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Abstract
The gain-of-function variation p.I1157T in C3 was previously identified in 8 patients with atypical hemolytic uremic syndrome
(aHUS) at Mie University Hospital. In the present study, we identified another 11 patients with aHUS with this variation, including
10 pediatric patients (onset age: 1-16 years). The variation seems to be geographically concentrated around Mie Prefecture in
Japan. Fifteen of the 19 patients with aHUS experienced infection as probable triggering events. All 19 patients had renal dys-
function. Seven patients, including 2 from the previous study and 5 from the present study, were treated with eculizumab, with all
showing a good response with hematological normalization. Among the 5 eculizumab-treated patients in the present study, 3 had
an ambiguous diagnosis of aHUS due to low-grade hemolysis even with elevated levels of lactate dehydrogenase and bilirubin. In
those cases, in-house targeted DNA sequencing identified the C3 p.I1157T variation carriers, which enabled the early initiation of
treatment with eculizumab. The present study supports the early introduction of eculizumab in patients with aHUS, especially
pediatric patients.
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Introduction

Thrombotic microangiopathy (TMA), characterized by the

presence of microangiopathic hemolytic anemia, thrombocy-

topenia, and organ failure, includes hemolytic uremic

syndrome (HUS) induced by Shiga toxin-producing Escher-

ichia coli (STEC), thrombotic thrombocytopenic purpura

(TTP), atypical HUS (aHUS), and other TMAs.1-5 Approxi-

mately 10% of TMA cases were classified as aHUS according

to the criteria; the absence of STEC with no severe deficiency

of a disintegrin-like and metalloproteinase with thrombospon-

din type 1 motifs 13 (ADAMTS13) activity and without

underlying diseases for TMA as a trigger.4,5

During the activation of the complement system, the com-

plement component C3 is cleaved to C3a and C3b and the

latter directly binds to the microbe for opsonization or binds

complement factor B (CFB) to yield the C3 convertase C3bBb

for subsequent activation of the complement pathway.4,6

However, further activation of the C3 convertase is strictly

limited by several endogenous complement regulatory pro-

teins such as complement factor H (CFH), membrane cofactor

protein (MCP), complement factor I (CFI), and thrombomo-

dulin (THBD) present on the surface of vascular endothelial

cells in the host.4 Complement factor H and MCP are cofac-

tors for the proteolytic degradation of C3b by CFI. Thrombo-

modulin also functions as a cofactor for CFI-mediated C3b

inactivation.7

The pathogenesis of aHUS is considered to be the uncon-

trolled activation of the C3 convertase of the alternative path-

way of the complement system, leading to the formation of

the anaphylatoxin C5a and the membrane attack complex

C5b-9 on endothelial cells, which can promote cell lysis and

thrombus formation. Thus, loss-of-function variations in the

complement regulators (CFI, CFH, and MCP) of the C3 con-

vertase or gain-of-function variations in the activators (C3

and CFB) of the C3 convertase can lead to unrestricted com-

plement hyperactivity, which results in aHUS.7-12 Genetic

variations in the genes involved in the alternative pathway

of the complement system are identified in more than half

of patients with aHUS.4,8,13,14

Eculizumab is a terminal complement inhibitor and has

been approved for the treatment of aHUS.15 It binds with

high affinity to human complement component C5 and

blocks the generation of C5a and C5b-9. Prospective studies

of adult and pediatric patients with aHUS have shown the

efficacy and safety of eculizumab for treating aHUS.16,17

Since eculizumab has been associated with the time-

dependent improvement in the renal function in patients with

aHUS, it is recommended to initiate treatment with eculizu-

mab as soon as possible.16,18

We have previously reported the clinical characteristics and

