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Summary

Tremendous advances have been made in understanding the pathogenesis of atypical
Hemolytic Uremic Syndrome (aHUS), an extremely rare disease. Insights into the molecular
biology of aHUS resulted in rapid advances in treatment with eculizumab (Soliris®, Alexion
Pharmaceuticals Inc.). Historically, aHUS was associated with very high rates of mortality
and morbidity. Prior therapies included plasma therapy and/or liver transplantation.
Although often life saving, these were imperfect and had many complications. We review the
conditions included under the rubric of aHUS: S. pneumoniae HUS (SpHUS), inborn errors
of metabolism, and disorders of complement regulation, emphasizing their differences
and similarities. We focus on the clinical features, diagnosis, and pathogenesis, and
treatment of aHUS that results from mutations in genes encoding alternative complement
regulators, SpHUS and HUS associated with inborn errors of metabolism. Mutations in
complement genes, or antibodies to their protein products, result in unregulated activity of
the alternate complement pathway, endothelial injury, and thrombotic microangiopathy
(TMA). Eculizumab is a humanized monoclonal antibody that inhibits the production of
the terminal complement components C5a and the membrane attack complex (C5b-9) by
binding to complement protein C5a. This blocks the proinflammatory and cytolytic effects
of terminal complement activation. Eculizumab use has been reported in many case reports,
and retrospective and prospective clinical trials in aHUS. There have been few serious side
effects and no reports of tachphylaxis or drug resistance. The results are very encouraging
and eculizumab is now recognized as the treatment of choice for aHUS.

Keywords: Alternate pathway of complement, atypical hemolytic uremic syndrome, DGPE
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1. Introduction

(3). We think that the term aHUS should now be used
for the 10% of HUS cases not caused by inborn errors of

The hemolytic uremic syndromes (HUS) (/,2) as
defined by Gasser ef al. consist of the triad of acute
hemolytic anemia with fragmented red blood cells
(microangiopathic hemolytic anemia), thrombocytopenia,
and acute kidney injury. The histopathological lesions
in the kidneys and other organs are referred to as a
thrombotic microangiopathy (TMA). The term "atypical"
was first used to differentiate patients with diarrhea-
associated HUS from those without prodromal diarrhea
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metabolism, Shiga toxin Escherichia Coli (STEC) or S.
pneumoniae. HUS (SpHUS). HUS is not a discrete entity
but a group of conditions (/) with many causes and
pathogenic mechanisms. Although it is now clear that
HUS and thrombotic thrombocytopenic purpura (TTP)
are completely different clinico-pathological entities,
there are cases, more often in adults than in children that
can be difficult to distinguish clinically (4). However, it
is important to note that patients with TTP usually have
< 5% of normal ADAMTSI13 levels (5). HUS may be
may be acquired or inherited; some patients have an
environmental trigger and a genetic mutation (Table 1).
The most important acquired causes of HUS include
serotypes of Enterohemorrhagic Escherichia coli
O157:H7 (6) and O104:H4 (7). Approximately 90% of
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Table 1. Causes of HUS

Acquired causes
E. escherichia coli 0157:H7; O104:H4 (6,7)
Shigella dysenteriae type 1 (8)
Invasive S. pneumoniae infection (9)
HIV infection (/0)*
Cyclosporine, quinine, ticlopidine, clopidogrel (/0)
Systemic lupus (/0)
Malignancies (/0)
Solid organ transplants (/0)
Hematopoietic stem cell transplants (/7)

Inherited causes
Atypical HUS with demonstrated mutations

Mutations in genes encoding complement regulators -CFH, CFL, and MCP (/2,13)
Gain-of-function mutations in genes encoding complement activators C3 and complement factor B (/4)

Mutations in thrombomodulin (/5)
Antibodies to CHF - DEAP HUS (/6)

Atypical HUS without demonstrated mutations - approximately 30% of cases

Inborn abnormalities of metabolism
Cobalamin C deficiency (/7)
Methionine synthase deficiency (/8)

Coenzyme Q (succinate coenzyme Q reductase (complex II) deficiency (/9)

Folate deficiency (20)

Mutations in DGKE (encoding diacylglycerol kinase €) (21)

Combined abnormalities
E. coli 0157:H7 and CHF, MCP mutations (22)
S. pneumoniae and CF1, CFH, THBD mutations (23)
Hematopoietic stem cell transplants (17)
CblC deficiency and CFH mutation (24)

Cisplatin-induced aHUS and a heterozygous CD46 splice site mutation (25)

" Summarized in reference (10).

pediatric cases of HUS follow a diarrheal illness caused
by shiga-like toxin producing bacteria [STEC] that result
in STEC HUS (4). This was previously called diarrheal,
D+ or typical HUS. The acute mortality rate is under
5% in children, and, although about 70% achieve full
long-term recovery a small number progress to end-
stage kidney disease (ESKD) (26). In contrast to aHUS,
there is no known genetic basis for STEC HUS per se
and STEC HUS does not typically recur before or after
renal transplantation. However, a yet unknown number
of patients with definite STEC HUS may also have CFH
or membrane cofactor protein (MCP) mutations and
therefore are at risk for post-transplant recurrences of
HUS (22). In addition, the increasing evidence that the
alternate pathway of complement may have a role in the
pathogenesis of STEC HUS (27) is beyond the scope of
this review.

