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Summary
Background Mutations in factor H (HF1) have been reported
in a consistent number of diarrhoea-negative, non-Shiga
toxin-associated cases of haemolytic uraemic syndrome
(D-HUS). However, most patients with D-HUS have no HF1
mutations, despite decreased serum concentrations of C3.
Our aim, therefore, was to assess whether genetic
abnormalities in other complement regulatory proteins are
involved.
Methods We screened genes that encode the complement
regulatory proteins—ie, factor H related 5, complement
receptor 1, and membrane cofactor protein (MCP)—by PCRsingle-strand conformation polymorphism (PCR-SSCP) and by
direct sequencing, in 25 consecutive patients with D-HUS, an
abnormal complement profile, and no HF1 mutation, from our
International Registry of Recurrent and Familial HUS/TTP
(HUS/thrombotic thrombocytopenic purpura).
Findings We identified a heterozygous mutation in MCP, a
surface-bound complement regulator, in two patients with a
familial history of HUS. The mutation causes a change in
three aminoacids at position 233–35 and insertion of a
premature stop-codon, which results in loss of the
transmembrane domain of the protein and severely reduced
cell-surface expression of MCP.
Interpretation Results of previous studies on HF1 indicate
an association between HF1 deficiency and D-HUS. Our
findings of an MCP mutation in two related patients suggest
that impaired regulation of complement activation might be a
factor in the pathogenesis of genetic forms of HUS. MCP
could be a second putative candidate gene for D-HUS. The
protein is highly expressed in the kidney and plays a major
part in regulation of glomerular C3 activation. We propose,
therefore, that reduced expression of MCP in response to
complement-activating stimuli could prevent restriction of
complement deposition on glomerular endothelial cells,
leading to microvascular cell damage and tissue injury.
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Introduction
Haemolytic uraemic syndrome (HUS) is a rare disease of
microangiopathic haemolysis, thrombocytopenia, and renal
failure.1,2 The most common form of HUS in children, with
predominant renal failure, is associated with infection by
Escherichia coli, which produce a powerful Shiga-like toxin.1
This form of the disease (D+HUS) usually presents with a
diarrhoea prodrome and has an excellent prognosis in most
cases.3 By contrast, non-Shiga toxin-associated and
diarrhoea-negative forms of HUS (D-HUS) have a much
poorer outcome (often end-stage renal failure or death4–6),
with patients prone to relapse. There is sometimes a
clustering of affected individuals within families, suggesting
a genetic predisposition to the disease. Both autosomal
dominant and autosomal recessive forms of inheritance
have been noted, with precipitating events such as
pregnancy, virus-like disease, or sepsis reported in some
instances.7–11 Low serum concentrations of the third
component of complement (C3) have been identified in
patients with D-HUS.12,13 Among such patients, a
subgroup—between 13% and 30%—carry mutations in the
gene encoding for factor H (HF1), a plasma protein that
inhibits the activation of the alternative pathway of
complement.14–19 However, two thirds of patients with DHUS have no HF1 mutations, despite decreased C3
concentrations,1,18,19 indicating a role for genetic
abnormalities in other complement regulatory proteins.

Methods
Participants
Between, 1996, and May, 2003, we enrolled consecutive
patients with familial, recurrent, or sporadic D-HUS with
no HF1 mutations but an abnormal serum complement
profile (defined as C3 serum concentrations <0·83 g/L12 or
a plasma C3d/serum C3 ratio >0·015) through the
International Registry of Recurrent and Familial
HUS/TTP (HUS/thrombotic thrombocytopenic purpura),
a network of 60 Haematology and Nephrology Units
established under the coordination of the Clinical
Research Centre for Rare Diseases “Aldo e Cele Daccò’’.
We also recruited healthy blood donors as controls. For
protein expression studies in peripheral blood
mononuclear cells (PBMC), healthy female controls and
uraemic female controls on chronic haemodialysis for
causes other than HUS, were recruited.
All participants received detailed information on the
purposes and design of the study and provided informed
written consent, according to the guidelines of the
Declaration of Helsinki. The protocol was approved by
the institutional review board of the “Mario Negri”
Institute for Pharmacological Research.
Procedures
With respect to complement profile assessment, we
quantified serum C3 and C4 concentrations by kinetic
nephelometry, and ascertained serum concentrations of
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GLOSSARY
CLASSICAL AND ALTERNATIVE COMPLEMENT PATHWAYS

Complement is part of the innate immune system and underlies the
main effector mechanism of antibody-mediated immunity. The classical
pathway is initiated by the binding of C1 complex to antibodies bound
to an antigen on the surface of a bacterial cell. The alternative pathway
is initiated by the covalent binding of a small amount of C3b to hydroxyl
groups on cell-surface carbohydrates and proteins, and is activated by
the low-grade cleavage of C3 in plasma. The two pathways lead to the
formation of specific C3 and C5 convertases, converge in the formation
of the membrane attack complex (MAC), and end with cell lysis.
SINGLE-STRANDED CONFORMATIONAL POLYMORPHISM
(SSCP) ANALYSIS

A method for distinguishing between DNA fragments with different
sequences (polymorphisms) amplified from the same genomic region
based on differences in the mobility of the single-stranded DNA during
polyacrylamide gel electrophoresis.