genetic variations of patients with aHUS at the Mie University

Hospital in Japan and identified a gain-of-function variation,

C3 p.I1157T, in 8 Japanese patients with aHUS in 6 indepen-

dent families.19,20 The p.I1157T variation is present in the

thioester-containing domain in C3. Mutagenesis studies

revealed that the p.I1157A variation in C3d attenuated the

binding of short consensus repeat 19 to 20 in CFH by a factor

of 4 to 6 when compared to wild-type C3d.21 Binding studies

using intact C3 variant with p.I1157T showed lower affinity for

CFH and MCP than wild-type C3.22,23 Structural analysis using

electron microscopy showed that C3 showed a relatively com-

pact conformation, but C3 with this variation showed a

detached thioester-containing domain from the C3b body.23

These accumulating evidences suggest that, due to its lower

affinity for complement regulators CFH and MCP, the C3

p.I1157T variant may be resistant to proteolytic inactivation

by CFI, leading to unrestricted complement hyperactivity on

host cell surfaces and the phenotypic expression of aHUS.

In the present study, to clarify renal dysfunction, triggering

events for aHUS, the utility of the sC5b-9 level as a possible

marker, the responsiveness to eculizumab, and the survival in

patients with aHUS with this variation, we further collected the

clinical features of 19 patients with aHUS with C3 p.I1157T in

14 families in total, including previously reported 8 patients,20

all diagnosed and treated in the Kinki area. In addition, we

introduced in-house targeted DNA sequencing as a diagnostic

means of identifying the C3 p.I1157T variation and rapidly

initiating patient treatment with eculizumab. Our study

revealed the phenotypic variations in patients with aHUS with

this variation and suggested the rapid initiation of treatment

with eculizumab for variation carriers with a familial history

or multiple relapses of aHUS.

Materials and Methods

Patients

Nineteen patients with aHUS with C3 p.I1157T in 14 families,

including 8 previous patients and 11 new patients, who had

been all diagnosed in the Kinki region of Japan were investi-

gated in this study. The diagnosis of TMA was made based on

the simultaneous occurrence of microangiopathic hemolytic

anemia (hemoglobin 100 g/L), thrombocytopenia (platelet

count < 120 � 109/L), and organ failure including acute renal

injury.5 Thrombotic microangiopathy without STEC,

ADAMTS13 <10%, or underlying disease for TMA was diag-

nosed as aHUS. Thrombotic microangiopathy with STEC was

diagnosed as STEC-HUS, and TMA with ADAMTS13 <10%
was diagnosed as TTP.3 Thrombotic microangiopathies aside

from aHUS, TTP, or STEC-HUS were diagnosed as “other

TMAs.” “Acute” was defined as a state within 1 week from

the onset and without treatment with eculizumab. “Chronic”

was defined as a state without severe symptoms such as throm-

bocytopenia and marked hemolysis and without treatment such

as plasma exchange. Systemic lupus erythematosus (SLE) was

diagnosed according to the 1997 update of the 1982 American

College of Rheumatology revised criteria for classification of

SLE.24 The study protocol was approved by the Mie University

Graduate School of Medicine and the National Cerebral and

Cardiovascular Center, and written informed consent was

obtained from all of the participants.
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Measurements of Platelet Count and Plasma Levels of
Hemoglobin, Complement Factors, CH50, ADAMTS13
activity, and sC5b-9

The hemoglobin levels and platelet count were measured

using a multifield automatic hematology analyzer XN-3100

(Sysmex Co, Kobe, Japan). Lactate dehydrogenase (LDH),

creatinine, total bilirubin (T-Bil), C3, C4, and CH50 were

measured using an akua-auto kainos-LDH II kit (Kainos,

Tokyo, Japan), L-type Wako CRE (Wako Pure Chemical

Industries, Osaka, Japan), M Iatro LQ T-BIL II (LSI Medi-

ence, Tokyo, Japan), N-assay TIA C3-SH (Nittobo Medical,

Tokyo, Japan), N-assay TIA C4-SH (Nittobo Medical), and

CH50-HA test Wako (Wako Pure Chemical Industries),

respectively.