2. S. pneumoniae HUS

Although SpHUS does not clearly fit under the rubric of
aHUS, new studies may change this perception because
complement dysregulation may be occurring in at
least some cases of SpHUS (23). SpHUS (9,28) can be
defined as acute hemolytic anemia, thrombocytopenia
and acute kidney injury in a patient with invasive S.
pneumoniae infection. The most accepted theory of
the pathogenesis of SpHUS involves exposure of the

Thomsen-Freidrenreich antigen (TF antigen) (28).
Neuraminidase can also disrupt complement factor
H (CFH) binding sites by desialyation. As a result,
CFH cannot bind properly to C3 convertase on cell
surfaces, leading to complement activation and cell
injury (29). Abnormal CFH activity is another potential
mechanism (30). Serotype 3 expresses Hic protein, a
binding inhibitor for Factor H and serotype 2 produces
pneumococcal surface protein C which may bind CFH
and complement (30). Therefore, if CFH cannot inhibit
the activity of the alternative complement cascade,
there may be unchecked complement activation and
cell damage. In addition, some patients also have
mutations in complement factor I (CFI), CFH, and
thrombomodulin (THBD) genes that result in severe
complement dysregulation (6). Plasmapheresis
theoretically removes a causative factor such as
neuraminidase or anti-TF antibodies or replaces a
deficient factor but there is insufficient evidence to
support the use of plasmapheresis in SpHUS. There
are no rigorous studies on the use of eculizumab in the
treatment of SpHUS (37) although the theoretical risk of
inhibiting complement activity in patients with invasive
pneumococcal disease cannot be overlooked.

3. Inborn errors of metabolism

Inborn errors of metabolism complicated by HUS
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(Table 1) are even more rare than aHUS and have a
different pathogenesis. However, the report of chronic
HUS associated with CblC deficiency as well as a
mutation in the CFH gene indicates that both should be
screened for in certain cases (/7). The importance of
differentiating these etiologies is exemplified in a report
of Cbl deficiency associated with HUS in a 20-year-
old (32). This is an informative case not only because
of the age of presentation but also because eculizumab
was used and Cbl deficiency was only diagnosed when
he failed to respond to eculizumab.

CbIC HUS disease: Inheritance is autosomal
recessive inheritance. Usually presents in the neonatal
period with vomiting, poor sucking, failure to thrive,
lethargy, hypotonia, thrombocytopenia, microangiopathic
hemolytic anemia and renal injury (/7). It can also
present during the first year of life, in childhood,
and rarely in adults who have ataxia, cognitive
impairment, and psychosis. CblIC HUS may result from
endothelial damage induced by hyperhomocysteinemia,
impairment of the nitric oxide-dependent inhibition of
platelet aggregation, or the procoagulant state of the
endothelium leading to the formation of microthrombi.
Blood homocysteine levels are high, urinary levels of
homocystine and methylmalonic acid are increased,
and there are increased propionylcarnitine levels and
an increased C3/acetylcarnitine ratio. Treatment with
parenteral hydroxycobalamin in combination with folic
acid and betaine can reverse the renal injury (/7).

Diacylglycerol kinase ¢ (DGKE) and HUS: Recessive
loss-of-function mutations in the gene DGKE can
cause HUS (21,33,34) not associated with activation
of alternate complement pathway activation. Recessive
mutations in DGKE were detected by exome sequencing
in nine unrelated kindreds (27). Twenty-two percent
of the siblings of the affected probands also had HUS
and carried two affected alleles, demonstrating high
penetrance. The HUS usually presented in the first year
with multiple episodes and often progressed to ESKD
by the second decade. DGKE mutations accounted
for 27% of HUS cases in the first year of life and 50%
of familial forms in this age group. Three patients
developed nephrotic syndrome within 3 to 5 years of
diagnosis (33). Renal biopsies showed chronic TMA,
a membranoproliferative pattern, and podocyte foot
process effacement, consistent with nephrotic syndrome.
Of note, a membranoproliferative glomerulopathy also
occurs in aHUS with the CFH mutation (35). Patients
with DGKE mutations did not benefit from eculizumab
or plasma treatments. Six patients had renal transplants
without recurrences of HUS.

