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Abstract
Background Disorders of complement regulation are the most
important etiology of atypical hemolytic uremic syndrome
(aHUS). Recent studies demonstrate that eculizumab is bene-
ficial in long-term aHUS treatment. We present a series of
children with aHUS resistant to/dependent on plasma ex-
change (PE) who were treated with eculizumab.
Methods This was a retrospective study in which data were
retrieved from the medical files of children who had received
PE as treatment for aHUS. The data retrieved included age,
sex, presenting symptoms, presence of diarrhea/vomiting,
hospitalization duration, laboratory data on admission and
follow-up, need for transfusion or dialysis, response to PE,
response to eculizumab and outcome.
Results Of the 15 children diagnosed with aHUS in 2011 and
2012 in our departments, ten were resistant to, or dependent
on, plasma therapy and treated with eculizumab; these chil-
dren were enrolled in the study. Three patients had relapses,
and seven had a new diagnosis. Nine children had oliguria or
anuria, and eight required dialysis. Hypertension was ob-
served in six patients. Neurologic involvement developed in
six patients, with the symptoms including seizures, loss of
balance, vision loss and severe confusion. Five and five pa-
tients were resistant to and dependent on plasma therapy,
respectively. Following the start of eculizumab treatment, all
patients achieved full recovery of renal function and hemato-
logic parameters.

Conclusions In our ten pediatric patients with aHUS
who did not respond to PE, eculizumab was a lifesaving
therapy and improved their quality of life. Early
eculizumab use was a rescue therapy for renal function.
Our results show that eculizumab is an effective treat-
ment for aHUS. However, more studies are needed on
the long-term efficacy and safety of eculizumab in chil-
dren with aHUS and to determine the optimal duration
of treatment.
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Introduction

Atypical hemolytic uremic syndrome (aHUS) is a hetero-
geneous disease that is defined by the association of
hemolytic anemia, thrombocytopenia and acute renal fail-
ure. Disorders of complement regulation are the most
important factors in the etiology of aHUS. Patients with
aHUS have a poor prognosis with high morbidity and
mortality. Mortality is higher in children, but renal prog-
nosis is worse in adults than children. In children, relapses
during the first year of the disease occur in 57 % of
patients. Progression to end-stage renal disease (ESRD)
occurs in 20 % of children with aHUS [1]. Based on the
results of their nation-wide study comparing children and
adults with aHUS, Fremeaux-Bacchi et al. recently dem-
onstrated that 23 % of all patients and 56 % of pediatric
patients had aHUS before the age of 2, but that approxi-
mately 60 % of all cases occurred during adulthood [1].
These findings indicate that aHUS is not an illness that
occurs only during early infancy.

Some cases of complement dysfunction appear to respond
to plasma therapy, including plasma infusion and plasma
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exchange (PE) [2]. Until recent years, plasma therapy was the
only available therapy for aHUS, but it often was not effec-
tive. It has recently been shown that eculizumab, a hu-
manized monoclonal antibody directed against comple-
ment C5, is an effective therapy in complement-related
aHUS and that it may be beneficial in the long-term
treatment of aHUS [3, 4]. Eculizumab binds to C5 and
prevents the cleavage of C5 to C5a and C5b and the
formation of the C5b-C9 membrane attack complex. It is
effective in patients with or without identified comple-
ment mutations [5]. In their recent review Wong et al.
found that eculizumab therapy is effective in approximate-
ly 85 % of patients who are resistant to, or dependent on,
plasma therapy [6].

Here, we report our case series of children with aHUS who
were resistant to, or dependent on, plasma therapy and who
were successfully treated with eculizumab.

Methods

This was a retrospective study in which data were re-
trieved from the medical files of children who had re-
ceived plasma therapy as treatment for aHUS. The data
retrieved included age, sex, presenting symptoms, pres-
ence of diarrhea and/or vomiting, hospitalization duration,
laboratory data on admission and follow-up, need for
transfusions, need for dialysis, response to PE, response
to eculizumab and outcome.

aHUS was defined as HUS negative for Shiga toxin-
producing Escherichia coli (STEC). Stool culture and sero-
logic tests for Shiga toxin-producing organisms were

performed for all patients. Glomerular filtration rate was cal-
culated using serum creatinine and urine creatinine measured
in a 24-h urine collection. Proteinuria was assessed using 24-h
urine protein excretion.

