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Key Points

• Reduction in ADAMTS13
function and complement
dysregulation coexist in
a significant number of
patients with aHUS.

• Variations in the ADAMTS13
gene (polymorphisms and
rare variants) are partly
responsible for the reduced
ADAMTS13 function in aHUS.

Complement dysregulation leads to atypical hemolytic uremic syndrome (aHUS),

while ADAMTS13 deficiency causes thrombotic thrombocytopenic purpura. We in-

vestigated whether genetic variations in the ADAMTS13 gene partially explain the

reduced activity known to occur in some patients with aHUS. We measured com-

plement activity and ADAMTS13 function, and completed mutation screening of

multiple complement genes and ADAMTS13 in a large cohort of aHUS patients. In over

50% of patients we identified complement gene mutations. Surprisingly, 80% of pa-

tients also carried at least 1 nonsynonymous change in ADAMTS13, and in 38% of

patients, multiple ADAMTS13 variations were found. Six of the 9 amino acid sub-

stitutions in ADAMTS13 were common single nucleotide polymorphisms; however,

3 variants—A747V, V832M, and R1096H— were rare, with minor allele frequencies

of 0.0094%, 0.5%, and 0.32%, respectively. Reduced complement and ADAMTS13

activity (<60% of normal activity) were found in over 60% and 50% of patients,

respectively. We concluded that partial ADAMTS13 deficiency is a common finding in

aHUS patients and that genetic screening and functional tests of ADAMTS13 should be considered in these patients. (Blood.

2013;122(8):1487-1493)

Introduction

Thrombotic thrombocytopenia purpura (TTP) and hemolytic uremic
syndrome (HUS) are thrombotic microangiopathies (TMAs) with
overlapping clinical phenotypes. TTP is characterized by the pentad
of neurological symptoms: fever, microangiopathic hemolysis,
thrombocytopenia, and renal failure; whereas in HUS the presenting
triad is typically limited to microangiopathic hemolysis, thrombo-
cytopenia, and renal failure. In spite of this overlap, distinctly
different etiologies define these diseases.

Most cases of TTP are due to a deficiency in the activity of
the Von Willebrand factor (VWF)–cleaving protease, ADAMTS13
(a disintegrin and metalloproteinase with a thrombospondin type 1
motif, member 13), caused by either inherited mutations or inhibitory
autoantibodies. Severe deficiency of ADAMTS13 activity to ,5%
as measured by cleavage assays is considered diagnostic for TTP,
although ADAMTS13 deficiency does not inevitably result in TTP.
In addition to several reports of healthy individuals with severely
reduced ADAMTS13 activity (usually family members of TTP pa-
tients),manyTTP patients have persistently low levels ofADAMTS13
during disease remission.

The inciting event in the pathogenesis of typical or endemic HUS
is infection with Shiga-toxin-producing bacteria, but in about 10% of
patients with HUS there is no history of antecedent exposure to Shiga
toxin. These atypical cases (aHUS), characterized by relapsing throm-
botic microangiopathy that often leads to end-stage renal failure, have

been linked to genetic abnormalities in the alternative pathway of the
complement cascade, with mutations reported in complement factor
H (CFH), CD46, complement factor I (CFI), complement factor B
(CFB), complement component 3 (C3), complement factor H-related
5 (CFHR5), and thrombomodulin (THBD). In about 5% to 10% of
aHUS patients, the disease is triggered by autoantibodies to factor H
that are usually associated with homozygosity for a copy number
variation, the tandem deletion of CFHR3 and CFHR1, 2 genes in the
complement factor H gene family that lie immediately 39 of CFH.

Normal ADAMTS13 activity has been reported in patients with
typical HUS; however, in one study about 25% of aHUS patients had
reduced ADAMTS13 activity.1 This observation suggests that in
aHUS reduced ADAMTS13 activity may contribute to disease patho-
genesis. To test this hypothesis, wemeasured ADAMTS13 activity in
sera of 29 aHUS patients. In 26 patients, DNA samples were available
for mutation screening of ADAMTS13 and multiple complement
genes.

Methods

Atypical HUS patients

Twenty-nine patients diagnosed with aHUS by standard clinical criteria
were included in this study. Patients with positive assays for Shiga-toxin
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assay were excluded. All studies were approved by the Institutional Review
Boards of the University of Iowa and the University of Texas MD Anderson
Cancer Center. Informed consent was obtained in accordance with the
Declaration of Helsinki.

