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Abstract
The nomenclature of atypical hemolytic
uremic syndrome (aHUS) has undergone
an evolution as rapid as the scientific under-
standing of the field during the last decade.
Identification of many underlying genetic
causes has increased understanding of the
major mechanisms of disease. These defects
principally, but not exclusively, involve the
alternative pathway of complement. Impor-
tant differences among the specific defects
have impact on disease management, and
clinical genetics plays a key role in that pro-
cess. Untreated, aHUS frequently leads to
end stage renal disease or death. Fortunately,
understanding the major disease mechanisms
has allowed development of effective treat-
ment options.

Keywords
Hemolytic uremic syndrome · Complement ·
Alternative pathway · Hemolytic anemia ·
Thrombocytopenia · Thrombotic
microangiopathy · Factor H · Eculizmuab ·
Plasmapheresis · Plasma exchange

Introduction

Hemolytic uremic syndrome (HUS) is form of
thrombotic microangiopathy (TMA) characterized
by microangiopathic hemolytic anemia, thrombo-
cytopenia, and organ injury. As understood from
“uremic” in its designation, the most common
organ to be injured by HUS is the kidney but
other organs are also frequently involved and in
fact sometimes the kidney is relatively spared. The
hemolytic anemia is characterized by intravas-
cular red blood cell fragmentation producing
schistocytes and by a parallel process leading
to thrombocytopenia which can be detected by

peripheral blood smear examination. Other forms
of TMA such as thrombotic thrombocytopenic
purpura (TTP) can present in a very similar clin-
ical manner, and these require careful consider-
ation as the underlying etiology of the process and
treatment may differ (Loirat et al. 2016; Nester
et al. 2015; George and Nester 2014).

The several types of TMA can be classified in
several ways, including by clinical syndrome, as
secondary to a coexisting disease or condition, or
related to certain infections (Fig. 1) (Loirat et al.
2016). The subjects of this chapter are those
forms of HUS in which specific genetic abnor-
malities predispose to HUS. Commonly referred
to as “atypical HUS (aHUS),” the majority of
identified individual cases are due to defects
that allow for increased activity in the alternative
pathway of complement. The typical form of
HUS, secondary to STEC infection, is discussed
in this chapter.

Epidemiology and Clinical and
Manifestations

Both typical and atypical HUS can present at
any age. Both will manifest the cardinal labora-
tory features of HUS (hemolytic anemia, throm-
bocytopenia, uremia) though the degree of each
is variable. Hypertension is very frequent in
both except when hemodynamic shock prevails.
Therefore, basic hematological and biochemical
evaluations as well as a careful physical exam-
ination with evaluation of blood pressure are
essential for diagnosis. Either typical or atypical
HUS can present with multisystem disease
involving the CNS, intestine, and other organs;
arteriolar and arterial thrombosis may result
from progressive microvascular disease and
cause large scale ischemia in any organ.
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Though exact figures are unclear, aHUS is
an “ultra-rare” disease, its incidence estimated
between 0.1 and 2 per million population (Loirat
and Fremeaux-Bacchi 2011). Re-emphasizing
that aHUS can occur at any age, the most frequent
age of onset is in very young children, usually
under age 2 years. Cumulatively, however, most
cases actually manifest in adulthood (Fremeaux-
Bacchi et al. 2013). While there is no predomi-
nance by sex in childhood, it has been reported
and widely accepted that adult cases occur in a
female:male ratio of 3:1 perhaps because preg-
nancy is a potent trigger in susceptible individuals
(Fremeaux-Bacchi et al. 2013; Greenbaum 2016).

Clinical features including disease occurring in
non-summer months, non-synchronous HUS in a
family member, recurrent disease, a prolonged
relapsing/remitting or indolent course of illness,
or onset prior to age 6 months are strongly sug-
gestive of aHUS. Diarrhea, or indeed any other
infectious trigger, is not an infrequent finding and
therefore the terminology “diarrhea positive” or
“diarrhea negative” to denote typical versus atyp-
ical HUS is no longer considered a useful
approach to classify this disease.