factor H, factor I, and factor B by radial immunodiffusion
(RID; The Binding Site, Birmingham, UK).12 C3d was
assessed on plasma collected on EDTA by RID (The
Binding Site).
We measured plasma ADAMTS13 activity as
previously described,20 using the collagen binding assay.
The presence of ADAMTS13 inhibitory antibodies was
assayed by testing ADAMTS13 activity in mixtures of
plasma taken from patients and from a plasma pool at
different dilutions after 30 min incubation at 37°C.20
To identify the causative gene(s) of HUS in patients
with no HF1 mutations, we looked at abnormalities in the
complement regulatory proteins—factor H related 5
(FHR5),21 complement receptor 1 (CR1),22 and
membrane cofactor protein (MCP).23 We extracted
genomic DNA from peripheral blood, according to
standard protocols (Nucleon BACC2 kit, Amersham,
UK). The coding sequences of HF1, FHR5, CR1, and
MCP were screened by PCR-SINGLE STRANDED
CONFORMATIONAL POLYMORPHISM ANALYSIS (PCR-SSCP),
using primers designed on published genomic sequences
(NT-004671, NT-021877).19,20,24 A list of primers used for
MCP gene analysis is reported in table 1. We did PCR
reactions in a 20 L volume, containing 100 ng DNA,
15 pmol of each primer, 16 nmol deoxynucleoside
triphosphates (dNTP), 2·25 mmol/L magnesium
chloride, 1 U Taq polymerase (Taq Gold, PE Applied
Biosystems, Foster City, CA, USA), and PCR buffer.
10 min denaturation at 94°C was followed by 35 PCR
cycles (94°C for 45 s, 55·5°C for 30 s, and 72°C for 45 s)
and by 10 min extension at 72°C. We mixed samples with
20 L of loading buffer, denatured them at 65°C for
10 min, and electrophoresed onto non-denaturing 6%

(62/1 acryl/bis) acrylamide gel in TAE buffer (pH 6·8) at
35 Watt for 3–5 h at 4°C. We visualised gels by silver
staining. Aberrant bands were sequenced.
We did expression studies in PBMC, which we
separated by density gradient centrifugation with FicollPaque, according to standard procedure. PBMC were
incubated with a fluorescein isothiocyanate (FITC)conjugated mouse monoclonal antibody against human
MCP (20 L/106 PBMC, BD Biosciences Pharmingen,
San Diego, CA, USA) or with FITC-mouse IgG (isotype
control), and analysed by FACSort (BD Biosciences,
Mountain View, CA, USA).
Role of the funding source
The sponsors of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.

Results

We enrolled 25 patients with familial (n=12), recurrent
(n=6), or sporadic (n=7) D-HUS, all of whom were white,
had no HF1 mutations, and had an abnormal serum
complement profile. We also enrolled 100 healthy blood
donors and, for protein expression studies in PBMC, six
healthy female controls and three uraemic female
controls.
Analysis of FHR5, indicated a heterozygous 343C→T
polymorphism leading to a L66F change in short
consensus repeat (SCR) 1 in two patients and in one
healthy control, a heterozygous 1160G→A polymorphism
leading to a R338H change in SCR6 in four patients and
one healthy control, and a heterozygous 1634T→G
polymorphism causing a M496R change in one patient
and one control.
With respect to the membrane-bound regulatory
protein CR1, we identified no mutations in the patients,
and the distribution of known CR1 polymorphisms was
comparable in patients and controls.24 In particular,
quantitative expression of CR1 on cell surface is regulated
by a genetic element that is linked to the site of a HindIII
restriction fragment length polymorphism of the CR1
gene that determines either a high (H) or a low (L)
expression allele.25 Among the 11 polymorphisms
described in the CR1 coding sequence, the 5507C→G
(P1827R) in exon 33 is in strict linkage disequilibrium
with the HindIII polymorphism: specifically, the C variant
is linked to the H allele, and the G variant to the L allele.26
The distribution of 5507C→G genotypes was similar in
HUS patients (CC=55%, CG=40%, GG=5%) and in
controls (CC=56%, CG=37%, GG=7%), thus excluding
an association between CR1 L allele and D-HUS.
However, a mutation in MCP was
Function Primer
noted in two of 25 D-HUS patients—
Sense
Antisense
in a 21-year-old woman with a history
Exon
of recurrent HUS (identified as
1
Signal
5-CTGGATGCTTTGTGAGTTGGG-3
5-TCTTGCCCGACTGAGGAGAG-3
proband in the report) and in her
peptide
affected brother (table 2). The results
2
SCR1
5-ACTTCATCTTCATGTTCCTATTCTCTTATC-3 5-ACCCCAAAATGTATGCAAATCTCT-3
obtained for these two individuals and
3
SCR2A
5-CAGATCTGTTTTATAACTGGATTGAAA-3
5-GAAGAGAAGCAAAACAAAAATAAAATT-3
their parents, form the basis of this
4
SCR2B
5-GTGTGTCTTATTAATTGCTATACAAAACAGT-3 5-AGAAACCTCTTTGGGATCTTTGTTA-3
report.
5
SCR3
5-TGTCTTAATCTTTTACATTTCCTTTCCTCT-3 5-CACATACACCTGCTTTGTTTATCTGT-3
6
SCR4
5-CTTGTCTCTGTTCACACTGGAAATTACT-3 5-CAGCAACAACAATAACAAAACCAAGA-3
Disease onset in the proband was at
7, 8 STP A, B 5-CCCAAGTGGTTGATCTTCTAACATT-3
5-ATAAGTGAACATCACCAGAAATTTGAA-3
age 16 months, when she developed a
9
STP C
5-TTGATAAGGCCCTGGTGAATTT-3
5-CCTGCACGCTGTGCACA-3
fever, haemolytic anaemia, and
10 Unknown 5-AAAATCACCCTATGAGTTTAAAGGATTT-3 5-CCTACACGTTTCTACACATACTACCACTTA-3
thrombocytopenia. At that time, renal
11 TM
5-GGAGATCCATGTGTTCAACATCTT-3
5-AATGCATGTCTTCACAATAATTTTTTG-3
function was normal. Thereafter, the
12 TM
5-CAGAATTATATGTCATTTGTTTCCTGG-3
5-AAGGACCAAGAAGTTAAAAGAAACATG-3
13 CT
5-TCGTTTCTTTTTGGTTTGAAGTCA-3
5-GCAAACCTTTCTCTCATCTCTCCT- 3
patient had six recurrences of
14 CT
5-GGCTTCTGGAATTTAATTTCTGTACTTAA-3 5-GTCAAAGATGAACTGGCAAACC- 3
thrombotic
microangiopathy,
all
STP=serine-threonine-proline rich domain. TM=trans-membrane domain. CT=cytoplasmic tail.
associated with deteriorating renal
function. Treatment consisted of
Table 1: Primers used for MCP screening
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Parameter (normal range)
Platelets (150–400109/L)
Lactate dehydrogenase (230–460 U/L)
C3 (0·8–1·8 g/L)
C4 (0·2–0·5 g/L)
C3d (3·03–18·23 mg/L)
C3d/C3 (0·005–0·015)
Factor H (350–750 mg/L)
Factor B (191–382 mg/L)
Factor I (28–58 mg/L)
ADAMTS13 activity (50–150%)