Serum samples, collection, and storage

Patient serum samples were collected from 6 mL of whole blood drawn in
a serum Vacutainer tube and allowed to clot at 37°C for 45 minutes. Clotted
blood was centrifuged at room temperature (10003 g) for 10 minutes. Cell-
free serum was removed and immediately placed at 280°C. All serum
samples requiring shipping were shipped frozen on dry ice. Patient serum
samples were collected at least 2 weeks after any plasma exchange or
eculizumab treatment. Information about other plasma infusions prior to
collection of serum samples was not available in these patients. Serum was
collected after the acute presentation at varying intervals from the time of
disease diagnosis. Clinical data are available for review in supplemental
Table 1, found on the Blood Website.

Reagents

TheADAMTS13 activity assay kit (HologicGen-probe, Inc., SanDiego,CA),
pooled normal human serum (Complement Technology, Inc., Tyler, TX),
normal human serum samples (Bioreclamation, Westbury, NY), PGEX-2T
vector (GE Healthcare, Piscataway, NJ), rabbit anti-glutathione S-transferase
(GST) antibody (Invitrogen, Grand Island, NY), and secondary anti-rabbit
horseradish peroxidase-conjugated IgG antibody (GE Healthcare) were
purchased from the indicated sources.

Recombinant GST-VWF-A2 fusion protein

The human complementary DNA (cDNA) sequence encoding the VWF-A2
domain (amino acids P1480-G1672) was polymerase chain reaction (PCR)–
amplified from VWF cDNA (59 primer, ACTGGATCCCCGGGGCTCT
TGGGG; 39 primer, CAGGAATTCTCCGGAGCAGCACCT), digestedwith
BamH I and EcoR I, and ligated into the pGEX-2T GST vector. The GST-A2
recombinant fusion protein was expressed in Escherichia coli, and purified by
GSTrap FF columns and the GST buffer kit (GE Healthcare). The eluted
protein was concentrated to 100 mg/mL and dialyzed in phosphate-
buffered saline (pH 7.6) with mini dialysis units (Thermo Scientific,
Rochester, NY).

Generating recombinant ADAMTS13 variants

Full length of human ADAMTS13 cDNA in pSecTag2B expression vector
(Invitrogen) was obtained from Dr Jing-Fei Dong’s laboratory (Puget Sound
Blood Center, Seattle, WA). Single-nucleotide ADAMTS13 mutations
(Q448E, 1342C.G; P618A, 1852C.G; A732V, 2195C.T; A747V,
2240C.T; V832M, 2494G.A; A900V, 2699C.T; A1033T, 3097G.A;
R1060W, 3178C.T; R1096H, 3287G.A) were introduced into wild-type
(WT) ADAMTS13 cDNA by PCR-based mutagenesis using the Quik-
Change lightning site–directed mutagenesis kit (Agilent Technologies, Santa
Clara, CA). The accuracy of generated constructs was confirmed by DNA
sequencing. The sequences of mutagenesis primers were provided in
supplemental Table 2.

PSecTag2B vectors carrying the cDNA encoding ADAMTS13 (WT and
variants) were transfected into human embryonic kidney (HEK) 293 cells
purchased from the American Type Culture Collection (CRL-1573). HEK
293 cells were cultivated in Dulbecco’s modified Eagle medium (DMEM)
medium (Invitrogen) containing 10% fetal calf serum. Subconfluent cells
grown in 150-mm dishes were washed 3 times with serum-free DMEM
medium and kept in 10-mL Opti-MEM (minimum essential medium). The
cells were transfected with 10 mg plasmid DNA and 50 mL lipofectamine
2000 (Invitrogen). Six hours after transfection, Opti-MEM medium was
replaced by DMEMmedium containing 10% fetal calf serum. Transfected
cells were selected by Hygromycine B (Invitrogen) at a final concentration
of 200 mg/mL. Conditioned media from stably transfected cells were
collected and processed by affinity purification using Ni-His GraviTrap
column (GE Healthcare). The concentration of each purified protein was

determined with the BCA protein assay kit (Pierce, Rockford, IL), using
bovine serum albumin (Bio-Rad, Hercules, CA) as a standard.