Unlike typical HUS, in cases of aHUS, the
platelet count may present at greater than 30 G/L,
and in some cases greater than 150 G/L. In fact,

up to 15–20% of cases have subclinical and
fluctuating or relapsing/remitting hematological
parameters over a prolonged period of time
such that the presenting sign may be unexpected
such as hypertension, proteinuria, or reduced
renal function. In some patients with disorders
of the AP of complement regulation, serum C3
or CH50 may be low, but these tests should not
be considered sensitive enough to diagnose or
exclude aHUS. Many patients have depressed
ADAMSTS13 concentrations, but generally not
to below 10% (which is characteristic of TTP).
One study has documented that these partial
deficiencies in aHUS patients are commonly
associated with genetic variation in the gene
encoding ADAMTS13, contributing to a per-
missive background to manifest TMA (Feng
et al. 2013).

Untreated, the outcomes of aHUS are histor-
ically poor, with the majority developing ESRD
and with significant mortality. Improved recog-
nition and treatment options developed recently,
and described below, have drastically changed
these outcomes for the better. While the pre-
senting episode remains potentially very severe
and some cases respond less, the majority of
patients can now expect to achieve remission
and preserved renal function.

Fig. 1 Basic diagnostic flow chart: TMA thrombotic
microangiopathy, TTP thrombotic thrombocytopenic pur-
pura, HUS hemolytic uremic syndrome, ST Shiga-toxin,

STEC ST enteropathogenic E. coli, DGKE diacylglycerol
kinase epsilon
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Pathological Findings of aHUS

Atypical HUS is characterized by glomerular
capillary wall thickening from endothelial cell
swelling and accumulation of material between
the endothelial cells and the basement mem-
brane. There is direct endothelial damage
resulting in capillary thrombosis from platelet
and fibrin thrombi occlusion. In the early stages
there is mesangial lysis that later is replaced by
sclerotic changes. Fibrin and fibrinogen deposits
form in the glomeruli, mesangium, and vessel
walls. Complement and immunoglobulin deposits
may also be found in the capillaries (Kavanagh
et al. 2013).

Extra-renal involvement may affect any
organ system, including the CNS, pancreas,
colon, and heart leading to severe clinical
sequelae in some cases (Hirt-Minkowski et al.
2010). There is essentially no discernable dif-
ference in histopathology between aHUS and
typical HUS.

Pathogenesis of aHUS

Disorders of the Alternative Pathway of
Complement

As noted, the majority of patients with aHUS
have a defect in the regulation of the alternative
pathway (AP) of complement. The complement
system forms part of the innate immunity
and consists of plasma proteins, membrane-
bound receptors, and membrane-deposited
components. These interact with one another
for a primary purpose of fighting infection,
particularly encapsulated bacteria such as
N. Meningitidis.

For the purpose of discussing aHUS, a dis-
cussion of complement must center on the AP.
There are three pathways for complement acti-
vation: the AP, the classical pathway triggered
largely by antibody, and the lectin pathway trig-
gered by molecules expressing mannose resi-
dues. These pathways converge and overlap,
principally at the level of the C3 convertases.
C3 convertases are formed in different ways by

each pathway but ultimately lead to activation
of C5 and onward to formation of the membrane
attack complex (MAC). This molecular assem-
bly mediates the toxic end action of the system
upon its target. Many so-called intermediates
generated as fragments during sequential pro-
teolytic activation of factors have important
function. For example C3a and C5a are potent
inflammatory mediators and C3b helps with
opsonization of pathogens and removal of
immune complexes (Murphy 2008; Noris and
Remuzzi 2013; Picard et al. 2015).

The AP is continuously active at low levels,
termed “tickover” which results from spontane-
ous hydrolysis of C3 by water and Factor B
(Fig. 2). Following an additional “triggering”
event (such as infection) the AP amplification
loop can increase the activity of this system
tremendously. This highlights the need for
tight regulation of the pathway to avoid promis-
cuous tissue injury by terminating the addi-
tional complement activity when it is no longer
required.