Proband

Brother

178
375
0·5
0·3
14·8
0·031
589·5
210·5
38·3
68

247
304
1·3
0·3
49·8
0·039
908
262·7
41·5
116

Table 2: Biochemical data for proband and her brother

We also measured the activity of ADAMTS13, a
plasma protease that cleaves von Willebrand Factor
multimers soon after their release by endothelial cells.20
This measurement was done since deficiency of
ADAMTS13 activity has been reported in patients with
TTP, a thrombotic microangiopathy that shares many
features with HUS, but also in some patients with HUS.20
ADAMTS13 activity was normal in all family members
(father: 106%; mother: 76%; brother: table 2), though in
the proband it fell in the lower limit of normal range
(table 2).
The proband and her affected brother were
heterozygous for the 1160G→A polymorphism in FHR5
and were homozygous for the C variant of the
polymorphism 5507C→G in CR1, associated with a high
expression allele (H).26
SSCP analysis of the MCP gene indicated an
anomalous pattern in exon 6 (figure 1). By sequencing we
found a heterozygous 2-bp deletion, causing a change in
three aminoacids at position 233–35 and insertion of a
premature stop-codon at position 236, which resulted in
loss of the C-terminus of the protein (figure 1). The
mutation was inherited by the proband from her father
and was also carried by the affected brother, but was not
found in the mother or in any of the 100 healthy controls.
We undertook expression studies in PBMC. FACS
analysis of PBMC isolated from the proband and from the
other MCP mutation carriers in the family (the father and

He

al
t
He hy u
al nr
e
t
M hy u late
ot
he nre d c
o
la
Fa r
te ntr
th
d
o
er
co l
Pr
nt
ro
ob
l
a
Br nd
ot
he
r

plasma exchanges and infusions, steroids, and blood
transfusions, which led to complete recovery of blood
abnormalities and renal function. The last episode of
disease recurrence, at age 20 years, was characterised by
anaemia, thrombocytopenia, and severe impairment of
renal function. Transient improvement was achieved by
treatment with plasma exchanges and methylprednisolone, but this response was not sustained and,
despite maintenance treatment with plasma exchanges,
renal function progressively deteriorated and the patient
was started on a chronic haemodialysis programme.
A renal biopsy showed irreversible changes of
chronic nephropathy with typical features of HUS,
including diffuse narrowing/occlusion of vascular
vessels and severe glomerular ischaemia. The proband’s
brother had two episodes of HUS at
age 9 years. Both episodes were
characterised by severe haemolytic
anaemia and acute renal insufficiency
and
resolved
without
plasma
treatment, with no renal sequelae. He
was referred to our registry at age
A
B
16 years. The proband and her
brother had no signs of microangiopathic haemolysis (table 2) at
the time of our examination. At that
Aberrant
time, the proband was aged 21 years
band
and was on chronic haemodialysis,
whereas her brother had a normal
renal function. Both parents are
healthy with no history of renal
disease (figure 1).
We
noted
reduced
serum
concentrations of C3 and a higher than
C
D
normal C3d/C3 ratio in the proband,
whereas C4 concentrations were
within the normal range, which is
NH1
consistent with a selective chronic
1
activation of the alternative pathway of
complement (table 2). C3 and C4
2
concentrations were normal in the
SCR
Wild type G A C A C A A T T G T C T G T
3
proband’s brother, however C3d
Asp
Thr Ile Val Cys
concentration and the C3d/C3 ratio
Mutant
AATTGTCTGTGA
STOP
4
Asn
Cys Leu Stop
were higher than normal (table 2). In
Serine-threoninethe parents, concentrations of C3
proline-rich
regions
(father: 1·1 g/L; mother: 0·9 g/L)
and C4 (father: 0·3 g/L; mother:
Transmembrane
domain
0·3 g/L) were within the normal range.
Factor H serum concentrations were
Cytoplasmic
tail
normal in the proband and in her
COOH
mother (619 mg/L), but were higher
than normal range in the father Figure 1: Genetic studies of MCP
(938 mg/L) and in the brother A=pedigree of family; arrow indicates proband, affected individuals in black, healthy carrier identified
by black dot. B=SSCP analysis of exon 6 of MCP. C=sequence of exon 6 of MCP in proband; arrow
(table 2). Factor B and factor I con- indicates
heterozygous mutation, causing 2-bp deletion (delA843-C844). D=structure and functional
centrations were within the normal domains of MCP protein; arrow indicates interruption of mutant protein translation due to stop codon
in SCR4, causing loss of C-terminus, including transmembrane domain.
range (table 2).
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Father