To compare secretion of ADAMTS13 variants by transfected HEK 293
cells, we collected serum-free conditioned media 48 hours after trans-
fection, from which proteins were purified using Ni-NTA Fast Start Kit
(Qiagen, Venlo, The Netherlands). Transfected cells were lysed with sample
buffer to obtain total cell lysate. Proteins obtained from cell media and cell
lysates were separated and immunoblotted using an antibody against
ADAMTS13 (Immunogen affinity purified Goat Sera; Novus Biologicals,
Littleton, CO).

ADAMTS13 activity

We measured ADAMTS13 activity in 30 serum samples from normal
controls and in all patient serum samples using fluorescence resonance
energy transfers (FRETS) VWF73 and VWF-A2 as substrates.

FRETS-VWF73 cleavage assay. ADAMTS13 activitywasmeasured as
the rate of cleavage of a fluorogenic substrate that contains 73 amino acids of the
VWF-A2domainwith FRET tags on either side of theADAMTS13 cleavage site
(FRETS-VWF73) following the manufacturer’s protocol (Hologic Gen-probe,
Inc., San Diego, CA). Briefly, 5 mL of each plasma or serum sample—or
in some experiments, 1 mg of purified recombinant ADAMTS13—was
diluted with supplied buffer to a total volume of 50 mL, and incubated for
30 minutes at room temperature with 50 mL of substrate (FRETS-
VWF73) at a final concentration of 1 mM. Fluorescence was measured at
440–460 nm using a BioTek fluorometer (BioTek,Winooski, VT), measuring
ADAMTS13 activity as the increase in fluorescence at 30 minutes in
comparison with base line. This value was used to calculate ADAMTS13
activity in each sample using the calibration curve obtained from standards
provided with each kit. In those samples showing reduced ADAMTS13
activity, different concentrations of FRET-VWF73 (0, 1, 2, 3, and 4mM)were
used to determine the relative rate of substrate cleavage. Data were fitted to
a Michaelis–Menten equation, calculating Vmax, Km, and kcat using a
Lineweaver–Burk plot.

Recombinant VWF-A2 cleavage assay. ADAMTS13 activity was
measured using recombinant GST-conjugated VWF-A2 as a substrate.
Twenty microliters of VWF-A2 (100 mg/mL) was diluted with 20 mL of
cleavage buffer (100 mMTris-HCl, pH 8.5, 4 mM calcium chloride, 0.02%
Brij-35) and incubated with 1 mL of normal or aHUS sera for 2 hours at
37°C. Cleavage activity was terminated by adding 40mL of reduced sample
buffer. GST VWF-A2 cleavage products were separated by sodium
dodecyl sulfate (SDS)–polyacrylamide gel electrophoresis (10% gels),
transferred to immobilon-P membranes (Millipore, Billerica, MA), blotted
with rabbit anti-GST antibody, visualized by chemiluminescence, and
quantified by densitometry using National Institutes of Health (NIH) Image
J software (rsb.info.nih.gov/nih-image). Cleavage of VWF-A2was determined
by measuring the band density ratio of cleaved products/(cleaved products1
noncleaved VWF-A2). Results were normalized to ADAMTS13 activity
of normal pooled sera and presented as the mean 6 standard deviation
(SD).

DNA analysis

Genomic DNAwas extracted from blood samples using a QIAampDNABlood
Kit (Qiagen, Valencia, CA). Coding exons and intron–exon boundary junctions
forADAMTS13 (NM_139025.3),CFH (NM_000186.3),CFI (NM_000204.3),
CD46 (NM_002389.4), CFB (NM_001710.5), C3 (NM_000064.2), and
THBD (NM_000361.2) were amplified by PCR using gene-specific primers
and standard conditions. All PCR amplifications cycles were performed on
Applied Biosystems 2720 thermal cyclers (Life Technologies, Carlsbad, CA).
Amplified PCR products were run on 2% agarose gels and imaged using
an a Innotech Fluor Chem SP imager (ProteinSimple, Santa Clara, CA).
PCR products were then bidirectionally sequenced with using standard
Big Dye Terminator version 3.1 protocols (Life Technologies), followed
by analysis on an ABI 31303l Capillary Genetic Analyzer (Applied
Biosystems, Foster City, CA). Sequence analysis and mutation detection
were performed using Sequencher version 5.0 software (Gene Codes,
Ann Arbor, MI).
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Copy number variation was assessed by multiplex ligation-dependent
probe amplification (MLPA) across the CFH–CFHR5 region. MLPA probes
were designed according to MRC-Holland’s guidelines (MRC-Holland,
Amsterdam, The Netherlands). MLPA was performed following the
manufacturer’s instructions. Amplified PCR fragments were separated by
capillary electrophoresis on a 31303l genetic analyzer, 50-cm array, and
POP7polymer using theGeneScan 500LIZ size standard (AppliedBiosystems).
Peak areas were analyzed using GeneMapper version 4.0 software (Applied
Biosystems).