4. aHUS caused by dysregulation of the alternate
complement pathway

aHUS is diagnosed by clinical and laboratory features
and by the exclusion of other causes of HUS and

TTP (Table 1). The incidence of aHUS is about 1 or
2 cases per 1,000,000/year. In the future it is likely
that the term aHUS will be restricted to this subset of
HUS caused by mutations in genes that regulate the
alternate complement pathway. Most importantly, these
are the patients that may benefit from eculizumab.
Patients with aHUS present at any time of year, and
may have had a family member with aHUS with or
without a similar age of onset (36-39). They rarely
have bloody diarrhea, often have an insidious onset,
and tend to have severe arterial hypertension and a
relapsing course. Extrarenal manifestations, mainly of
the myocardium and central nervous system occur in a
fifth of aHUS patients (40-42). Peripheral gangrene (40),
gangrenous areas of the skin (4/), retinal involvement,
and cerebral artery stenosis and stroke (42) are serious
but rare complications of aHUS. Most patients have an
inexorable progression to ESKD. In those with a CFH
mutation, 60-70% die or develop ESKD after their first
presentation (39). The disease frequently recurs after
renal transplantation (43).

Pathogenesis of aHUS: Acute and/or chronic
uncontrolled dysregulation and/or excessive activation
of the alternative pathway of complement is central
to the pathogenesis of the sporadic and familial forms
of aHUS (/2,13,44). Activation of the complement
cascade through the alternative pathway results in the
generation of C3 convertase complexes that mediate
the cleavage of C3 to C3a and C3b (45). The alternative
pathway is initiated by deposition of preformed C3b
on substrates such as bacteria and cell membranes,
including erythrocytes. C3b is continuously available
due to the interaction of C3 with water, a process
called complement tick-over. C3b is necessary for
the amplification and progression of the complement
cascade through all pathways of activation and serves
as a key immunoprotective and immunoregulatory
molecule. The components of complement upstream of
CS5 are essential for microbial opsonization and immune
complex clearance. All pathways of complement
activation converge at the cleavage of the terminal
complement protein C5 leading to the generation
of molecules with pro-inflammatory and cell lytic
properties. Targeted blockade at C5 with eculizumab
therefore prevents the deleterious properties of
terminal complement activation while preserving the
immunoprotective and immunoregulatory functions of
proximal complement (46).

The pathogenesis of aHUS is associated with
dysregulation of the alternative complement pathway,
with predisposing mutations, copy number variations, or
polymorphisms in complement genes (47). Endothelial
injury is also central to the pathogenesis of aHUS with
exposure of the subendothelial matrix that becomes a
target for complement activation. CFH from plasma may
play a role in down-regulating complement activation
on extracellular matrix and endothelial cells (/3).
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Approximately 70% of aHUS cases are associated with
excessive complement activation in the microvasculature
caused by known abnormalities affecting components
of the alternative complement pathway (/3). Normally,
CFH, complement factor I (CFI), and membrane cofactor
protein (MCP) regulate the activity of the C3 convertase
on the cell surface and extracellular membranes and
inhibit complement amplification. aHUS that is caused
by loss-of-function mutations in CFH, MCP, and CFI are
nonsense or missense mutations.

Mutations in the CFH gene occur in approximately
15-20% of aHUS patients, and autoantibodies against
CFH are detected in approximately 10% of the patients
(48). Most described mutations and autoantibodies
affect short consensus repeats (SCR) 19-20 of CFH
and disturb the physiological interaction of CFH with
its ligands, in particular with C3b and endothelial cells
(49). Five CFH-related genes (CFHRI to CFHRY)
are located adjacent to the CFH gene on the long arm
of chromosome 1 (49). This gene cluster is prone to
rearrangements because of sequence homologies,
and such genomic rearrangements may lead to hybrid
genes or deletion of CFHRI, CFHR3, or CFHR4, all of
which have been associated with aHUS. The deletion of
CFHRI1 and/or CFHR3 is strongly associated with the
development of autoantibodies in aHUS. CFHR1 binds
to C3b and C5 and regulates the C5 convertase and the
terminal complement pathway. The CFHR1*B variant
is associated with an increased risk for aHUS. The
aHUS phenotype can result from antibodies to Factor H,
but DEAP-HUS (deficiency of CFHR plasma proteins
and factor H) refers specifically to the combination
of an acquired autoantibody to Factor H and a genetic
factor which, in most cases, is absence of the CFHR1
and CFHR3 proteins in plasma (49).

Pentraxin 3 (PTX3) is a soluble pattern recognition
molecule expressed by endothelial cells and upregulated
under inflammatory conditions. PTX3 activates
complement, but it also binds CFH. Native CFH, factor
H-like protein 1, and factor H-related protein 1 (CFHR1)
bind to PTX3 and that PTX3-bound CFH and factor
H-like protein 1 maintain their complement regulatory
activities (47). PTX3, when bound to extracellular
matrix, recruited functionally active CFH. aHUS-
associated CFH mutations in the binding site caused
reduced CFH binding to PTX3. Seven of nine analyzed
anti-factor H autoantibodies isolated from aHUS patients
inhibited the interaction between CFH and PTX3, and
five autoantibodies also inhibited PTX3 binding to
CFHRI1. In addition, the aHUS-associated CFHR1*B
variant showed reduced binding to PTX3 in comparison
with CFHR1*A. Therefore, the interactions of PTX3
with complement regulators were impaired by certain
mutations and autoantibodies affecting CFH and CFHR1.
Kopp et al suggested that this could result in enhanced
local complement-mediated inflammation, endothelial
cell activation, and damage in aHUS (47).

