as an effective 
treatment of HUS symptoms in anti-FH HUS in 
several cases [88, 182].

In a cohort of 17 patients with anti-CFH anti-
body associated aHUS, four patients were treated 
with first-line eculizumab rather than PE. Patients 
treated with eculizumab achieved remission in 
100% of cases, whereas treatment with PE and 
immunosuppression was associated with a poor 
rate of renal recovery in 7 of 11 treated. Therefore, 
treatment with eculizumab did not appear infe-
rior to PE and immunosuppression [183]. This 
gives patients and clinicians different treatment 
options with different adverse effect profiles—
broad immunosuppression with rituximab or 
cyclophosphamide, or more targeted treatment 
with eculizumab [103]. The National Renal 
Complement Therapeutics Centre in the UK rec-
ommends initial treatment with eculizumab for 
anti-FH HUS based upon a more favorable 
adverse effect profile .

 Global Variations in Atypical HUS 
Treatment Recommendations

Eculizumab has revolutionized the management 
of aHUS. The current best recommendations and 
guidelines are challenging to implement globally, 
particularly in resource-limited healthcare set-
tings due to the prohibitive cost of eculizumab 
and its successor ravulizumab. In response to 
this, the Indian Society of Pediatric Nephrology 
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have published consensus guidelines for coun-
tries lacking access to eculizumab and complex 
diagnostic facilities [157].

These pragmatic guidelines are mirroring the 
best recommendations from the pre-eculizumab 
era [64]. (See also Fig. 22.7).

They recommend treating aHUS where anti-
 FH antibodies are not suspected with prompt ini-
tiation of PE using fresh frozen plasma (The dose 
is recommended as 1.5 times of the plasma vol-
ume or 60–75  mL/kg) and repeated daily until 
hematological remission is achieved (platelets 
over 100  ×  109/L, schistocytes under 2% and 
LDH in normal range). The tapering follows after 
5 days of daily PE or when remission is achieved 
followed by alternate days PE and 2–3 weeks of 
twice a week PE.

In case of positive anti-FH antibodies, addi-
tional immunosuppression is administered, start-
ing with prednisolone 1 mg/kg daily for 4 weeks 
followed by alternate day dosing for another 
4  weeks and tapering down for 1  year. 
Cyclophosphamide (500 mg/m2 q 4 weeks, 3–5 
doses) or Rituximab (500 mg/m2 q 7 day, 2 doses) 
are given to further decrease the production of 
antibodies. Mycophenolate mofetil (500–
750  mg/m2/day) or azathioprine (1–2  mg/kg/
day) are used as additional long-term immuno-
suppression [157].

 C5 Inhibition Therapy Monitoring

Data from the prospective studies show that com-
plete complement blockade is obtained within 
1 h after the first dose of eculizumab and is main-
tained long-term in patients receiving the recom-
mended treatment schedule [184]. The role of 
assessment of complement blockade during rou-
tine use of eculizumab is uncertain. If there are 
features of inadequate disease control, this should 
be assessed. Incomplete blockade may be due to 
insufficient dose (especially in children with a 
weight just below a weight threshold requiring a 
higher dose) or heavy proteinuria with nephrotic 
syndrome (leakage of the drug in the urine). A 

genetic cause might also have to be considered in 
aHUS patients of Japanese or Asian origin with 
poor response to eculizumab and/or complement 
non-blockade, such as the C5 variant which 
impairs the binding of eculizumab to C5 [185]. 
For the long term, complement blockade assess-
ment is mostly required in cases of apparent 
resistance to eculizumab, including relapse of 
HUS but also isolated abnormalities in platelet 
count, LDH and/or haptoglobin levels, appear-
ance or increase of proteinuria or serum creati-
nine, especially if kidney biopsy suggests 
ongoing TMA.