Brother

Proband

(33·1–39·6)

Counts

MCP (median
fluorescence intensity)

tail (figure 1).23 Because the delA843C844 mutation causes loss of the MCP
40
C-terminus, comprising part of all of
these domains, we reasoned that it
30
might affect cell-surface expression of
20
MCP through inhibition of insertion of
the mutant protein into the plasma
10
membrane; results of our expression
0
studies in PBMC lend support to this
ls
ls
er
notion.
o
o
h
r
tr
Mutation carriers
ot
nt
on
Together, the findings of studies14–19
M
co
c
y
d
h
e
on
HF1, showing an association
t
l
ys
a
al
between HF1 deficiency and D-HUS,
He
Di
and our findings of an MCP gene
Healthy control
Dialysed control
Proband
mutation in two patients within one
family make a strong case for impaired
regulation of complement activation as
a determinant factor of the disease in
genetic forms of HUS. MCP is highly
M1
M1
M1
expressed in the kidney27 and plays a
major part in regulating glomerular C3
activation.28 Reduced expression of
MCP
in the presence of stimuli that
MCP FITC
MCP FITC
MCP FITC
activate the complement system—eg,
infection, cytotoxic drugs, antibodies,
Figure 2: Expression studies of MCP protein
Flow cytometry analysis of MCP expression in PBMC from three mutation carriers (proband, brother
or immune complexes—might prevent
and father), healthy mother, dialysed controls (n=3), and healthy controls (n=6). A: data are mean
restriction of complement deposition
(SD); ranges in parentheses. B: histograms from proband, a representative dialysed control, and a
on glomerular endothelial cells, leading
representative healthy control.
to microvascular cell damage and tissue
injury. That the father had had no clinical manifestations
the brother) showed around 50% reduction in MCP
of HUS despite having the same MCP mutation as the
median fluorescence intensity, by comparison with
proband and her affected brother is consistent with an
PBMC from healthy controls (figure 2), indicating that
autosomal-dominant mode of transmission with reduced
the mutation affected the expression concentrations of
penetrance, as noted in HF1 mutation carriers.15–19 The
MCP protein. By contrast the mother, who does not carry
the mutation, had a normal MCP expression pattern
incomplete penetrance of the disease in carriers of either
(figure 2). Similar results were obtained when data were
HF115–19 or MCP mutations indicates that D-HUS is a
expressed as the proportion of MCP+ cells (proband:
complex disorder that fully manifests in the presence of
environmental factors and multiple genetic modifier loci.
40%; brother: 23%; father: 50%; mother: 72% vs healthy
This notion accords with our finding that, in the pedigree
controls: 86% [SD 3%]). The defect was not the
studied, MCP expression was higher in the father than in
consequence of uraemia, since MCP expression levels in
the proband and in her affected brother. Genetically
PBMC from patients on chronic haemodialysis (median
controlled variations in serum concentrations of HF1
fluorescence intensity, figure 2; proportion MCP+ cells:
could also explain the incomplete penetrance of the
72% [5]) were higher than those in the proband. Both the
disease in MCP mutation carriers. In this respect, HF1
proportion of MCP+ cells and the median fluorescence
concentrations are within normal range in the proband,
intensity (figure 2) in PBMC from the three mutation
but above normal in the non-affected father. Similarly,
carriers lie outside the range of values of MCP+ cells
HF1 serum concentration was high in the proband’s
(81–90%) and MCP median fluorescence intensity
brother, who had a mild form of the disease despite the
recorded in PBMC from healthy controls and from
same MCP mutation. Our provisional interpretation is
individuals on haemodialysis (MCP+ cells: 68–74%;
that in healthy individuals the wide range of variation in
median fluorescence intensity: figure 2).
the HF1 serum concentration can be irrelevant, but in an
individual with an MCP mutation a higher than normal
Discussion
amount of HF1 would be essential to compensate for the
Our results of genetic screening in 25 consecutive D-HUS
defective cofactor activity due to MCP haploinsufficiency.
patients without mutations in HF1 but presenting with
On the basis of our data, we cannot rule out the
abnormalities in the ALTERNATIVE but not in the CLASSICAL
possibility that the MCP mutation identified is unrelated to
PATHWAY OF COMPLEMENT, led us to identify a candidate
HUS and indicates a coincidental finding of a rare genetic
gene for D-HUS in addition to HF1. Based on the fact
variant. However, this possibility is unlikely since the
that these patients had signs of activation of the
mutation is present in two of 25 patients with D-HUS, but
complement system in their blood, we focused our search
for a genetic cause of the disease on genes involved in
in none of 100 healthy controls. Additionally, MCP has a
complement regulation. We identified a heterozygous
main role in complement regulation, which is defective in
mutation in the MCP gene in one family.
HUS. Genetic screening of HF1 and MCP could unveil
MCP is a widely expressed transmembrane
precious information for a more tailored clinical
glycoprotein that regulates complement activation. It
management of patients with D-HUS. Treatment of
serves as a cofactor for factor I to cleave C3b and C4b
D-HUS relies on plasma exchange or infusion, however
when they are deposited on host cells.23 MCP has four
50%18 to 75%19 of patients, often small babies, progress to
extracellular contiguous modules important for its
end-stage renal disease and need replacement therapy.
inhibitory activity, followed by a serine-threonine-proline
One of the most debated issues is whether kidney
rich domain, a transmembrane domain, and a cytoplasmic
transplantation is feasible in HUS. Children with Shiga(45·1–46·5)