The prevalence of CFH autoantibodies was studied
in the Newcastle cohort of 142 aHUS patients (50).
CFH autoantibodies were found in 13 individuals less
than 11 years of age. In ten patients there were no
copies of CFHRI1, and in three patients there were two.
In three patients with no copies of CFHRI, there was
one copy of CFHR3, and these individuals had a novel
deletion incorporating CFHRI and CFHR4. Mutations
were identified in five patients: one in CFH, one in
CFI, one in CD46, and two in C3. This emphasizes
that multiple concurrent factors may be necessary in
individual patients for disease manifestation. A high
prevalence of deletions in CFH-related genes 3 and 1
(delCFHR3-CFHRI1) and CFH autoantibodies were
found in patients with HSCT-TMA; these were not
detected in HSCT without TMA (/7).

In addition to the inactivating mutations in genes
encoding complement regulators (CFH, CFI, and
MCP) there are also gain-of-function mutations
in genes encoding the complement activators (C3
and complement factor B [CFB]) (44). aHUS
mutations in CFB and C3 cause enhanced formation
of C3 convertase or an increase in its resistance to
inactivation by complement regulators. Mutations in
the gene encoding thrombomodulin, a membrane-
bound glycoprotein with anticoagulant properties that
modulates complement activation on cell surfaces, also
result in aHUS (/5). About 20% of aHUS patients have
mutations in more than one gene.

Clinical aHUS does not necessarily develop in all
patients with a genetic mutation. Half of the family
members with a mutation in one of the genes do not
have clinical aHUS. Therefore, a second hit may be
required to develop aHUS. This may be a trigger such
as an infection, vaccinations, or pregnancy; or it may be
an additional genetic variant (modifier) that increases
the risk of developing the disease. Common at-risk
genetic variants (single nucleotide polymorphisms and
haplotype blocks) in CFH, CD46, and CFHR1 might
act as susceptibility factors for the development of
aHUS. Therefore, the presence of a rare genetic variant
(mutation), a common at-risk genetic variant (single
nucleotide polymorphisms and haplotype blocks), and
a trigger, may be necessary for the disease to occur.
Modifiers such as CD46 and FHL-1 may determine
the kidney phenotype of patients who present with
homozygous CFH deficiency (5/). On the other hand,
patients with STEC HUS who do poorly or who have
an unusual outcome such as a recurrence of anemia,
thrombocytopenia, and neurological involvement may
have CFH or other mutations (22).

Although the prognosis of aHUS is usually poor,
some patients with the clinical features of aHUS but
without known complement abnormalities have a
favorable prognosis similar to diarrhea-associated
disease (52). Patients with CFH mutations have the
worst long-term prognosis with 73% progressing to
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ESKD five years after diagnosis. For patients with CF/
and MCP mutations, the percentage of ESKD is 50%
and 38%, respectively. Thirty two percent of patients
with aHUS with no identified genetic mutations
progress to ESKD within five years (53). The post-
transplantation recurrence rate is 76% in aHUS patients
with CFH mutations, and 80% lose their grafts within
one year of transplantation (54). Patients with CFI
mutations also do poorly. Post-transplant recurrence
occurs in 20% of patients with MCP-mutations. The
risk of recurrences is not known for aHUS patients with
CFB or C3 mutations. In the absence of identification of
mutations in any of these genes, the risk of recurrence
is 30%.

Supportive treatment of aHUS: Treatment includes
blood transfusions, dialysis if indicated, and blood
pressure control. Patients on dialysis may develop
malignant hypertension, and bilateral nephrectomy may
be needed to achieve blood pressure control in some of
these patients. Traditionally, it is important to start plasma
exchange (PE) or plasma infusion (PI) within 24 hours of
diagnosis pending the results of mutation analysis (535).
Many clinicians now advocate starting with eculizumab
in cases in which the diagnosis of aHUS is more certain
(a non-simultaneous family history of HUS, recurrent
HUS, or hypocomplementemia at presentation). The
rationale for PE and PI is to replace absent or mutated
circulating complement regulators, such as CFH.
However, the pathogenesis of HUS induced by the CFH
mutation is incompletely understood. Many mutations
are heterozygous, suggesting either a dominant negative
effect or haplotype insufficiency. PI is likely to overcome
the latter but not the former. PE also has the advantage
of removing antibodies to CFH if they are the source of
the problem. At least two patients with an isolated MCP
(CD46) dysfunction have responded to plasma exchange
(56). However, mutated CFB that permits excessive
complement activation may be removed by PE. The
exact frequency and duration of PE or PI are arbitrary
and depend on the clinical responses.