The initiated and spontaneous activation of
the complement system is controlled by regu-
lated proteins at different levels of the cascade
in order to limit the response and terminate the
process after the triggering event is resolved.
Many cases of aHUS (Table 1) result from
defects in these regulatory molecules or defects
in effector complement proteins that reduce
their ability to be regulated. In addition, there
is also interaction between the complement
system and the intrinsic coagulation/anti-
coagulation system and there are cases of
aHUS that stem from defects at the level of
this interaction (Table 1).

Noncomplement-Related Pathogenesis
of aHUS

Other genetic causes of aHUS are related to muta-
tion of diacylglycerol kinase epsilon (DGKE) and
deficiencies in Cobalamin C, discussed below.
The mechanisms by which these defects lead to
HUS is less clear than for the defects in the AP of
complement.
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Genetic Basis of aHUS

Genetic variants can be classified as benign, likely
benign, a variant of uncertain significance (VUS),
likely pathogenic, or pathogenic (Richards et al.
2015). Dysregulation of the AP was the first rec-
ognized and the most common etiology of aHUS;
in turn, genetic abnormalities affecting this path-
way were the first to be elucidated. Inactivating
(“loss-of-function”) mutation in genes encoding
for Complement Factor H, Factor I, and mem-
brane cofactor protein as well as activating
(“gain-of-function”) mutation in C3 and factor B
are all described and permit inappropriately
intense or prolonged activation of the APC.
In addition, acquired antibodies to complement
factor H are well described and cumulatively
account for a significant proportion of cases.
These are almost always linked to mutation in
CHFR proteins though the mechanism by which
these genetic changes lead to the production of

antibodies remains unclear (Durey et al. 2016;
Gurjar et al. 2018). Defects in thrombomodulin
also lead to abnormal AP activity. Mutations in
DGKE and deficient cobalamin C are also
reported but are quite infrequent (Berger 2016).
It is also relevant to note that while specific genes
are discussed separately, a certain proportion of
patients manifest more than one pathogenic muta-
tion, and a larger number of patients manifest
combinations of pathogenic mutation and permis-
sive common risk variants, and genetic alterations
of uncertain significance (Goodship et al. 2017;
Bresin et al. 2013). The above noted high fre-
quency of common risk variants of ADAMSTS13
encountered in patients with aHUS is a good
example of this issue (Feng et al. 2013).

Atypical HUS and C3 glomerulopathy have
much in common and their clinical presentations
can overlap. Over time, however, most cases are
defined as one or the other largely on the basis of
differing hematological parameters. Not surpris-
ingly, there is also overlap in the genetic drivers

Fig. 2 A simplified diagram of the AP of complement:
The AP pathway is normally active at a continuously low
level termed “tickover” and is amplified in the presence of
certain microbes and other triggers. The cascade undergoes
amplification at several points and leads to formation of the

membrane attack complex (MAC) as well as multiple
intermediates with anaphylactic and other activities in
the fluid phase as well as on native and exogenous cell
membranes. (Figure reproduced from Nester et al., “Atyp-
ical aHUS: State of the art” with permission).
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of disease in these two disease groups. This
remains a very active area of research, with recent
studies continuing to document both the similari-
ties and differences in the patterns of genetic
defects, their location within individual genes,
and how these in turn differentially affect comple-
ment regulation on surfaces, in fluid phase, and
with regard to binding sites (Osborne et al. 2018).

Gene Mutations in Complement
Regulatory Proteins (Nester et al.
2015; Loirat and Fremeaux-Bacchi
2011; Noris and Remuzzi 2013;
Kavanagh and Goodship 2010; Malina
et al. 2012)

Mutations in Factor H (FH)

Factor H is circulating serum protein produced
mainly in the liver, though also produced in quan-
titatively much smaller amounts by circulating
lymphocytes, monocytes, dendritic cells, and in
glomerular tissue on a “local” basis. It is formed of
20 short consensus repeat (SCR) domains, with an

N-terminal SCR that forms the regulatory domain
and a C-terminal SCR that forms the recognition
terminal. The N-terminal competes with Factor B
and accelerates the decay of the C3 convertase.
FH also acts as a cofactor for Factor I-mediated
inactivation of C3b. The gene encoding for FH is
located in the RCA (regulators of complement
activation) locus in chromosome in 1q32 and is
the most frequently mutated gene in aHUS, iden-
tified in ~25% of all cases and in 40% of familial
cases. Majority of the mutations are heterozygous
and are located in the exons encoding the C-ter-
minal domain of the protein. These mutations may
not result in a quantitative deficiency of factor H,
but instead normal levels of abnormal protein. In
other cases, such as stop or nonsense mutations,
FH levels may be drastically reduced.