Blood samples were collected prior to the start of
plasma therapy to measure complement C3, complement
C4, autoantibodies against complement factor H (CFH)
and the activity of a disintegrin and metalloproteinase
with a thrombospondin type 1 motif, member 13
(ADAMTS13). Serum samples were tested for the pres-
ence of autoantibodies against CFH using an enzyme-
linked immunosorbent assay (normal range <1 AU/mL).
Genetic screening of the genes encoding CFH, comple-
ment factor I (CFI), complement factor B (CFB), C3 and
membrane cofactor protein (MCP) was performed for all
patients by direct sequencing of the coding sequences and
flanking intronic lesions. Genomic DNA was extracted
from blood leukocytes.

PE was achieved by plasma filtration with anticoagu-
lant cover using fresh frozen plasma (1.5× plasma vol-
ume) and was performed daily during the first 5 days of
treatment, then continued with five sessions per week.
Fresh frozen plasma infusions were given daily during
the first 5 days, then continued every other day. Patients
showing no clinical or laboratory improvement by the
second week were defined as plasma-resistant, and pa-
tients showing inadequate clinical and laboratory im-
provement by the second week, or who had clinical or
laboratory deterioration after tapering of plasma therapy,
were defined as plasma-dependent. In pediatric aHUS
patients aged <18 years, the eculizumab dosing regimen
was based on patient body weight.

Table 1 Demographic and clinical characteristics of the ten patients with atypical hemolytic uremic syndrome who were resistant to, or dependent on,
plasma therapy

Characteristic Patient no.

1 2 3 4 5 6 7 8 9 10

Age at aHUS onset (years) 11 2 2 3 12.5 5 8 1.5 3.5 4

Sex Female Female Male Male Female Female Female Female Male Female

Diagnosis (new/relapse) Relapse New New New Relapse New Relapse New New New

Plasma therapy
(dependent/resistant)

Resistant Resistant Resistant Resistant Resistant Dependent Dependent Dependent Dependent Dependent

Diarrhea + − − + − − − − − −
Infectious pathogens
in stool specimens

− − − − − − − − − −

Oliguria/anuria + + + + + + − + + +

Dialysis + + + + + − − + + +

Hypertension + − + + + + − − − +

Neurologic involvement + + + − + − + − + −
Gastrointestinal involvement + − + + − − − − − −

aHUS, atypical hemolytic uremic syndrome
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Results

Patient characteristics

In 2011 and 2012, 15 children were diagnosed with aHUS in
our pediatric nephrology departments. Five patients
responded to plasma therapy, which could be stopped after
recovery of the clinical and laboratory parameters. In one of
these patients, an MCP mutation was detected, and genetic
screening is ongoing for other patients.

The remaining ten patients (7 girls, 3 boys) did not respond
to, or were dependent on, plasma therapy and were treated
with eculizumab; these patients were enrolled in this study.
Three patients had a relapse and seven patients had a new
diagnosis of aHUS (Table 1). The median age at aHUS onset
was 4 (range 1.5–-12.5) years. Nine children (90 %) had
oliguria or anuria, and eight (80 %) required dialysis. Hyper-
tension was observed in six children (Table 1).

Neurologic involvement developed in six patients, with the
symptoms including seizures, balance loss, vision loss and
severe confusion. Of these six patients, two had lesions related
to posterior reversible encephalopathy syndrome (PRES) on
magnetic resonance imaging (MRI), and four had normalMRI
findings. No patient had evidence of central nervous system
(CNS) infarction.

Stool specimens were negative for STEC and Shigella
dysenteriae type 1. Diarrhea developed in two patients

without positive stool specimens. Gastrointestinal involve-
ment was present with vomiting and stomach ache in three
patients (Table 1). Laboratory studies at onset of aHUS
showed that five patients (50 %) had low C3 levels and nine
patients (90 %) had low haptoglobulin levels (Table 2). Levels
of autoantibodies to CFH were negative, and ADAMTS13
activity was normal in all patients (Table 2). The results of
mutation analysis were obtained for three patients; genetic
screening of the other patients is ongoing (Table 2).

Plasma therapy

The initial treatment of all patients was PE and plasma infu-
sion (Table 3). Five patients (50 %) were resistant to plasma
therapy (Table 1). Recovery of clinical and laboratory param-
eters was achieved in the remaining five patients (50 %) with
plasma therapy, but this did not stop the syndrome, and
relapses occurred after discontinuation of therapy; these pa-
tients were rated as having aHUS dependent on plasma ther-
apy (Table 4).

Eculizumab therapy

A median number of two doses of eculizumab was required to
achieve clinical and laboratory improvement (range 1–5
doses). Median follow-up after initiation of eculizumab ther-
apy was 23 (range 20–38) months. Full recovery of

Table 4 Laboratory data at time to switch from plasma therapy to eculizumab for treatment of atypical hemolytic uremic syndrome

Test Patient no.