The discovery of the abnormal molecular mechanisms
that cause aHUS has enabled the development of a
classification based on pathogenetic mechanisms as well
as the clinical phenotypes. The genetic basis of aHUS
may result in a new nomenclature, for example, CFH
HUS, CFI HUS, DEAP HUS, efc. More importantly,
the discovery of the molecular mechanisms has resulted
in the use of eculizumab, a novel and specific therapy.
Increased understanding of the molecular mechanisms
responsible for the development of aHUS are the basis
for the development of national and international
guidelines for the investigation and treatment of this
disease (57).

5. Management of aHUS (Table 2)

Eculizumab treatment of aHUS: Eculizumab (Soliris”,

Table 2. Current management of aHUS

Fresh frozen plasma and apheresis
While awaiting confirmatory tests
If TTP is a plausible diagnosis

Eculizumab
Treatment of choice if available

Liver and kidney transplant
If eculizumab is unavailable
May not be successful

Liver and kidney transplant plus short-term eculizumab
Precise criteria need to be established
If cost of long-term eculizumab is prohibitive

Alexion Pharmaceuticals Inc. Cheshire, CT, USA) is
a humanized monoclonal antibody that inhibits the
production of the terminal complement components
and the membrane attack complex C5b-9 by binding
to complement CS5. This blocks the proinflammatory
and cytolytic effects of terminal complement activation
(46). 1deal outcome criteria for the use of eculizumab
would be cessation of acute hemolysis, normalization
of low platelet counts, stabilization or improvement
in renal function, prevention of recurrences prior to
and after renal transplant, reduction in mortality rate,
normalization of complement proteins, and drug safety.
Eculizumab treatment achieved all these outcomes in
nearly all patients in the trials

FDA approval of eculizumab for the treatment of
aHUS was based on data from two prospective Phase 2
open-label clinical trials in adolescent and adult patients
with aHUS, and a third retrospective study in children,
adolescents, and adults with aHUS. Legendre ef al (58)
reported the combined results of two prospective trials.
A total of 37 patients (17 in trial 1 and 20 in trial 2)
received eculizumab for a median of 64 and 62 weeks,
respectively. Eculizumab resulted in increases in the
platelet count and 80% of the patients achieved a TMA
event-free status. Eculizumab was associated with
time-dependent increases in the estimated glomerular
filtration rate (eGFR). Importantly, in trial 1, dialysis
was discontinued in four of five patients. Furthermore,
earlier intervention with eculizumab was associated
with significantly greater improvement in the eGFR.
Eculizumab was also associated with improvement in
health-related quality of life. There were no cumulative
toxicity of therapy, or meningococcal infections,
through the follow-up period. Long-term eculizumab
treatment over three years demonstrated ongoing
inhibition of TMA with few side-effects in pediatric
patients (59).

The largest prospective trial to-date of eculizumab in
adult patients with aHUS was an open-label, single-arm,
multinational trial that enrolled 41 adult patients (60).

Data from clinical trials were presented at the
annual meeting of the American Society of Nephrology
in 2013. Each trial demonstrated the clinical benefits
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of eculizumab for the treatment of aHUS. There were
no deaths in any of the trials during the duration of
treatment. Two patients had meningococcal infections.
Adverse events were headache, diarrhea and peripheral
edema. The largest prospective trial of eculizumab was
an open-label, single-arm, multinational trial of 41 adult
patients (60). Eculizumab significantly improved renal
function with a mean increase in eGFR from baseline
of 29 mL/min/1.73 m’. Most importantly, 20 of the 24
patients who were on dialysis at baseline discontinued
dialysis by week 26.

A three-year update of the results of eculizumab in
20 aHUS patients with a long duration of disease and
chronic kidney damage who had previously received
prolonged PE/PI showed promising results. Despite
long disease duration and CKD eculizumab led to
improvements in hematologic and renal function over
years (61).

We previously reviewed 32 case reports of
eculizumab treatment of aHUS (62) to highlight
important clinical observations that may be missed in
epidemiological reviews. We reviewed the reports of
20 children 18 days to 17 years, and 12 adults 18 to 50
years. Twelve patients had no identified mutations or
DEAP. Mutations were detected for CFH in 15, CFI in
two, C3 in two, and MCP in one patient respectively.
Eculizumab was given for up to 36 months. Renal
function improved in four patients who received a
single infusion of eculizumab, but each subsequently
progressed to ESKD. Eculizumab was used in five
cases aHUS relapse in native kidneys. In each case
there was hematological recovery within 7-10 days. In
three cases, there was also recovery in renal function,
and these patients avoided dialysis. Eculizumab was
continued as maintenance therapy. In the fourth case,
there was improvement in renal function after a single
dose of eculizumab. Eculizumab was used again in a
subsequent relapse but there was progression to anuria,
and eculizumab was stopped after hemodialysis was
started. Eculizumab was used successfully in patients
with aHUS refractory to, or allergic to plasma therapy.
Eculizumab appeared to alter the course of a 28-day-
old with aHUS refractory to plasma therapy. This
infant was on mechanical ventilation and continuous
renal replacement therapy and had multiple intestinal
perforations and leg skin necrosis (63). Within 48 hours
the patient recovered from acute kidney injury with
complete hematologic remission and was disease-free
after 14 months while on eculizumab, 300 mg every 3
weeks. No genetic cause was found for the aHUS.