Mutations in Factor I (FI)

Factor I is a regulatory plasma serine protease
also synthesized mainly in the liver. FH has a
modular structure consisting of a heavy chain
that contains two low density lipoprotein

Table 1 Complement related causes of aHUS

Location Name Function Effect of mutation

Plasma Factor H (FH) Binds C3b displacing Bb
Cofactor for FI

Loss of function

Factor I (FI) Cleaves C3b with FH, MCP, CR1 Loss of function

Factor B (FB) Key effector protein in AP Gain of function
Less susceptible to cleavage
and breakdown of C3
convertase

C3 Key effector protein in AP Gain of function
Less binding to MCP
Increased binding to FB

CFHR family FH like functions Loss of function
Hybrid proteins
Competitive binding with FH

FH antibodies Associated with autoimmunity found with
CFHR3-CFHR1 deletion

Binds FH
CFHR3-CFHR1 deletion also
found in 3% of healthy people

Membrane
Bound

Membrane
cofactor protein
(MCP)

Membrane protein that promotes C3b
inactivation

Loss of function

Thrombomodulin
(THBD)

Increases H cofactor activity
Activates (Thrombin activatable fibrinolysis
inhibitor) TAFI- mediated C3a and C5a
activation

Loss of function
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receptor domains, a CD5 domain, and a module
only found in FI and complement proteins C6
and C7. FI inactivates C3b to iC3b and this into
further fragments in the presence of cofactors
including FH, and complement receptor 1
(CR1), MCP or von Willebrand factor. The
gene encoding for FI is located on chromosome
4q25. Approximately 40 heterozygous mutations
in FI have been reported corresponding to about
12% of aHUS cases. Depending on the nature of
the mutation, plasma C3 concentration is
decreased in 20–30% and CFI concentration in
one third of affected individuals.

Mutations in Factor B (FB)

Factor B is a zymogen with a major role for
amplification of the alternative pathway. FB is
cleaved into factors Ba and Bb; and facilitates
binding of Bb with C3 to form the active C3
convertase. With its formation, C3 convertase
achieves a key threshold in the pathway of AP
activation; regulation (inactivation) of C3
convertase is promoted by decay accelerating fac-
tor, CRI, and FH. The gene encoding FB is located
in chromosome 6p21.3. Mutations in FB respon-
sible for aHUS result in a gain of function by
increasing the stability (and therefore activity)
of C3 convertase via resistance to decay.
FB mutations are uncommon, accounting only
up to 4% of aHUS cases. Affected individuals
have a permanent activation of AP with very low
C3 and normal or low FB concentration. It is
likely some of the mutations of FB in aHUS
patients are either not pathogenic or only permis-
sive, based on functional studies, acting in concert
with associated mutations in the few cases
reported (Osborne et al. 2018).

Mutations in Membrane Cofactor
Protein (MCP/CD46)

MCP is a membrane cofactor protein expressed by
most cells including leukocytes which serves as a
cofactor for FI to degrade C3b and C4b. The MCP
gene is located in within the RCA gene cluster

on chromosome 1q32 and account for up to 15%
of aHUS. MCP mutation is characterized by
decreased MCP cell surface expression and less
frequently the expression is normal but function-
ally inactive. Affected patients may present with
normal C3 levels but about 1/4 to 1/3 of cases do
have decreased levels; this often occurs when
another complement-related mutation coexists.
When MCP is defective, the most relevant cell
surface involved in aHUS is the endothelial lining
of the microvasculature of the kidneys. When
affected individuals undergo kidney transplant,
the graft and its endothelium is protected by
expression of its intrinsic MCP. While post-
transplant recurrence of aHUS is therefore
unlikely in cases due to MCP mutation (in the
absence of additional pathogenic defects in fluid-
phase proteins), it is believed that recipient vascu-
lar cells do migrate into the graft, rendering
the endothelium partially chimeric and variably
susceptible to the effects of deficient MCP
(Fremeaux-Bacchi et al. 2007).