1 2 3 4 5 6 7 8 9 10

Creatinine (mg/dL) 6.1 4.5 5.2 11.8 9.3 2.1 1.42 2.7 2.5 2.9

Glomerular filtration rate (mL/min/1.73 m2) Anuria Anuria 14.5 13.7 Anuria 53.9 63.2 23.2 29.3 28.9

Hemoglobin (g/dL) 7.61 6.9 8.5 5.7 5.8 10.5 9.6 7.9 8.6 8.4

Platelet count (/μL) 38,000 50,000 46,000 16,000 23,000 87,000 65,000 57,000 61,000 45,000

Lactate dehydrogenase (U/L) 2,416 2,134 1,879 2,187 2,541 1,453 1,641 1,254 985 1,432

Ferritin (ng/mL) 1187 1190 683 3421 1976 2190 1398 983 239 368

C3 (g/L) 0.7 1.1 0.89 0.72 1.01 0.98 0.79 1.18 0.9 0.82

C4 (g/L) 0.25 0.21 0.32 0.24 0.34 0.41 0.27 0.42 0.26 0.44

Haptoglobulin (mg/dL) <6 18.4 <6 <6 <6 <6 <6 <6 <6 <6

Proteinuria (mg/m2/h) Anuria Anuria 35.6 35.6 Anuria 42.9 51.8 32.4 17.4 19.4

Table 3 Plasma therapy for pa-
tients with atypical hemolytic
uremic syndrome

Plasma therapy parameters Patient no.

1 2 3 4 5 6 7 8 9 10

Time from onset to plasma therapy (days) 10 7 2 3 2 2 6 5 7 2

Number of plasma infusions 62 6 13 18 8 8 8 10 8 10

Number of plasma exchanges 49 10 18 21 12 15 18 14 12 18
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hematologic parameters and renal function was obtained in all
patients (Tables 5, 6). No systemic complications related to
eculizumab were observed.

Discussion

Atypical HUS is associated with defective regulation of the
alternative complement pathway in >50% cases. Mutations in
genes encoding CFH, MCP (CD46), CFI, thrombomodulin,
CFB or C3 or CFH autoantibodies have been reported to
predispose to aHUS. All of these changes cause overactivation
of the alternative pathway [4, 7]. CFH and thrombomodulin
mutations are associated with the earliest onset of aHUS and
highest mortality. Autoantibodies against CFH or MCP
mutation-related aHUS mainly occur after 2 years of age.
MCP mutations are associated with the best prognosis [8].
The genetic results on all of our patients were not available at
the time of writing. The results from genetic screening alone
cannot predict the severity and outcome of the disease [9], but
they are helpful, although not necessary, for treatment plan-
ning and may affect long-term treatment options [3]. In fact, a

medical history and rapid laboratory tests are sufficient for
aHUS diagnosis, although Shiga toxin-related HUS and
ADAMTS13 deficiency must be excluded before treatment..

Low C3 levels can be detected in one-third of all aHUS
patients [1]. In our patient group, five (50 %) children pre-
sented with low C3 levels. Low levels of complement C3 may
indicate complement dysregulation in aHUS, but this is not a
definite indication [10].

In their recent study, Fremeaux-Bacchi et al. demonstrated
neurologic involvement in 16 % of patients with aHUS [1].
Neurologic complications are a major cause of morbidity and
mortality; among extrarenal complications, CNS manifesta-
tions are observed in 20–50 % of patients [11]. Neurologic
symptoms range from irritability to coma and can be a conse-
quence of cerebral microangiopathy, hypertension, cerebral
edema or late referral for treatment. Complement activation,
and subsequent C5a generation, is thought to play an impor-
tant role in the progression of CNS disease [12]. In our study,
six patients had neurologic complications, and three of these
had higher blood pressure when manifesting neurologic
symptoms. Plasma electrolyte concentrations were normal at
the time these patients developed signs of CNS disease. Four
patients were referred after 1 week for treatment. The MRI

Table 6 Laboratory data after eculizumab therapy at last follow-up

Test Patient no.