Eculizumab has successfully treated post-transplant
recurrences of aHUS (64-66). TMA was treated post-
transplant in 14 patients and at the time of transplant
in three cases. Eculizumab was used in a 34-year-old
female who presented seven days post-simultancous
pancreas and kidney transplant with acute renal allograft
dysfunction, thrombocytopenia, and microangiopathic

hemolytic anemia. Renal biopsy revealed acute antibody-
mediated rejection (AMR) and TMA. The clinical and
laboratory manifestations partly responded to treatment
with daily PE and intravenous immunoglobulin but
resolved rapidly and completely on eculizumab (67).
Eculizumab has been used pre-emptively for renal
transplant in aHUS (68) and prophylactically after renal
transplantation (43,54,69). The best results in terms
of normalizing renal function were obtained when
eculizumab was given as soon as possible after onset of
aHUS (43). Eculizumab also successfully treated skin
necrosis in aHUS (47).

The optimum maintenance doses and dosing
schedules have not been determined, but severe aHUS
was maintained in remission with sustained improved
renal function on a reduced dose of eculizumab, 600
mg every 2 weeks (70). Eculizumab rescued a highly
sensitized 13-year-old female who developed severe
steroid-, ATG- and plasmapheresis-resistant AMR with
TMA one week after a second kidney transplant despite
previous desensitization therapy with immunoglobulin
infusions (77).

Treatment of DEAP-HUS: There is no consensus
regarding the optimal treatment of DEAP-HUS. DEAP-
HUS is associated with a diarrheal prodrome in up to
53% of patients, and therefore initiation of appropriate
therapies is frequently delayed. Despite delay in
initiating plasma therapy, three cases all remitted with
plasma therapy and normal renal function was restored
(16). Long-term remission has also been achieved in
cases of aHUS with anti-factor H antibodies treated
with cyclophosphamide (72). Eculizumab rescue
therapy resulted in a dramatic improvement in a patient
deficient in the CFH-related protein 3/1 (CFHR3/1)
involved in the pathogenesis of aHUS caused by CFH
autoantibodies (71).

Eculizumab in pregnancy: Eculizumab was used
safely in a 26-year-old woman with aHUS caused by a
homozygous mutation in CFH who relapsed at 17 weeks
of gestation. Eculizumab was started at 26 weeks, was
well tolerated, induced a remission, and resulted in the
delivery of a healthy neonate (73).

Safety information: Life-threatening and fatal
meningococcal infections have occurred in patients
treated with eculizumab. The prescribing physician
must comply with the most current Advisory Committee
on Immunization Practices (ACIP) recommendations
for meningococcal vaccination in patients with
complement deficiencies. Patients must be immunized
with a meningococcal vaccine at least two weeks
prior to administering the first dose of eculizumab
unless the risks of delaying eculizumab therapy
outweigh the risks of developing a meningococcal
infection. Patients must be monitored for early signs of
meningococcal infections and immediately evaluated
and treated if infection is suspected. Bouts et al noted
that according to the medication guide of the U.S. Food
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and Drug Administration, a tetravalent unconjugated
polysaccharide vaccine (serogroups A, C, Y, W135)
must be provided at least two weeks before the first
dose of eculizumab but that this approach is not
sufficient for prevention in many countries, because
none of the available vaccines contains a serogroup B
antigen (74). A humoral immune response to conjugate
Men C vaccination may be mounted and maintained
despite chronic kidney disease, kidney transplantation,
immunosuppressive drugs, and eculizumab. However,
the authors stressed it was unclear whether serologically
defined protective serum bactericidal antibody
(SBA) titers mediate true protection from invasive
meningococcal disease in an immunocompromised
patient especially with treatment with a complement
inhibitor, and that close monitoring of SBA titers
seemed mandatory in their patient (75).

Dosing schedules and laboratory monitoring:
Eculizumab is administered as an intravenous infusion.
The recommended dosing for adult patients with aHUS
is 900 mg weekly for the first 4 weeks, followed by 1200
mg weekly one week later, and 1200 mg every 2 weeks
thereafter. The dosage regimen for pediatric patients is
based upon body weight. Early signs of TMA include a
decrease in platelet count and increases in serum LDH
and serum creatinine levels. Patients should be followed
for signs of TMA by monitoring serial platelet counts,
serum LDH, and creatinine during eculizumab therapy
and following discontinuation of eculizumab.