C3 Mutations

C3 is abundant in plasma and its hydrolysis causes
activation of the AP leading to the generation of
C3 convertase. This reactions are regulated by
cofactors including FH and MCP increasing the
rate of dissociation of the convertase or serving as
cofactor for FI to cleave C3b. The gene encoding
for C3 is located on chromosome 19 and muta-
tions in this gene account up to 10% of aHUS.
In such cases, there is indirect gain of function
by decreasing the ability of C3 to bind to the
regulator MCP, with enhanced capacity of FB to
bind C3b, resulting in greater formation of C3
convertase. Such patients present with low C3
levels in 70–80% of cases.

Antibodies Against Complement
Factor H

Antibodies against FH (anti-FH) is an acquired
dysfunction of FH but in a sense may be consid-
ered a complement mutation because it is highly
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associated with rearrangements or deletions of
FH-related proteins (typically homozygosity
for delCFHR3-CFHR1) (Loirat and Fremeaux-
Bacchi 2014). Interestingly, the deletion itself
is not uncommon, found in up to 9% of healthy
individuals in several populations studied; the
mechanism leading to the association remains
unclear. Anti FH Ab accounts for approximately
5–10% of cases of aHUS.

Thrombomodulin Mutations

Thrombomodulin (THBD) is a transmembrane
glycoprotein expressed on vascular endothelial
cells. Interacting with both the coagulation
cascade and complement system, this protein
facilitates activation of protein C and enhances
thrombin-mediated activation of plasma pro-
carboxypeptidase B, which inactivates C3a and
C5a. THBD downregulates the AP by accelerat-
ing FI-mediated activation of C3b in the presence
of cofactors. THBD mutations result in decreased
function and account for 3% of cases of aHUS.

Noncomplement-Related Genetic
Causes of aHUS

DGKE Mutation

The DGKE gene encodes diacylglycerol kinase-
epsilon, an intracellular lipid kinase that phos-
phorylates diacylglycerol (DAG) to phosphatidic
acid. DGKE is expressed in endothelium, plate-
lets, and podocytes, and its mutation has been
associated with aHUS in infants.

It is believed that the mechanism stems
from loss of DGKE in endothelial cells, leading
to endothelial cell damage and death, with a
resulting microvascular prothrombotic conse-
quence (Nester et al. 2015; Vieira-Martins et al.
2016). DGKE mutation is particularly frequent
among infants (age < 1 year) with aHUS; it
accounts for 27% of sporadic cases and up to
50% of familial cases in that age group (Lemaire
et al. 2013). While patients do not respond to anti-
complement therapy, posttransplant recurrence

risk appears to be very low. Recently, as with
defects in the APC, the spectrum of renal disease
due to DGKE has been extended beyond aHUS
to include proliferative forms of GN, suggesting
heterogeneity of effects (Azukaitis et al. 2017).

Cobalamin Deficiency Associated HUS

Cobalamin C disease is caused by a mutation
in the gene encoding for the methylmalonic
aciduria and homocystinuria type C protein
(MMACHC). It is suggested that in Cobalamin
deficiency–associated TMA, the hyperhomo-
cysteinemia induces endothelial damage, leading
to platelet aggregation and an induced pro-
coagulant state with formation of microthrombi.
Affected patients most commonly present in the
newborn period with vomiting, poor sucking, fail-
ure to thrive, lethargy, hypotonia, and laboratory
features of HUS/TMA (Beck et al. 2017).

Diagnostic Approach

The age, clinical presentation, and baseline labo-
ratory should guide the diagnostic approach. It is
critical to rule out infectious etiology (STEC-HUS
or pneumonia-associated HUS) with bacterial and
stool cultures. Cobalamin deficiency should be
suspected in neonates and infants with supporting
systemic findings including homocystinuria and
methylmalonic aciduria. ADAMTS13 activity
below 10% is consistent with primary or acquired
TTP; testing for anti-ADAMTS13 antibodies can
be helpful but it is important not to rule out aHUS
with ADAMTS13 levels which are reduced, but
greater than 10%. In many cases, it will not be
clear whether a patient has typical HUS, aHUS, or
another type of TMA during the acute presenta-
tion of the illness; regardless, in such cases
empiric treatment must not be delayed pending
clarification. When possible, it behooves clini-
cians to save plasma from the acute (as yet
untreated) setting for future measurements that
may clarify the diagnosis.