Complement alternative pathway functional assays

Hemolytic assay. A hemolytic assay using sheep erythrocytes was com-
pleted as previously described.2 This assay measures complement-mediated
lysis of sheep erythrocytes caused by activation of the alternative pathway.
Sheep erythrocytes are nonactivators of complement-mediated lysis in human
serum. Observed lysis was graded as follows: normal (,3%); 11 (3% to
20%); 21 (20% to 40%); 31 (40% to 60%); 41 (60% to 80%); and 51 (80%
to 100%, complete hemolysis).

Alternative pathway functional activity (APFA). The Wieslab
complement alternative pathway assay kit was used to evaluate alternative
pathway complement activity as described.2 This method induces alternative
pathway activation and uses labeled antibodies specific for terminal com-
plement components to quantitate the result of complement activation, with
the amount of neoantigen generated being proportional to the functional
activity of the alternative pathway. On-going activation of complement causes
consumption of complement components and lowers their concentration.
Thus, low levels of terminal complement components suggest that complement
has been activated by pathologic or immunological mechanisms prior to
testing. Results were expressed as a percentage of normal (normal reference
range, 65% to 130% based on 50 normal sera samples).

CFH autoantibody assay

Factor H autoantibodies were analyzed by enzyme-linked immunosorbent
assay as described.2 An optical density of 2 SDs above normal (based on 50
healthy controls) was considered positive (normal reference range:,300 units).

Results

Atypical aHUS patients

Demographic and clinical data are summarized in supplemental
Table 1. DNA samples were available for genetic studies on 26
patients.

DNA analysis

Mutations in complement genes were identified in 13 patients
(Table 1). CFH was the most frequently mutated gene (6 mu-
tations), with mutations also identified in CFI (2 mutations), C3
(2 mutations), CFB (2 mutations), and THBD (3 mutations). Of the
6 mutations seen in CFH, 4 are predicted to cause early truncation
of the CFH transcript (E625X, C915X, E1071fsX1089, and
E1195X), and another is located in the last short consensus repeat
(SCR) of CFH (S1191L). The CFBmutation, p.F286L, is located
within the von Willebrand type A domain and has been reported
to be a gain-of-function mutation of CFB resulting in increased
alternative pathway activation.3 No patients were homozygous
for the ΔCFHR3-CFHR1 by MLPA, although 1 patient carried an
additional copy number of CFHR3 and a hybrid CFHR1/CFH
fusion gene comprising CFHR1 SCRs 1–3 and CFH SCRs
19–20.

Sequence analysis of ADAMTS13 identified 9 amino acid
changes in 26 patients; 21 patients (80%) patients had at least
1 variation, and 10 patients (38%) had multiple variations
(Table 2). Six of the 9 amino acid substitutions—R7W, Q448E,
P618A, A732V, A900V, and A1033T—were common single
nucleotide polymorphisms (SNPs) with minor allele frequencies
.1%; however, the remaining 3 missense variants—A747V,
V832M, and R1096H—were rare variants with minor allele