1 2 3 4 5 6 7 8 9 10

Creatinine (mg/dL) 0.78 0.63 0.51 0.89 1.02 0.5 0.52 0.62 0.7 0.4

Glomerular filtration rate (mL/min/1.73 m2) 112.9 89.0 98.2 86.9 94.6 104.9 126.8 87.5 106.3 121

Hemoglobin (g/dL) 12.4 11.6 11.8 12.1 11.9 14.1 13.6 12.8 11.4 13.6

Platelet count (/μL) 189,000 236,000 420,000 476,000 328,000 279,000 342,000 401,000 172,000 235,000

Lactate dehydrogenase (U/L) 217 146 251 239 176 379 181 252 165 243

Ferritin (ng/mL) 45 67 34 7 28 54 25.7 63 26 41

C3 (g/L) 0.94 1.2 1.1 0.9 1.0 1.3 0.94 1.1 0.9 1.2

C4 (g/L) 0.32 0.28 0.24 0.44 0.28 0.21 0.32 0.26 0.42 0.33

Haptoglobulin (mg/dL) 8.4 21.0 9.5 9.3 11.3 10.2 14.8 14 12 10

Proteinuria (mg/m2/h) 3.2 1.1 4.1 4.2 5.7 2.8 3.9 6.2 3.5 2.3

Table 5 Eculizumab therapy for
atypical hemolytic uremic
syndrome

Therapy Patient no.

1 2 3 4 5 6 7 8 9 10

Time from diagnosis to eculizumab therapy (days) 42 15 22 24 16 18 20 16 15 20

Time from first eculizumab to hematologic
recovery (days)

15 8 14 13 12 6 5 9 6 10

Time from first eculizumab to recovery of
hypertension (days)

19 – 9 25 17 5 – – – 8

Time from first eculizumab to renal recovery
(days)

27 16 24 22 21 14 7 17 12 19

Time from first eculizumab to recovery of
proteinuria (days)

68 25 48 33 45 29 38 23 21 32
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findings of CNS involvement in HUS are diverse, and PRES-
related lesions can be demonstrated. Another type of lesion
has also been described during the acute phase of HUS, with
bilateral and symmetric thalami, brainstem and deep white
matter involvement [13]. We demonstrated PRES-related le-
sions in only two patients, and the MRI features of these
patients were not consistent with the diagnosis of PRES or
aHUS involvement [12].

In contrast with typical HUS, aHUS is characterized by
relapses in many cases. Plasma therapy is considered to be the
first-line therapy for patients during the acute episode of
aHUS and should be started within 24 h of diagnosis [14].
However, this is not always possible in clinical practice, as in
our cases. Plasma therapy is also not successful in all patients,
and patients can become dependent on, or resistant to, this
treatment. The necessity of lifelong treatment in patients who
are dependent on plasma therapy could result in reactions to
plasma and may worsen school performance and social activ-
ities. The morbidity and mortality of catheter placement and
PE are also important issues, and most studies suggest that
plasma therapy often fails to rescue kidney function [15, 16].
More recently, combined kidney and liver transplant, a high-
risk procedure, has been considered a last alternative for
patients resistant to plasma therapy. Combined kidney–liver
transplant should not be performed unless a patient is at high
risk for life-threatening complications. Eculizumab is also a
treatment option in the setting of transplant following ESRD
[17, 18].

In 2014, The European Paediatric Study Group for
Haemolytic Uraemic Syndrome published a new audit analy-
sis of a clinical practice guideline for the investigation and
initial therapy of aHUS. The guideline continues to recom-
mend plasma therapy. Only two patients were treated with
eculizumab in their registry, and eculizumab is not recom-
mended in this guideline because of the lack of prospective
pediatric trials [19]. Eculizumab has high potential in this area.
The long-term use of eculizumab is associated with extremely
high costs, and the optimal duration of therapy is unpredict-
able, but it is a rescue therapy for aHUS. In addition,
eculizumab has a successful effect on recovery of renal func-
tion. Legendre et al. recently demonstrated that five of their
seven plasmapheresis-resistant dialysis patients could come
off dialysis following treatment with eculizumab [20]. In our
study, full recovery of renal function was obtained in all
patients. Proteinuria disappeared and complete neurologic
recovery was achieved after eculizumab therapy.

The results of eculizumab use in patients with aHUS are
encouraging. After exclusion of STEC-HUS and
ADAMTS13 deficiency, and if eculizumab is available, this
therapy can be the first-line treatment for aHUS. We do not
know the circumstances under which eculizumab can be
safely discontinued and which patients are at high risk of
severe recurrence. At present, we can suggest that eculizumab

is lifesaving and may improve quality of life. We also suggest
that early use of eculizumab is a rescue therapy for renal
function. However, more studies should be conducted to
understand the long-term efficacy and safety of eculizumab
in children who have aHUS. Large studies are needed to
determine the optimal duration of treatment.
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