50
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toxin associated HUS rarely progress to end-stage renal
disease, but when they do so, transplantation often results
in a good prognosis.29 Notably, graft outcome is less
favourable in children30 and adults31 with D-HUS, with
recurrences occurring in around 50% of patients and graft
failure developing in all of them. Among patients with
D-HUS and HF1 mutations, the recurrence range is
30–75%, according to different surveys.18,32 In patients of
our registry, the five individuals with D-HUS and HF1
mutations who received a transplant had disease
recurrence on the grafted kidney within a few weeks (range
1 week to 6 months) after surgery.19 In view of the fact that
HF1 is a plasma protein mainly of liver origin, indirect
evidence suggests that a kidney transplant does not correct
the HF1 genetic defect (Noris M, unpublished). To
speculate that a dysfunction in MCP, which is a
membrane-bound protein highly expressed in the kidney,
can be corrected by transplanting a normal kidney, is
tempting. The graft, bearing wild-type MCP expressed on
renal-cell surfaces, should conceivably be protected from
disease recurrence.
Contributors
M Noris designed the study, interpreted the data, and drafted the report.
S Brioschi did the experimental work on MCP and participated in data
analysis and presentation. J Caprioli participated in setting up and
coordinating genetic analyses and in preparing the manuscript. E Bresin
and S Gamba participated in clinical data and biological sample
collection, and in writing the clinical case report of the patient.
M Todeschini was responsible for expression tests on MCP, and
participated in data analysis and presentation. F Porrati was responsible
for biochemical studies on complement and MCP, and participated in
data analysis and presentation. G Remuzzi participated in discussion and
interpretation of the data and revision of the report, and worked on the
first draft of the paper. All authors contributed to the final version of the
manuscript. M Noris and S Brioschi contributed equally to the paper.

Conflict of interest statement
None declared.

Menbers of International registry for HUS and TTP
Coordinators
G Remuzzi, P Ruggenenti (Clinical Research Center for Rare Diseases
“Aldo e Cele Daccò”, Ranica, Bergamo, and Division of Nephrology and
Dialysis, “Ospedali Riuniti” Azienda Ospedaliera, Bergamo, Italy);
M Noris, Clinical Research Center for Rare Diseases “Aldo e Cele
Daccò”, Ranica, Bergamo, Italy.

Investigators—Italy
M Garozzo (Division of Nephrology and Dialysis, “S. Marta e S. Venera”
Hospital, Acireale, Catania); F Casucci, F Cazzato (Division of
Nephrology, “Miulli” Hospital, Acquaviva delle Fonti, Bari); I M Ratsch
(Pediatric Clinic, “G. Salesi” Hospital, Ancona); G Claudiani (Division of
Hematology, “S. Liberatore” Hospital, Atri, Teramo); W De Simone
(Division of Nephrology and Dialysis, “S. Giuseppe Moscati” Hospital,
Avellino); P Dattolo (Division of Nephrology and Dialysis,
“S. M. Annunziata” Hospital, Bagno a Ripoli, Firenze); R Bellantuono,
T De Palo (Division of Nephrology and Dialysis, “Giovanni XXIII”
Pediatric Hospital, Bari); N Lattanzi (Centro Emodialisi, Bari);
M Schiavoni (Assistenza Emofilici e Coagulopatici, Ospedale Policlinico
Consorziale, Bari); T Barbui (Division of Hematology, “Ospedali Riuniti”
Azienda Ospedaliera, Bergamo); A M Acquarolo (II Rianimazione
“Spedali Civili, Azienda Ospedaliera”, Brescia); O Carli, G Gregorini
(Division of Nephrology and Dialysis, “Spedali Civili, Azienda
Ospedaliera”, Brescia); A Cao (Istituto di Clinica e Biologia dell'Età
Evolutiva, Cagliari); C Setzu (Pediatric Division, “G. Brotzu” Hospital,
Cagliari); A Bonadonna (Division of Nephrology and Dialysis, Presidio
Ospedaliero di Camposampiero, Camposampiero, Padova); C Cascone,
G Delfino (Division of Nephrology and Dialysis, “S. Giacomo” Hospital,
Castelfranco Veneto, Treviso); S Li Volti (Pediatric Department,
Policlinico Hospital, Catania); C Castellino (Division of Hematology,
“Azienda Ospedaliera S. Croce e Carle”, Cuneo); L Calacoci (Division of
Immunohematology, “S. Giovanni di Dio” Hospital, Firenze);
C Grimaldi (Division of Internal Medicine and Nephrology, “S. Giovanni
di Dio” Hospital, Firenze); I Pela (Division of Nephrology, “A. Meyer”
Hospital, Firenze); E Nesti (Division of Nephrology and Dialysis,
“S. Miniato” Hospital, Firenze); M Salvadori (Division of Nephrology
and Dialysis, “Careggi” Hospital, Firenze); GC Barbano, A Trivelli
(Division of Nephrology, “G. Gaslini” Pediatric Institute, Genova);
I Fontana (Transplant Center, “S. Martino” Hospital, Genova);