Currently available assays of complement 
blockade under eculizumab are a CH50 or other 
hemolytic-based assays or the Wieslab 
Complement System [186]. Due to the site of 
action of eculizumab, low C3 levels as seen in 
some mutations are not expected to normalize 
under eculizumab, and this has been observed 
[125]. Soluble C5b-9 remains detectable or 
increased in aHUS patients under eculizumab 
and therefore cannot be recommended to monitor 
the efficacy of eculizumab [125, 187]. Most 
aHUS patients treated within the prospective tri-
als who received the protocol schedule had sup-
pression of CH50 activity and eculizumab trough 
levels ≥150 μg/ml [14]. However, the correlation 
between drug levels and complement activity in 
aHUS patients is not fully established and the 
availability of plasma eculizumab measurement 
is currently limited. An additional consideration 
is that hemolytic assay monitoring may be less 
accurate for ravulizumab than for eculizumab. 
One recent study showed that full inhibition of 
CH50 was not achieved despite high levels of 
ravulizumab present in plasma [188].

Some authors have reported using assays of 
hemolytic activity as a tool to lengthen the inter-
val between doses, in an attempt to reduce cost 
and infusion burden [189]. This approach is not 
recommended by the manufacturer. It has been 
recommended that increasing the interval 
between doses should be considered only in 
patients who maintain CH50 activity <10% 
despite longer intervals or lower doses [186].
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 Duration of C5 Inhibition Therapy 
in Children with aHUS in Their Native 
Kidneys

Lifelong treatment with inhibition of C5 for 
patients with aHUS has been the accepted para-
digm. However, there is no definitive evidence 
for persisting use. The recommendation of not 
stopping C5 blockade is being reconsidered for 
some patients with aHUS in their native kidneys 
based on estimating the risk of relapse by genetic 
testing.

Having a safe strategy for discontinuation of 
treatment would be beneficial not only for reduc-
ing the significant cost of the therapy but also for 
safety of the patients and the long-term quality of 
their life.

Even in the pre-eculizumab era, not all patients 
relapsed after successful PE.  A report of 214 
patients, of which 146 were treated with PE, 
showed that 42% of children were relapse free 
after 5 years of observation [5]. A Dutch cohort 
reported sustained remission in 25% of patients 
[4] and even a cohort of patients with aHUS with 
changes in the CFH gene had normalized kidney 
function in 22.5% [190]. Following several case 
reports and series of successful eculizumab dis-
continuation [170, 189, 191–193], more evidence 
to support the safety of eculizumab withdrawal 
appeared from larger studies. The report on this 
topic from the Global aHUS Registry showed 
that 33/151 (22%) patients experienced TMA 
recurrence, particularly in those with pathogenic 
variants in genes associated with aHUS or with a 
family history of aHUS. Eight percent then pro-
gressed to end-stage kidney disease and 5% 
required subsequent kidney transplant [194]. 
During an unprecedented event between 2016 
and 2019 when distribution of eculizumab supply 
was disrupted in Brazil, the effect of discontinua-
tion without stratifying patients based on genetic 
risk was demonstrated. There were 11 relapses in 
a cohort of 24 patients, of which 8 occurred in 
patients with a CFH gene variant [195].

A prospective, single-arm study conducted in 
France stopped eculizumab after at least 6 months 
of treatment in 55 patients of which 19 were chil-
dren and showed an overall aHUS relapse rate of 

23% (n = 13). Twenty-eight patients (51%) had 
rare variants in complement genes (MCP 
n = 12, CFH n = 6, CFI n = 6, FH antibodies, 
n = 4). Six out of 19 children (32%) relapsed 
[196]. All 13 patients who relapsed were carry-
ing a variant in genes associated with aHUS 
except one that was subsequently found to have 
hereditary ADAMTS13 deficiency (and therefore 
did not have aHUS). C5 blocking therapy was 
restarted in all 13 patients. Eleven returned to 
their baseline kidney function and two remained 
with decreased function, one progressing to 
ESKD.  Therefore, prompt identification of 
relapse in aHUS patients who stopped C5 block-
ing therapy seems to be crucial for preventing 
long term kidney damage [196].

The overall evidence suggests that patients 
with no mutation in known complement genes 
who achieve stable remission for at least 6 months 
are at low risk of relapse after stopping the treat-
ment. Patients with mutations relapse at much 
higher rate and in this situation C5 blocking ther-
apy must be restarted promptly to prevent loss of 
kidney function.