Adverse reactions: Administration of eculizumab
may result in infusion reactions, including anaphylaxis
or other hypersensitivity reactions. In clinical trials, no
patients experienced an infusion reaction that required
discontinuation of eculizumab. Eculizumab infusion
should be interrupted and appropriate supportive
measures should be instituted if signs of cardiovascular
instability or respiratory compromise occur. The most
frequently reported adverse reactions in aHUS single
arm, prospective trials, (= 15% combined per patient

incidence) were hypertension, upper respiratory tract
infection, diarrhea, headache, anemia, vomiting, nausea,
urinary tract infection, and leukopenia. The effect of
withdrawal of anticoagulant therapy during eculizumab
treatment has not been established. Therefore, treatment
with eculizumab should not alter anticoagulant
management.

Alternative therapies for aHUS: No other
medications or monoclonal drugs are currently
available for the prevention or treatment of aHUS.
Genetic counseling should be offered. Pre-implantation
diagnosis should be discussed. Plasma therapy, either
with regular infusions of fresh frozen plasma and or
PE has been the mainstay of treatment prior to the use
of eculizumab (76) and may be helpful especially in
patients with no identified complement mutation or
in whom TTP is suspected (5). Plasma therapy has
reduced the high mortality rate and prevented relapses
but is far from optimal. There are no randomized
controlled trials but there are guidelines for its use (55).
Initial treatment with intensive PE should be initiated
as soon as possible. The aim is to remove mutant
complement proteins and factor H autoantibodies, and
to provide fresh frozen plasma containing normal CFH
as replacement fluid. Guidelines for chronic treatment
are based on the risk of uncontrolled aHUS recurrence.
The half-life of CFH is six days, and this provides a
rationale for giving regular infusions every 1-2 weeks.
Some patients become refractory to plasma, or have
allergic reactions or have complications from the
procedure. Renal transplant is associated with a very
high incidence of recurrent aHUS and graft loss despite
the use of plasma therapy (43).

Liver transplant alone or combined liver-kidney
transplants have been used successfully in patients with
aHUS, as CFH is synthesized in the liver. In contrast
to the poor results of isolated kidney transplantation
prior to eculizumab, the outcome of isolated liver
or combined liver-kidney transplantation have been

Table 3. What is the optimum long-term treatment of aHUS?

Long-term eculizumab alone

Isolated kidney with chronic eculizumab

Combined liver — kidney transplant

Lower short-term risk

Few known side-effects
Long-term side-effects unknown

Long-term dependence on eculizumab to
prevent recurrences of aHUS

No need for immunosuppressive agents

IV infusion every 2 weeks

Limited worldwide availability

Extremely expensive

Lower short-term risk

Long-term outcomes unknown

Long-term dependence on eculizumab to
prevent recurrences of aHUS

Complications of immunosuppressive agents

Chronic rejection
IV infusion every 2 weeks

Limited worldwide availability

Extremely expensive

Higher short-term mortality

Long-term outcomes stable over 10-20 years
aHUS recurrence unlikely

? Fewer complications of immunosuppressive
agents

? Reduced risk of chronic rejection

Better lifestyle with no infusions

More widely available
But scarce liver plus kidney availability

Less expensive
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Table 4. Summary of the value of eculizumab in aHUS

Positive effects
No deaths in any trial
Few serious side effects
Stabilizes hematological abnormalities
Can improve neurological abnormalities
Stabilizes renal abnormalities
Can reverse acute renal injury
Can improve eGFR
Patients may become dialysis-independent
Effective regardless of the type of detected mutation
Effective in aHUS without detected mutation
Effective in cases with DEAP
Prevents recurrent episodes pre-transplant
Prevents post-transplant recurrence
Rescues critically ill patients before and after renal transplant
Success in plasmapheresis-resistant AMR
Can be used safely in pregnancy

Negative effects
Rare cases of meningitis
Expensive
Not universally available

successful (77). It is likely that aHUS patients with CFI,
CFB, or C3 mutations, which are also synthesized in
the liver, could be treated similarly. However, combined
liver-kidney transplantation may be associated with
a poor outcome as a result of premature liver failure
secondary to uncontrolled complement activation;
concurrent treatment with eculizumab has overcome
this problem (78). In fact, liver-kidney transplantation
should not be carried out without a preparative regimen
for complement regulation such as plasma therapy or
eculizumab. All five children known to have undergone
liver transplant without such preparation suffered fatal
complications (79). Alternatively, a simple transplant
with eculizumab therapy could be offered as a less
invasive option. This concept was implemented by using
eculizumab and PE in successful combined liver-kidney
transplantation in a patient with CFH aHUS (79). The