1546

S D’Ardia (Division of Immonohematology, Ivrea Hospital, Ivrea,
Torino); C Marseglia (Service of Nephrology and Dialysis, “Carlo Poma”
Hospital, Mantova); A Bettinelli (Pediatric Division, “S. Leopoldo
Mandic” Hospital, Merate, Lecco); G Ardissino, A Edefonti (Division of
Pediatric Nephrology, Dialysis and Transplant, “De Marchi” Pediatric
Clinic, Milano); A Lattuada, E Rossi (Division of Hematology,
“L. Sacco” Hospital, Milano); V Rossi ( Division of Hematology,
“Niguarda Cà Granda” Hospital, Milano); V Toschi (Transfusional
Center, “San Carlo Borromeo” Hospital, Milano); E Gaiani, M Leonelli
(Division of Nephrology, Dialysis and Transplant, Policlinico Hospital,
Modena); D Belotti, E Pogliani (Division of Hematology and
Transfusional Center, “S. Gerardo” Hospital, Monza, Milano); L Murer
(Pediatric Division, Policlinico Hospital, Padova); A Indovina, R Marcenò
(Division of Hematology, “V. Cervello” Hospital, Palermo); L Amico
(Division of Nephrology and Dialysis, “V. Cervello” Hospital, Palermo);
E Trabassi (Division of Nephrology and Dialysis, “San Massimo”
Hospital, Penne, Pescara); G Agnelli (Division of Internal Medicine,
University of Perugia); R Caprioli (Division of Nephrology and Dialysis,
“S. Chiara” Hospital, Pisa); G Garozzo (Trasfusional Center,
“M.P. Arezzo” Hospital, Ragusa); E Bresin, E Daina, S Gamba (Clinical
Research Center for Rare Diseases “Aldo e Cele Daccò”, Ranica,
Bergamo); G Enia (Division of Nephrology, Clinical Physiology Center,
“Consiglio Nazionale delle Ricerche”, Reggio Calabria); C Zoccali
(Division of Nephrology and Dialysis, “G. Monasterio” Hospital, Reggio
Calabria); A Amendola, L Dessanti, F Mandelli, G Meloni (Department
of Cellular Biotechnology and Hematology, “La Sapienza” University,
Roma); L De Petris, S Rinaldi, GF Rizzoni (Division of Nephrology and
Dialysis, “Bambino Gesù” Pediatric Hospital, Roma); T Cicchetti,
G Putortì (Division of Nephrology and Dialysis, “N. Giannettasio”
Hospital, Rossano Calabro, Cosenza); R Paolini (Medical Division,
Rovigo Hospital, Rovigo); A Pinto (Division of Nephrology and Dialysis,
“S.G. di Dio e Ruggi d'Aragona” Hospital, Salerno); A Del Giudice
(Division of Nephrology, “Casa Sollievo delle Sofferenza” Hospital, S.
Giovanni Rotondo, Foggia); PR Scalzulli (Division of Hematology, “Casa
Sollievo delle Sofferenza” Hospital, S. Giovanni Rotondo, Foggia);
M Sanna (Division of Medical Pathology, Sassari Hospital, Sassari);
A Amore, R Coppo, L Peruzzi (Division of Nephrology and Dialysis,
“Regina Margherita” Pediatric Hospital, Torino); A Khaled (Division of
Nephrology, “S. Chiara” Hospital, Trento); M Pennesi (Division of
Pediatric Nephrology, “Burlo Garofalo” Pediatric Institut, Trieste);
O Amatruda (Division of Nephrology, “Fondazione Macchi” Hospital,
Varese); L Tavecchia (Division of Hematology, “Borgo Roma” Hospital,
Verona).