Further safety data for the withdrawal of C5 
inhibition in patients with aHUS are required, 
particularly for patients with mutations. An ongo-
ing trial of stopping eculizumab in patients with 
aHUS in UK (SETS, EudraCT Number: 
2017- 003916- 37) [197] aims to corroborate the 
current evidence for safe stopping. If all evidence 
supports safe withdrawal of C5 inhibition in 
patients with aHUS, the challenge for patients 
and clinicians will be to implement individual-
ized care plans to enable rapid detection of signs 
of relapse and facilitate immediate access to C5 
inhibition when a relapse occurs. Without this in 
place, there is a risk that aHUS will cause ESKD.

Current evidence suggests that eculizumab 
can be withdrawn in a significant proportion of 
patients and pragmatic recommendations can be 
drawn from the experience and protocols used in 
the described trials. The prerequisite is that 
patient has achieved remission of HUS with no 
signs of TMA, normalization of platelets, LDH 
and stable kidney function. The duration from 
initiation of treatment to its discontinuation is not 
established, yet the arbitrary duration of 6 months 
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chosen for the trials could be used as base recom-
mendation. Genetic testing and testing for anti-
 FH antibodies could help stratifying risk of 
possible relapse. Patients with no mutation and 
no anti-FH antibodies (or low titers) are at lowest 
risk of relapse. Patients with variants of unknown 
significance and those with pathogenic variants 
in CFI and CD46 are making a middle tier with 
slight risk of relapse. Patients with anti-FH anti-
bodies in high titres, pathogenic FH, FB and C3 
mutations are at highest risk and the discontinua-
tion of treatment can likely lead to relapse. Most 
of the relapses would occur in the first weeks 
after discontinuation and patients need to be 
reviewed frequently, ideally weekly, with testing 
eGFR and blood count to identify relapse quickly 
and restart the treatment.

Further lifelong specialist follow-up of 
patients who discontinued complement blocking 
treatment, their education and providing them 
with straight pathway for review and restarting 
treatment in case of possible relapse is essential 
part of the process. There is limited data on 
another try to stop in case of relapse and restart 
and it is likely these patients will need lifelong 
treatment, ideally with long-acting C5 comple-
ment blocker, ravulizumab.

Specific patient group are the patients after 
kidney transplant, where approach needs to be 
individualized, based on weighing the benefits of 
continuous or restrictive therapy.

 Kidney Transplantation for aHUS 
Patients Today

Complement blockade therapy has transformed 
the approach to kidney transplantation for aHUS 
patients and there are international consensus 
guidelines regarding the use of eculizumab in this 
situation (KDIGO 2017). The guidelines state:

 1. Kidney transplantation should be deferred 
until at least 6 months after the start of dialysis 
because limited kidney recovery may occur 
several months after starting eculizumab

 2. The decision to use anti-complement therapy 
during transplantation should be based upon 
recurrence risk

 (a) Those with a high risk (50–100%) of 
recurrence include patients with previous 
recurrence, pathogenic mutation or gain 
of function mutation. They should be 
treated with prophylactic eculizumab to 
start on the day of transplantation and to 
continue indefinitely

 (b) Those with moderate risk of recurrence 
include patients with no mutation identi-
fied, isolated CFI mutations, complement 
gene variants of unknown significance or 
persistently low titer anti-FH antibodies. 
They can be treated with prophylactic 
eculizumab or PE or without preventative 
strategy (left to the discretion of the 
clinician).

 (c) Those with low recurrence risk of recur-
rence (<10%) include isolated MCP 
mutation or persistently negative anti-FH 
antibodies. These patients do not require 
prophylactic treatment with PE or eculi-
zumab. NB with subsequent data, DGKE 
HUS can also be viewed as low recur-
rence risk [46].