Table 1. Identified complement mutations and autoantibodies in the aHUS cohort

Nucleotide Protein Patient ID

Complement function assays

APFA Hemolytic

Gene mutation

Factor H c.2745C.A p.Cys915X MA-1 13% 51

c.1825G.A p.Val609Ile MA-4 59% Normala

c.3583 G.T p.Glu1195X MA-7 48% Normala

c.1873G.T p.Glu625X MA-11 63% Normala

c.3210delT p.Glu1071fsX1089 MA-16 70% 21

c.3572C.T p.Ser1191Leu MA-20 63% 21

Factor I c.356G.A p.Gly119Arg MA-25 10% 21

c.859G.A p.Gly287Arg MA-25 10% 21

Factor B c.1697A.C p.Glu566Ala MA-23 1% Normala

c.856T.C p.Phe286Leu MA-27 54% Normala

C3 c.188C.T p.Pro63Leu MA-6 24% Normala

c.4855A.C p.Ser1619Arg MA-7 48% Normala

Thrombomodulin c.1456G.T p.Asp486Tyr MA-15 48% Normala

c.1501C.T p.Pro501Thr MA-25 10% 21

c.1456G.T p.Asp486Tyr MA-28 25% Normala

Factor H autoantibodies

1:600 titer MA-9 90% 51

1:100 titer MA-23 1% Normala

Fusion protein

CFHR1/CFH b MA-8 0.3% Normala

Boldface type denotes an abnormal complement functional assay.

ID, identification.
aNormal hemolytic assays in combination with an abnormal APFA likely represent a false-positive result secondary to depletion of complement components.
bA hybrid gene with resulting fusion protein containing SCRs 1–3 of CFHR1 and SCRs 19–20 of FH.
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frequencies of 0.0094%, 0.5%, and 032%, respectively (1000
Genome Projects Consortium).

Complement functional assays and CFH autoantibodies

APFA was below normal (,65%) in 19 patients (Table 1), a finding
consistent with excessive complement activation and consumption
of complement proteins. Genetic mutations in complement genes
were present in 14 of these 19 patients (Table 1). The hemolytic
assay demonstrated excessive hemolysis in 7 patients with abnormal
APFA results; in the remaining 11 patients it was normal (normal
hemolytic assays in the presence of an abnormal APFA are likely
to be false-negative results secondary to depletion of complement
components). Three patients had elevated titers of anti-CFH anti-
bodies (.1/50 titration).

ADAMTS13 activity

In control normal serum samples (n5 30), ADAMTS13 activity was
measured using FRETS VWF73 and VWF-A2 as substrates, and
found to be 119%6 10% (mean6 SD) and 97%6 3%, respectively.
In the aHUS cohort, 15 patients (50%) had reduced ADAMTS13
activity (<60%) as measured by either the FRETS-VWF73 cleavage
assay or the recombinant VWF-A2 cleavage assay (Table 2). Six
patients (20%) had reduced ADAMTS13 activity on both assays
(Table 2). We completed kinetic studies on sera from 5 patients with
reduced ADAMTS13 activity by monitoring the amount of fluo-
rescence generated every 2 minutes for 30 minutes and estimated
ADAMTS13 cleavage activity to be about half of normal (average,
44%; range, 21% to 57%) (Figure 1A).

Secretion and activity of recombinant ADAMTS13 variants

We generated recombinant ADAMTS13 molecules carrying the
variations identified in this study and used the FRETS-VWF73
cleavage assay tomeasure the functional significance of these changes.
Only the R1096H showed a significant difference in activity in
comparison with normal recombinant ADAMTS13 (Figure 1B). This
variant, detected in 1 aHUS patient in combination with the A747V,
was associated with 50% reduced cleavage activity. Consistent with
this result, sera samples from this patient had less than 40% activity in

Table 2. Amino acid changes in the ADAMTS13 gene in aHUS
patients with reduced ADAMTS13 activity

Patient ID ADAMTS13 Complement

ADAMTS13 activity

FRETS-VWF73 VWF-A2

MA-3 A900V 57% 52%

MA-6 A900V C3- P63L 36% 80%

MA-7 CFH-E1195X 47% 87%

MA-8 Q448E CFH/CFHR1 fusion protein 45% 43%

MA-9 Q448E CFH autoantibodies (1:600) 70% 52%

MA-13 A747V 39% 35%

R1096H

MA-15 THBD-D486Y 35% 54%

MA-16 A900V CFH-E1071fsX1089 54% 91%

MA-17 R7W 41% 78%

Q448E

A900V

P618A

MA-20 CFH-S1191L 60% 48%

MA-21 R7W 84% 48%

Q448E

P618A

A732V

MA-23 R7W CFB-E556A 59% 74%

Q448E

P618A

MA-25 CFI-G119R 83% 41%

CFI-G287R

THBD-P501T

MA-27 V832M CFB-F286L 54% 37%

MA-28 Q448E THBD-D486Y 86% 57%

A900V

Boldface type denotes ADAMTS13 activity #60% of normal.