Investigators—abroad
J Ferraris (Division of Nephrology, “Hospital Italiano de Buenos Aires”,
Buenos Aires, Argentina); MG Caletti, M Adragua (“Juan P. Garrahan”
Hospital de Pediatria, Buenos Aires, Argentina); R Wens (Clinique de
Nephrologie-Dialyse, CHU Brugmann, Bruxelles, Belgium); T Ring
(Department of Nephrology, Aaolborg Hospital, Aaolborg, Denmark);
C Buehrer (Department of Neonatology, Charité Campus VirchowKlinikum, Berlin, Germany); D Mueller (Department of Pediatric
Nephrology, Charité, Berlin Germany); B Hoppe (University
Children’Hospital, Cologne, Germay); D Landau (Division of Pediatric
Nephrology, Soroka Medical Center, Beer-Sheba, Israel); P Ponce
(Hospital “Garcia de Orta”, Almada, Portugal); J Barbot, Antunes
M (Division of Hematology, “Maria Pia” Hospital, Porto, Portugal);
A Sharma (Royal Liverpool and Broadgreen University Hospitals,
Liverpool, UK); GB Haycock (Pediatric Renal Unit, Guy’s Hospital,
London, UK); L Milner (Division of Nephrology, Floating Hospital for
Children, Boston, MA, USA); JC Lane, CB Langman (Division of
Kidney Diseases, Children’s Memorial Hospital, Chicago, IL, USA);
AM Simckes (Children’s Mercy Hospital, Kansas City, MO, USA);
J Gitomer (Department of Nephrology, Marshfield Clinic, Marshfield,
WI, USA); SB Conley (Department of Nephrology, St. Christopher’s
Hospital for Children, Philadelphia, USA); D Milliner (Mayo Clinic,
Rochester, MN, USA); V Kimonis (Department of Pediatrics, SIU
School of Medicine, Springfield, IL, USA); J Listman (SUNY Upstate
Medical University, Syracuse, NY, USA).

Laboratory analysis
F Gaspari (Clinical Research Center for Rare Diseases “Aldo e Cele
Daccò”, Ranica, Bergamo, Italy); C Ottomano, A Vernocchi (Division of
Laboratory Analysis, “Ospedali Riuniti” Azienda Ospedaliera Bergamo,
Italy).

Biochemical studies
P Bettinaglio, S Brioschi, S Bucchioni, J Caprioli, F Castelletti, D Cugini,
G Pianetti (Clinical Research Center for Rare Diseases “Aldo e Cele
Daccò”, Ranica, Bergamo, Italy); C Capoferri, DM Galbusera, S Gastoldi
(“M. Negri” Institute for Pharmacological Research, Bergamo, Italy);
PF Zipfel (Hans Knoell Institute for Natural Products Research, Jena,
Germany).

THE LANCET • Vol 362 • November 8, 2003 • www.thelancet.com

For personal use. Only reproduce with permission from The Lancet.

MECHANISMS OF DISEASE

Statistical analysis
A Perna (Clinical Research Center for Rare Diseases “Aldo e Cele
Daccò”, Ranica, Bergamo, Italy).

Acknowledgments
This work was supported in part by grants from Comitato 30 ore per la
vita and from Telethon (GPP02161) and by a grant from the Foundation
for Children with Atypical HUS along with the Nando Peretti
Foundation. S Brioschi is a recipient of a fellowship from Associazione
Ricerche Malattie Rare through the generosity of the Lions Club
Bergamo—St Alessandro. F Porrati is a recipient of a fellowship in
memory of Libera Dossia Grana.
We thank Paola Bettinaglio for complement product measurement,
Sara Bucchioni for DNA sequencing, Miriam Galbusera for ADAMTS13
assessment, and Erica Daina and Mauro Abbate for helpful discussion.

References
1

2

3

4

5
6
7
8

9

10

11

12

13

14

Ruggenenti P, Noris M, Remuzzi G. Thrombotic microangiopathy,
hemolytic uremic syndrome, and thrombotic thrombocytopenic
purpura. Kidney Int 2001; 60: 831–46.
Ruggenenti, P, Noris M, Remuzzi G. Thrombotic microangiopathies.
In: Brady HR, Wilcox CS, eds. Therapy in nephrology and
hypertension: a companion to Brenner and Rector’s the kidney.
Philadelphia: WB Saunders Company, 2003.
Kaplan BS, Meyers KE, Schulman SL. The pathogenesis and
treatment of hemolytic uremic syndrome. J Am Soc Nephrol 1998; 9:
1126–33.
Fitzpatrick MM, Walters MDS, Trompeter RS. Atypical (nondiarrhea-associated) hemolytic-uremic syndrome in childhood.
J Pediatr 1993; 122: 532–37.
Proesmans W. Typical and atypical hemolytic uremic syndrome.
Kidney Blood Press Res 1996; 19: 205–08.
Neuhaus TJ, Calonder S, Leumann EP. Heterogeneity of atypical
hemolytic uremic syndrome. Arch Dis Child 1997; 76: 518–21.
Kaplan BS, Kaplan P. Hemolytic uremic syndrome in families.
New York: Marcel Dekker, 1992.
Berns JS, Kaplan BS, Mackow RC, Hefter LG. Inherited
hemolytic uremic syndrome in adults. Am J Kidney Dis 1992; 19:
331–34.
Kirchner KA, Smith, RM, Gockerman JP, Luke RG. Hereditary
thrombotic thrombocytopenic purpura: microangiopathic hemolytic
anemia, thrombocytopenia, and renal insufficiency occurring in
consecutive generations. Nephron 1982; 30: 28–30.
Bergstein J, Michael A Jr, Kjellstrand C, Simmons R., Najarian J.
Hemolytic-uremic syndrome in adult sisters. Transplantation 1974; 17:
487–89.
Pirson Y, Lefebvre C, Arnout C, de Strihou CY. Hemolytic uremic
syndrome in three adult siblings: a familial study and evolution.
Clin Nephrol 1997; 28: 250–55.
Noris M, Ruggenenti P, Perna A, et al, on behalf of the Italian
Registry of Familial and Recurrent HUS/TTP. Hypocomplementemia
discloses genetic predisposition to hemolytic uremic syndrome and
thrombotic thrombocytopenic purpura: role of factor H abnormalities.
J Am Soc Nephrol 1999; 10: 281–93.
Thompson RA, Winterborn MH. Hypocomplementaemia due to a
genetic deficiency of ?1H globulin. Clin Exp Immunol 1981; 46:
110–19.
Warwicker P, Goodship THJ, Donne RL, et al. Genetic studies into
inherited and sporadic haemolytic uraemic syndrome. Kidney Int
1998; 53: 836–44.