In suspected aHUS, thorough evaluation of the
AP system is warranted. This can include plasma
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C3 which is widely available; measurement of
FH, FI, FB levels may also be done but as noted
earlier, normal levels do not rule out aHUS and
abnormal levels can be found in other conditions.
Assessment for antibodies to FH and genetic test-
ing, where available, should be performed for
affected individuals. While these results do not
inform initial diagnosis or guide acute therapy,
the findings may be important for longer-term
treatment, prognostication, and genetic counseling.

Treatment

Often, the first episode of aHUS an individual
experiences will require treatment while the
diagnosis remains suspected but not proven.
Typical HUS, TTP, and other conditions like
hemophagocytic syndromes, disseminated intra-
vascular coagulation, and acute hemolytic anemia
of other causes can remain in the differential diag-
nosis without impeding empiric treatment of
aHUS while further diagnostic testing continues.
Indeed, many of these conditions share some
common treatment approaches.

The treatment of aHUS requires an experi-
enced clinical team and supportive capacity typi-
cally available in tertiary care hospitals. The
potential for rapid AKI with need for dialysis, as
well as multiple organ pathology including CNS,
cardiac, pulmonary, and GI systems must be
respected. Untreated, the mortality rate and rate
of renal failure is very high. In the immediate
support of patients, red blood cell transfusion is
often required, while platelet transfusion is gener-
ally reserved for those about to undergo a proce-
dure with a high risk of bleeding, as there remains
a clinical perception, somewhat controversial, that
platelets may worsen the TMA by providing fur-
ther substrate to create microthrombi.

Plasma Therapy

Historically, this was considered first line treat-
ment; despite a lack of definitive studies, there
was considerable observational evidence of bene-
fit in many cases. Retrospective analysis supports

the fact that plasma exchange (PE) in patients with
aHUS can remove mutant FH, FI, FB, C3, and
anti-FH antibodies, while plasma product replace-
ment (in conjunction with PE or in isolation) can
restore more normal protein levels. Following its
definition as a cause of aHUS, patients with MCP
gene mutation proved exceptions to this necessity
with up to 90% of episodes resolving without the
need for such treatment; this difference is believed
to be the case because MCP is membrane-bound
not in the fluid phase (Loirat et al. 2016; Loirat
and Fremeaux-Bacchi 2011; Loirat et al. 2012).

Because plasma therapy is available relatively
widely and quickly, and especially when
eculizumab (discussed below) is not available or
its administration is unavoidably delayed, plasma
therapy can still be recommended. This treatment
should begin as quickly as possible, at least within
24 h of presentation or when the empiric (“work-
ing”) diagnosis of aHUS is recognized. Plasma
exchange, rather than plasma infusion, is often
recommended so as to enable larger volumes of
plasma to be provided while reducing the risk of
volume overload and severe hypertension espe-
cially in patients with AKI. Among infants or
others in whom placing appropriate vascular
access can itself present significant risk, plasma
infusion may be used as a temporizing measure.

Plasma therapy should be performed daily
until the platelet count, hemoglobin, and LDH
normalize and renal function improves. Some
patients may respond in less than a week and
then tapering the frequency of treatment may be
possible at that point. Maintenance therapy should
be guided by frequency of relapses and the iden-
tified complement anomaly. While rapid institu-
tion of plasma therapy may be of benefit, it is also
very important to consider the acute risks of
PE including infusion reactions, hypotension or
hypertension, altered coagulation profile, hypo-
calcemia, and anemia with additional requirement
for blood transfusion, as well as catheter-related
thrombosis and infection. As noted, placement
and use of extracorporeal circuits can be life-
threatening in hemodynamically unstable infants
and children.