ID, identification.

Figure 1. ADAMTS13 activity in aHUS (serum and recombinant). (A) Different

concentrations of FRETS-VWF73 substrate were used to determine the kinetics of

ADAMTS13 activity in serum samples of aHUS patients with reduced ADAMTS13

activity (patient identification numbers MA-8, MA-13, MA-15, MA-20, and MA-27) and

in normal pooled serum. The results are shown as a linear graph summarizing

3 separate experiments. The generated fluorescence was correlated with the

concentration of cleaved FRETS-VWF73, using data obtained through a calibration

standard with 100% activity. (B) Activity of purified recombinant ADAMTS13

molecules (WT andmutants) wasmeasured bymonitoring fluorescence generated as

a result of cleavage of FRETS-VWF73 substrate after incubation with 1 mg of

recombinant ADAMTS13. (C) Comparison of secretion of recombinant ADAMTS13

variants to cell culture media. Forty-eight hours after transfection of HEK293 cells with

cDNAs encoding ADAMTS13 (WT and mutants), supernatants and cell lysates were

collected and used for western and immunoblotting using polyclonal ADAMTS13

antibody. ADAMTS13 in media is secreted from the cells, and ADAMTS13 in the cell

lysates is synthesized inside the cells.
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both ADAMTS13 activity assays. No complement mutations were
identified in this patient (MA-13).

To determine whether any of these variants affect synthesis and
secretion of ADAMTS13, we compared amounts of ADAMTS13
in the conditioned media and in whole cell lysates prepared from
HEK293 cells transfected with WT or mutant ADAMTS13 cDNAs
(Figure 1C). P618A and R1096H variations reduced secretion
of ADAMTS13 in comparison with WT, as was evident by the
reduced amount of ADAMTS13 in the media of cells transiently
transfected with P618A and R1096H cDNAs. The R1060W variant
of ADAMTS13 has been known to be associated with intracellular
retention of ADAMTS134,5 and was included as a control. P618A
was identified in 4 of our aHUS patients with ,60% ADAMTS13
activity and 1 patient with .60% activity. R1096H was present in
1 patient with reduced ADAMTS13 activity and was not found in
patients with normal ADAMTS13 activity.

Discussion

TMAs can be diagnosed in different clinical settings, including
sepsis, TTP, HUS, malignancy, medications, solid-organ transplan-
tation, hematopoietic stem-cell transplantation, and pregnancy related.
Although the genetic basis for many of these conditions is unknown,
a deficiency of ADAMTS13 and decreased complement regulation
underlie the pathogenesis of TTP and aHUS, respectively. Several
aspects of the TTP and aHUS phenotypes overlap, suggesting the
possibility of commonalities in the pathogenesis of these 2 diseases. In
an illustrative case report published by Noris and colleagues, 2
members of a family presented with TMAs, one with end-stage
renal failure, suggesting the diagnosis of aHUS, and the other
with CNS involvement and cerebrovascular accidents, suggest-
ing TTP.6 Both patients shared a known aHUS-associated CFH
mutation, although in the patient with TTP, a mutation was also
found in ADAMTS13.

ADAMTS13 activity has been measured in patients with HUS
and found to be normal,7 although in patients with aHUS, there are 2
reports implicating partial to severe deficiency of ADAMTS13
cleavage activity in familial disease.1,8 Remuzzi et al and Veyradier
et al also noted that it can be very difficult to clinically differentiate
congenital TTP (Upshaw-Schulman syndrome due to deficiency of
ADAMTS13) from infantile-onset aHUS.1,8 Partial deficiency of
ADAMTS13 also has been reported in sepsis9,10 and pregnancy-
associated HELLP syndrome (hemolysis, elevated liver enzyme,
and low platelet),11 both diseases associated with TMA.

We investigated the possibility that reduced ADAMTS13 activity
and complement dysregulation coexist in aHUS by studying a cohort
of patients diagnosed with aHUS. We measured ADAMTS13
activity using both FRETS-VWF73 and the recombinant VWF-A2
peptide as substrates. Both methods have been validated for quanti-
tatingADAMTS13 activity,12,13 althoughwe found that the FRETS-
VWF73 cleavage assay had a larger intrasample variability (65.6%)
in comparison with the VWF-A2 cleavage assay (62.8%).