15 Caprioli J, Bettinaglio P, Zipfel PF, et al. The molecular basis of
familial hemolytic uremic syndrome: mutation analysis of factor H
gene reveals a hot spot in short consensus repeat 20. J Am Soc Nephrol
2001; 12: 297–307.
16 Richard A, Buddles, MR, Donne RL, et al. Factor H mutations in
hemolytic uremic syndrome cluster in exons 18–20, a domain
important for host cell recognition. Am J Hum Genet 2001; 68:
485–90.
17 Perez-Caballero D, Gonzalez-Rubio C, Gallardo ME, et al.
Clustering of missense mutations in the C-terminal region of factor H
in atypical hemolytic uremic syndrome. Am J Hum Genet 2001; 68:
478–84.
18 Neumann HP, Slazmann M, Bohnert-Iwan B, et al. Haemolytic
uraemic syndrome and mutations of the factor H gene: a registrybased study of German speaking countries. J Med Genet 2003; 40:
676–81.
19 Caprioli J, Castelletti F, Bucchioni S, et al. Complement factor H
gene mutations and polymorphisms in haemolytic uraemic syndrome:
the C-257T, the A2089G and the G2881T polymorphisms are
strongly associated with the disease. Hum Mol Genet (in press).
20 Remuzzi G, Galbusera M, Noris M, et al. von Willebrand factor
cleaving protease (ADAMTS13) is deficient in recurrent and familial
thrombotic thrombocytopenic purpura and hemolytic uremic
syndrome. Blood 2002; 100: 778–85.
21 McRae JL, Cowan PJ, Power DA, et al. Human factor H-related
protein 5 (FHR-5): a new complement-associated protein. J Biol Chem
2001; 276: 6747–54.
22 Krych-Goldberg M, Atkinson JP. Structure-function relationships of
complement receptor type 1. Immunol Rev 2001; 180: 112–22.
23 Liszewski MK, Leung M, Cui W, et al. Dissecting sites important for
complement regulatory activity in Membrane cofactor Protein (MCP;
CD46). J Biol Chem 2000; 48: 37692–701.
24 Moulds JM, Zimmerman PA, Doumbo OK, et al. Molecular
identification of Knops blood group polymorphisms found in long
homologous region D of complement receptor 1. Blood 2001; 97:
2879–85.
25 Wilson JG, Murphy EE, Wong WW, Klickstein LB, Weis JH,
Fearon DT. Identification of a restriction length polymorphism by a
CR1 cDNA that correlates with the number of CR1 on erythrocytes.
J Exp Med 1986; 164: 50–59.
26 Xiang L, Rundles JR, Hamilton DR, Wilson JG. Quantitative alleles of
CR1: coding sequence analysis and comparison of haplotypes in two
ethnic groups. J Immunol 1999; 163: 4939–45.
27 Nangaku M. Complement regulatory proteins in glomerular diseases.
Kidney Int 1998; 54: 1419–28.
28 Nakanishi I, Moutabarrik A, Hara T, et al. Identification and
characterization of membrane cofactor protein (CD46) in the human
kidneys. Eur J Immunol 1994; 24: 1529–35.
29 Ferraris JR, Ramirez JA, Ruiz S, et al. Shiga toxin-associated
hemolytic uremic syndrome: absence of recurrence after renal
transplantation. Pediatr Nephrol 2002; 17: 809–14.
30 Miller RB, Burke BA, Schmidt WJ, et al. Recurrence of haemolyticuraemic syndrome in renal transplants: a single-centre report.
Nephrol Dial Transplant 2002; 17: 809–14.
31 Artz MA, Steenbergen EJ, Hoitsma AJ, Monnens LAH, Wetzels JFM.
Renal transplantation in patients with hemolytic uremic syndrome:
high rate of recurrence and increased incidence of acute rejections.
Transplantation 2003; 78: 821–26.
32 Loirat C, Niaudet P. The risk of recurrence of hemolytic uremic
syndrome after renal transplantation in children. Pediatr Nephrol;
published online Sept 17, 2003, DOI: 10.1007/s00467-003-1289-8.

THE LANCET • Vol 362 • November 8 2003 • www.thelancet.com

For personal use. Only reproduce with permission from The Lancet.

1547