Table 5. A tentative approach to investigation and treatment

(A). Neonates and infants

Causes Investigations Management
Alternate pathway of Serum C3 Start plasma infusions immediately
complement mutations ~ Serum CH50 Start eculizumab as soon as possible

(CHF, CHI, etc. if available)

DGKe mutation DGKe mutation if available

Congenital TTP ADAMTSI3

CbIC Plasma amino acids

Plasma homocystein

If C3 is low and CHS50 is high continue eculizumab and stop plasma

Stop plasma and eculizumab if no response (87)
No specific treatment

Stop eculizumab if ADAMTS 13 < 5%
Continue plasma infusions

Stop plasma infusions and eculizumab if positive for CblC
Low protein diet, betaine, methionine, and subcutaneous vitamin B12

Blood methylmalonic acid or plasma acylcarnitine

(B). Children, adolescents and adults

Causes Investigations Management
STEC HUS
(Management is clearer if there ~ Positive E. coli or shiga toxin Dialysis if indicated

are severe bloody diarrhea and
an epidemic of HUS)

— no further investigations

TTP

(Management is clearer if
there is severe central nervous
system disease and less severe
renal disease)

ADAMTSI13
ADAMTS 13 antibodies

Alternate pathway of
complement mutations
(Management is clearer if there
is minimal diarrhea, previously
affected family member or a

Serum C3
Serum CHS50
(CHF, CHI, etc. if available)

recurrence)

DEAP HUS Serum C3
Serum CH50
(CHF, CHLI, etc. if available)
Antibodies to CFH

SpHUS

(Management is clearer if
there is invasive disease —
pneumonia, meningitis)

Positive culture for S. pneumoniae
Invasive S. pneumoniae infection

No proven indications for plasma or plasmapheresis

Start plasma infusions and plasmapheresis immediately

Continue plasma alone if ADAMTS 13 < 5% and negative for antibodies
Continue plasmapheresis if ADAMTS 13 < 5% and positive antibodies to
ADAMTSI13

Start plasma infusions immediately

Start eculizumab as soon as possible

If C3 is low and CHS50 is high continue eculizumab and stop plasma
Stop plasma once eculizumab is started

Pre-emtive ue of eculizumab if a renal transplant is done

See Table 3

Start plasma infusions immediately

Start eculizumab as soon as possible
If antibodies are detected, continue eculizumab and stop plasmapheresis

Dialysis if indicated
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pros and cons of chronic treatment with eculizumab
alone, kidney transplant plus chronic eculizumab
treatment, and a combined liver and kidney transplant
(with preparatory eculizumab treatment, are summarized
in Table 3 (modified from Ref. 80).

Living-related kidney donation is contraindicated
for aHUS patients with mutations in CFH, CFI,
CFB, and C3 and in patients with aHUS in whom no
mutations have been detected.

Conclusions

There has been demonstrable success of eculizumab
treatment of aHUS in many case reports, and in
retrospective and prospective clinical trials (Table
4). Eculizumab can stabilize hematological and renal
abnormalities of aHUS. It is equally efficacious in aHUS
cases regardless of demonstration of a detected mutation,
but this statement needs to be tempered in cases of
apparent aHUS who have an inborn error of metabolism.
Eculizumab has also been efficacious in aHUS cases
with DEAP.

The results of the prospective trials are increasingly
encouraging. Patients with severe or chronic renal TMA
have a poorer outcome than those with early and less
severe TMA but may benefit from the drug. It is not
established whether family members, without clinical
evidence for aHUS but with a demonstrated mutation,
should be given eculizumab. However, a compelling
argument can be made for administering eculizumab
to pre-symptomatic pregnant females with a known
mutation or an affected family member. This also applies
to a post-renal transplant patient with aHUS.

Traditionally, PE/PI was instituted immediately in
all patients with an aHUS phenotype and this can still
be done while awaiting the results of tests or availability
of eculizumab. However, eculizumab should be started
in patients with no response to PE/PI within a few days
or in those cases in which the presumptive diagnosis of
aHUS is more certain. The optimum doses and dosing
schedules are established and it is apparent that long-
term use is mandatory.

After much consideration we offer a tentative
approach to the management of patients with HUS or
TTP (Tables 5A and 5B). We recognize that eculizumab
and sophisticated investigations are not universally
available and that the cost of the drug may be prohibitive.
We also recognize that some patients with STEC HUS
(those with alternate pathway mutations) may benefit
from eculizumab but this is beyond the scope of this
review. Indications for eculizumab use in SpHUS need
to be established. The discovery of the inherited cause
of HUS caused by recessive mutations in DGKE (/7,12)
is extremely important because this condition does not
respond to treatment with eculizumab. Equally important
are the unknown number of cases of SpHUS (/8), Cbl
HUS (29) and STEC HUS (16,51) that are associated

with mutations in alternate complement pathway
regulating genes.
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