Chronic plasma therapy may help to gain con-
trol the acute episodes of aHUS, as well as to
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prevent (as maintenance therapy) future episodes.
Nonetheless, retrospective study has demon-
strated that there is incomplete protection and
that over time, a significant proportion of individ-
uals with aHUS treated in this manner will con-
tinue to experience some amount of ongoing
aHUS activity, accompanied by declining renal
function and elevated risk of end stage kidney
disease.

Eculizumab

Eculizumab is a humanized monoclonal antibody
that inhibits terminal complement activity
Eculizumab prevents C5 cleavage and formation
of C5a, reducing the C5a pro-inflammatory and
the toxic consequences of uncontrolled formation
of the MAC. In the USA, the FDA approved
eculizumab for the treatment of aHUS in 2011.
Initial studies were widely viewed as demonstrat-
ing that eculizumab resulted in definitive remis-
sion of most cases of aHUS as well as superiority
to plasma therapy (Legendre et al. 2013). Cur-
rently, eculizumab remains the only agent
approved for aHUS, though newer generations
of this treatment and alternative agents are in
active development.

Eculizumab has been shown to be effective in
patients with aHUS with or without detectable
complement mutation, although it is not effective
in cases due to DGKE mutation. Where early use
of eculizumab was reserved for cases resistant to
plasmatherapy, it should be considered standard
of care in all phases of illness. Prompt empiric use
in suspected cases of aHUS is indicated since
outcomes after prompt treatment are superior
than with delayed treatment (Yuksel et al. 2016).
Even in cases where prompt diagnosis or treat-
ment was delayed or not possible, administration
of eculizumab has been shown to improve renal
function over chronic periods of use, with some
chronically dialysis-dependent patients regaining
a degree of renal function. Treatment is also dem-
onstrated to be effective in preventing or treating
posttransplant aHUS recurrence, depending on
the etiology. Patients with MCP mutation do not
require and those with DGKE mutations do not

benefit from eculizumab therapy. Certain uncom-
mon variations in C5 complement reduce efficacy
as well (Nishimura et al. 2014).

Due to inhibition of complement activity,
eculizumab increases the risk of serious and fatal
infection by encapsulated bacteria principally
including N. meningitidis, but also S. pneumoniae
and H. influenza. Other infections like respiratory
tract infections, urinary tract infections, as well as
viral syndromes have been reported in 23% to up
to 42% of patients taking eculizumab. Anti-
meningococcal vaccination must be used, and
vaccination for the other mentioned pathogens is
extremely important as well. Because vaccination
takes at least 2–4 weeks to achieve protective
titers, prophylaxis with penicillin or other appro-
priate agent is required when eculizumab is
required acutely (Benamu and Montoya 2016).
Some clinicians will choose to use both vaccina-
tion as well as chronic antibiotic prophylaxis in all
patients for concern of waning immunity on in
particular for fear of impaired vaccine response.
This concern may be particularly valid for example
in a patient with a kidney transplant under immuno-
suppression or for infants whose vaccine responses
may be incomplete.

Transplantation Considerations

Ideally, treatment of aHUS should prevent end-
stage kidney disease. However, there are patients
who suffered kidney failure before effective treat-
ment was available or in whom it could not be
delivered effectively. In other patients, the diag-
nosis of aHUS was not recognized and may only
come to light after kidney failure or after trans-
plantation when the disease may recur. Thus, the
need to manage kidney transplantation for
patients with aHUS remains highly relevant.

Achieving a good outcome after any of type of
transplantation requires the best practices of “rou-
tine” surgical and perioperative management
like dialysis, plasma exchange, central catheter
management, posttransplant anticoagulation, and
immunosuppression. Historically, many individ-
uals suffering from aHUS and kidney failure
remained dialysis-dependent for very long
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periods, in some cases many years. Severe TMA
with medium-sized and large vessel involvement
is also not uncommon in aHUS even in cases
where dialysis is not required. Prior to transplant
surgery in such individuals, it is important to use
imaging to carefully assess the central vasculature
for unsuspected occlusions in order to identify
both occluded as well as appropriate sites for
transplant vessel anastomosis.