 3. Living donor transplantation can be consid-
ered, with the decision relying on a careful 
assessment of the risk of aHUS in the donor 
after kidney donation. A risk assessment for 
potential living related donation requires full 
genetic screening of the recipient and the 
donor, leading to the following possible 
outcomes:

 (a) If the mutation found in the recipient is 
undeniably responsible for the occur-
rence of HUS (e.g., CFH mutation in C 
terminus SCR 19 or 20) and is not found 
in the donor, the risk of HUS is low for 
the donor and living-related donor trans-
plantation can proceed.

 (b) If the donor has the same mutation as the 
recipient, the risk of HUS is present for 
the donor and living-related donor trans-
plantation should not proceed.
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 (c) If the role of the variant found in the recip-
ient is uncertain (not reported in data-
bases, unknown functional consequences) 
the risk of HUS is intermediate for the 
donor, who may share with the recipient 
an unknown risk factor, and living- related 
donor transplantation is not advised.

 (d) If no mutation is identified in the recipi-
ent and the donor, the risk to the donor is 
not quantified. KDIGO advises that if 
there is no evidence of alternate comple-
ment pathway activation in the donor, 
donation is feasible.

In general, additional endothelial damaging 
factors should be avoided, such as delayed graft 
function (prolonged ischemia time, non-heart- 
beating donor), cytomegalovirus infection, high 
levels of CNI and the association of CNI + mTOR 
inhibitors and hypertension.

Prior to the availability of eculizumab, iso-
lated liver transplantation and combined liver- 
kidney transplantation were recognized 
treatment approaches for patients with muta-
tions in FH, C3 and FB (all synthesized in the 
liver). These had relatively high morbidity and 
mortality (for example, 20% of patients who 
received combined liver-kidney transplant for 
aHUS died) [103, 198, 199]. Eculizumab repre-
sents a safer treatment option, but liver trans-
plantation may still have a role when eculizumab 
is not available [161].

 Potential Future Therapies

Current therapies are limited to monoclonal anti-
bodies against C5. Numerous drugs that inhibit 
complement via different targets are undergoing 
clinical development, some of which may be 
suitable for use in aHUS. OMS721 (Narsoplimab) 
is a monoclonal antibody targeting mannan-
binding lectin associated serine protease-2, the 
effector enzyme of the lectin pathway of the 
complement system and is currently undergoing 
a phase 3 clinical trial in adult patients with 

aHUS (NCT03205995. LMP023 (Iptacopan) is 
an oral FB inhibitor also undergoing a phase 3 
clinical trial in adult patients with aHUS 
(NCT04889430) [102].

 Conclusion

The journey to an effective treatment for aHUS is 
a striking demonstration that understanding the 
pathophysiology of a disease opens the way to 
new therapies. The demonstration that aHUS was 
mostly a disease of complement dysregulation 
paralleled the development of the anti-C5 mono-
clonal antibody eculizumab. Prospective trials as 
well as off-label clinical experience confirmed 
the efficacy of complement blockade to prevent 
progression to ESKD in aHUS patients and 
allowed successful kidney transplantation in 
those on dialysis. This new era in the field of 
aHUS emphasizes the need for an etiology/
pathophysiology-based classification of the vari-
ous forms of TMAs. Hopefully, new discoveries 
will identify the etiology of the 30% of aHUS 
cases that remain unexplained today, and the 
aHUS denomination will then disappear.

An important current question is that of the 
duration of eculizumab treatment, and prospec-
tive studies are underway to define whether dis-
continuation can be considered, in which patients, 
and when. Should withdrawal be shown as feasi-
ble in some patients, this would decrease the bur-
den and risks of continuous treatment for patients, 
but also the cost for health care systems.

The addition of long acting ravulizumab to the 
treatment armamentarium for aHUS brings 
choices for patients and clinicians that may 
improve quality of life. Over the next decade, it is 
possible that further agents will be shown to be 
effective for the treatment of aHUS. Thus, future 
treatment of aHUS might comprise a decision 
about specific treatment and mode of delivery, 
followed by a decision regarding continuation or 
discontinuation of therapy with appropriate mon-
itoring. Such options were not imaginable by 
aHUS patients 20 years ago.
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