Consistent with the clinical diagnosis in these patients, none had
a severe deficiency of ADAMTS13. We found, however, that about
50% of patients had ADAMTS13 cleavage activity below 60%
of normal on at least 1 assay, which is more than 2 SDs below the
normal reference range in our control samples. In 6 patients (20%),
ADAMTS13 cleavage activity was reduced in both assays. These
results are consistent with several studies evaluating ADAMTS13
activity assays, which show significant interassay and interlabor-
atory concordance between assays when ADAMTS13 activity is
severely reduced but less accuracy and reproducibility when the
reduction in ADAMTS13 activity is mild to moderate.14,15 An
additional important consideration inmeasuring ADAMTS13 activity
in patients with aHUS (or other disorders associatedwith intravascular
hemolysis) is that free hemoglobin inhibits ADAMTS13 activity.16

Of note, we did not identify any significant correlation between
hemoglobin values and ADAMTS13 activity in our patient cohort.

In aHUS, excessive activation of the alternative complement
system is the primary pathogenic mechanism of disease. Complement
activation results in endothelial cell damage, leukocyte recruitment,
and platelet activation, which causemicrovascular thrombosis leading
to TMA. Autoantibodies and genetic abnormalities in alterative path-
way regulators and activators are found in about 60% of patients.17

Consistent with such data, we identified factor H autoantibodies and
genetic mutations in 14 of 26 patients tested (54%). In 73% of our
patients, we also documented excessive activity of the alternative
complement system by functional assays.

Sequence analysis of ADAMTS13 identified both common and
rare variants. Mutations of ADAMTS13 that cause severe deficiency
in either the expression or function of this protein are well doc-
umented with TTP, but there is a growing body of evidence that
several relatively common polymorphisms within the coding region
impact the activity and secretion of ADAMTS13 (Table 3). The first
report on this type of functional polymorphism showed that the
P475S variant (c.1423C.T) had reduced activity,18 and the mag-
nitude of this reduction depended on the method used to measure
ADAMTS13 activity.19 P475S has been reported in Japanese,18

Korean,20 and Chinese21 populations but not among Caucasians.22

Plaimauer et al expressed several constructs of recombinant

Table 3. ADAMTS13 nonsynonymous variants found in aHUS patients

Exon dbSNP ID Nucleotide Protein Domain Number of patients

In vitro expression studies

Secretion Activity Reference

1 rs34024143 c.19C.T p.Arg7Trp Signal 6 99% 86% 20

12 rs2301612 c.1342C.G p.Q448E Cys-rich 14 95% 75% 20

16 rs28647808 c.1852C.G p.P618A Spacer 4 27% 14% 20

18 rs41314453 c.2195C.T p.A732V TSP1-2 1 60% 71% 20

19a — c.2240C.T p.A747V TSP1-3 1 — —

20a rs34104386 c.2494G.A p.V832M TSP1-4 1 — —

21 rs685523 c.2699C.T p.A900V TSP1-5 7 — —

24 rs28503257 c.3097G.A p.A1033T TSP1-7 1 100% 80% 4

25a rs61751476 c.3287G.A p.R1096H TSP1-8 1 — —

ID, identification.
aRare variants with minor allele frequencies ,1%.
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ADAMTS13 and observed that both the A732V and P618A
polymorphisms reduced secretion (60% and 27%, respectively)
and activity (72% and 14%, respectively) in comparison with
WT.23 In addition, they discovered that specific combinations of
SNPs modify ADAMTS13 expression and activity. For example,
though either R7W or Q448E had little impact on ADAMTS13
secretion and activity, their combination reversed the reduced
activity and secretion of the ADAMTS13 phenotype associated
with P618A and A732V. In a separate study, Schettert et al
discovered an association between the A900V variant and increased
risk of death by cardiovascular events.24 Although the exact mech-
anism by which the A900V variant contributes to cardiovascular
pathology is unknown, an increase in platelet thrombi formation as
a result of reduced ADAMTS13 activity or secretion is a plausible
mechanism.