Like other inheritable causes of renal disease,
living-related donor evaluations for individuals
suffering from aHUS also require additional
care. The individual genetic evaluation of each
case is therefore of high importance and should
be required before a related donor be accepted.
In some cases, the potential donor may have risk
of aHUS in addition to transmission of risk to the
recipient.

Posttransplant recurrence and less frequently,
de novo occurrence, of aHUS may occur.
In a patient with recognized aHUS undergoing
transplantation, the optimal approach requires an
assessment of whether the patient’s condition had
been or will be responsive to eculizumab. In cases
where recurrence is most likely, such as mutation
in CFH, CFB, or CFI, the transplantation protocol
must include preoperative eculizumab followed
by regular treatment for prevention of aHUS.
The surgical procedure of transplantation, along
with the relative ischemia of the graft and its
reperfusion are themselves potential triggers for
aHUS. Unavailability of chronic eculizumab in
any case should be considered a relative contrain-
dication to transplant because other options such
as observation alone or use of plasma therapy are
more likely to result in graft loss and morbidity.

Unexpected aHUS following transplantation
should be evaluated and treated in the same way
as disease in the native kidneys. Such an occur-
rence usually indicates the original cause of
ESRD was aHUS though there are exceptions.
Posttransplantation aHUS in individuals with
transplantation of other solid organs should also
be evaluated as with aHUS in nontransplanted
individuals. In addition to the simple fact that
liver failure and transplantation surgery with
reperfusion injury are potentially large triggers
of aHUS, the possibility of “inheriting” a specific

risk factor is evident. In one case, a donor had an
asymptomatic CFH mutation and the recipient an
unknown MCP defect which together permitted
aHUS at a later date (Brown et al. 2012). The de
novo occurrence of aHUS following stem cell or
marrow transplantation is more common than
for solid organs and may be unrelated to the
mechanisms of aHUS discussed in this chapter.
However, it is now well-described that TMA
in such patients can and often does result
from the same pathophysiological pathways
described above. Thus, a similar, though modi-
fied, diagnostic and therapeutic approach will
apply; importantly, clinicians may need to evalu-
ate the genetic factors of both the graft and the
recipient host.

As described earlier in the chapter, FH, FI, FB,
and C3 are circulating proteins mainly produced
in the liver, explaining the high recurrence rate of
disease after isolated kidney transplant in patients
with mutations leading to defects in these pro-
teins. On the other hand, MCP and DGKE muta-
tions are widely expressed, so a kidney transplant
from a healthy donor not only restores kidney
function but also represents local gene therapy
by allowing expression of normal protein in that
kidney. Also discussed above, individuals with
the latter defects should not be considered totally
immune from relapse following transplantation.
Not only are multiple simultaneous genetic
defects possible but exceptions do occur, for
example, via evolution of recipient micro-
chimerism in grafts of patients with MCP muta-
tion which render the recipient susceptible to
recurrence (Fremeaux-Bacchi et al. 2007).

Among patients with mutations in genes
encoding for hepatically synthesized and circulat-
ing complement proteins, combined liver-kidney
to cure patients with aHUS and end-stage kidney
disease, or isolated liver transplantation to cure
patients with aHUS with preserved renal function,
may be considered (Saland et al. 2009; Saland
2014). This approach carries some important
risks and also some potential benefits, which
must be considered carefully for each patient.
A perioperative strategy to approach transplant
in the same manner as isolated kidney transplant
in order to prevent aHUS recurrence is required,
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namely, using perioperative eculizumab or inten-
sive plasma exchange. While this option predated
eculizumab and has largely been supplanted,
given its potential for cure, it should not be
discarded as an option, but given its risks,
it should also be reserved for cases where
eculizumab is not available, strong patient prefer-
ence, or in the uncommon scenario in which
eculizumab is not effective (Coppo et al. 2016).
Use of liver transplantation to cure aHUS should
not be considered for patients with no evidence of
gene mutations, patients with isolated MCP or
DGKE mutation, anti FH-autoantibodies, or in
the small minority of patients with mutations
in a hepatically synthesized product (like FH or
FI) but in whom affected family members (or
themselves) have undergone successful isolated
kidney transplantation (Table 2).
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