Because caution must be used in attributing a functional con-
sequence to a detected variation in ADAMTS13, we generated
recombinant mutant ADAMTS13 and completed additional studies
that showed that the R1096H variant reduced protein activity, and the
P618A and R1096H variants reduced protein secretion, providing
a probable mechanistic basis for low ADAMTS13 activity in 27% of
our cohort. Although the cause of reduced ADAMTS13 activity in
the remaining patients remains to be determined, our data strongly
suggest that reduced ADAMTS13 activity contributes to the TMA
phenotype in some aHUS patients. Partial deficiency of ADAMTS13
alone will not induce a TMA phenotype but may act together or even
synergistically with a primary pathophysiologic trigger, such as an
inherited mutation in a complement gene or overproduction and
secretion of VWF following endothelial damage, to generate the
pathologic state. Consistent with this scenario, 50% of our patients
had both excessive complement activation and partially decreased
ADAMTS13 activity. Whether the functional consequence of muta-
tions in complement proteins has a direct role in reducingADAMTS13
function is not known, but it is reasonable to speculate that low
ADAMTS13 activity reduces the threshold for a florid TMA
phenotype in patients with complement mutations. This relationship
may also help to explain the issue of incomplete genetic penetrance
in aHUS, because only 50% of individuals with complement
mutations present with disease by the age of 45.25

In summary, our data implicate ADAMTS13 in the pathogen-
esis of aHUS and suggest that there exists a subgroup of patients
with aHUS in whom complement is dysregulated and ADAMTS13
function is reduced. If additional studies confirm our results, by

including genetic tests and functional assays of ADAMTS13 in
the evaluation of aHUS patients, we may better define genotype–
phenotype relationships, thus improving our understanding of the
disease. The simultaneous presence of complement dysregulation
and ADAMTS13 deficiency may also blur the distinction between
aHUS and TTP in some patients with TMA. Lastly, additional
insight into the pathophysiology of aHUS may facilitate the iden-
tification of novel targets for disease treatment tailored to a given
patient’s genetic and functional abnormalities. Thus, for example,
patients with coexisting ADAMTS13 deficiency and complement
abnormalities may benefit from combined anticomplement therapy
and plasma exchange.
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17. Loirat C, Frémeaux-Bacchi V. Atypical hemolytic

uremic syndrome. Orphanet J Rare Dis. 2011;

6:60.

18. Kokame K, Matsumoto M, Soejima K, et al.

Mutations and common polymorphisms in

ADAMTS13 gene responsible for von Willebrand

factor-cleaving protease activity. Proc Natl Acad

Sci USA. 2002;99(18):11902-11907.

19. Akiyama M, Kokame K, Miyata T. ADAMTS13

P475S polymorphism causes a lowered

enzymatic activity and urea lability in vitro.

J Thromb Haemost. 2008;6(10):1830-1832.

20. Jang MJ, Kim NK, Chong SY, Kim HJ, Lee SJ,

Kang MS, Oh D. Frequency of Pro475Ser

polymorphism of ADAMTS13 gene and its

association with ADAMTS-13 activity in the

Korean population. Yonsei Med J. 2008;49(3):

405-408.

21. Ruan C, Dai L, Su J, Wang Z, Ruan C. The
frequency of P475S polymorphism in von
Willebrand factor-cleaving protease in the
Chinese population and its relevance to arterial
thrombotic disorders. Thromb Haemost. 2004;
91(6):1257-1258.

22. Bongers TN, De Maat MP, Dippel DW,
Uitterlinden AG, Leebeek FW. Absence of
Pro475Ser polymorphism in ADAMTS-13 in
Caucasians. J Thromb Haemost. 2005;3(4):805.

23. Plaimauer B, Fuhrmann J, Mohr G, et al.
Modulation of ADAMTS13 secretion and specific
activity by a combination of common amino acid
polymorphisms and a missense mutation. Blood.
2006;107(1):118-125.

24. Schettert IT, Pereira AC, Lopes NH, Hueb WA,
Krieger JE. Association between ADAMTS13
polymorphisms and risk of cardiovascular events
in chronic coronary disease. Thromb Res. 2010;
125(1):61-66.

25. Kavanagh D, Goodship T. Genetics and
complement in atypical HUS. Pediatr Nephrol.
2010;25(12):2431-2442.

BLOOD, 22 AUGUST 2013 x VOLUME 122, NUMBER 8 PARTIAL ADAMTS13 DEFICIENCY IN aHUS 1493

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/122/8/1487/1373795/1487.pdf by guest on 09 June 2024