Blood samples were drawn from the antecubital vein of

patients through a needle into disposable, siliconized, evacu-

ated plastic tubes containing 0.1 volume of 3.13% trisodium

citrate. The plasma samples were obtained by centrifugation at

3430g for 10 minutes at room temperature, quick-frozen, and

stored at �80�C until the analysis. The ADAMTS13 activity

was measured using an FRETS-VWF73 peptide (Peptide Insti-

tute, Osaka, Japan).25,26

The sC5b-9 levels were measured by a neoantigen capture

antibody method using the Human C5b-9 ELISA Set (BD

Biosciences, San Diego, California). The sC5b-9 levels were

measured using citrate plasma samples for 10 patients with

aHUS, 11 patients with TTP, 3 patients with STEC-HUS, 20

patients with other TMA, 6 patients with SLE, and 96 healthy

volunteers.

Genetic Variation Screening

The coding exons and the intronic flanking regions of CFH,

C3, MCP, CFI, CFB, and THBD were sequenced by the chain

termination method, as previously described.19,20 Targeted

sequencing was performed on a variation-containing exon to

identify the C3 p.I1157T variation in 6 patients (VI-2, VII,

VIII, X-2, X-3, and XIII). The A of the ATG translation initia-

tion start site was designated as the þ1 position, and the initial

Met was denoted as þ1.

Statistical Analyses

The data are expressed as the medians with 25th to 75th per-

centiles. The differences between the groups were examined

using the Mann-Whitney U test. A P value <.05 was considered

to be statistically significant. All statistical analyses were per-

formed using the Stat Flex, version 6, software package (Artec

Co Ltd, Osaka, Japan).

Results

The clinical features of 19 patients with aHUS with the C3

p.I1157T variation in 14 families, including 8 previously reported

patients and 11 new patients, are summarized in Table 1. None

of the patients showed signs of infection with STEC. All 14

families were nonconsanguineous. All 19 patients had renal

dysfunction. The first episode of aHUS occurred during pedia-

tric age (�16 years of age) in 15 patients, while 4 patients

experienced their first episode at more than 20 years of age.

Sixteen of the 19 patients experienced relapse, with a varying

number of relapse events up to 10 times. Six of 14 families had

an aHUS history in their family members. Fifteen of the 19

patients experienced infection as a probable triggering event,

such as common cold, influenza, bacterial infection, or vacci-

nation for influenza (Table 1).

Patients with C3 p.I1157T were treated with plasma

exchange, transfusion of fresh-frozen plasma, steroid, infusion

therapy, antiplatelet, antihypertensive, or antibiotic agents

(Table 1). All 19 patients had kidney injury and 5 patients had

been treated with hemodialysis (HD). Three of them were

being weaned from HD, and 2 were maintenance dialysis.

Seven patients, including 2 from the previous study20 and 5

from the present study, were treated with eculizumab (Table

1), and all of them showed a good response with hematologi-

cal normalization of platelet counts and LDH levels. Patients

VII and VIII received only 1 dose of eculizumab, resulting in

hematological normalization. Patient XIII received 4 succes-

sive doses, resulting in hematological normalization. Four

patients (cases II, VI-1, X-1, and XI) who had relapse or renal

failure continues treatment with eculizumab. As a result of

their treatment, all 19 patients achieved remission and sur-

vived, and the renal function improved in 15 patients. Severe

cases such as IV-1, VI-2, and X-1 had a family history of

aHUS. Although 3 patients (cases I-1, IV-1, and V) had cen-

tral nervous symptoms, these symptoms were improved after

1 or 2 plasma exchange sessions.

The C3 p.I1157T variation was identified in all 19 patients,

comprising 18 heterozygotes and 1 homozygote (Table 1). In

the case I family, the homozygote of this genetic variation (I-2)

did not show more severe symptoms than the heterozygote (I-

1). Two very rare potentially predisposing variations, CFB

p.N331A (c.991A>G, rs 776825572) and MCP p.P195S

(c.583C>T, rs773860894), were identified in patients XII and

XIV, respectively. Being a double-variation carrier might be

related with the earlier onset of aHUS, but these 2 carriers

showed an onset at 9 and 10 years of age, respectively. In

patients VII, VIII, and XIII, targeted DNA sequencing was

performed to identify the C3 p.I1157T variation carriers before

a conventional 6-gene analysis was performed, resulting in the

early initiation of treatment with eculizumab. In some relatives

with aHUS (VI-2, X-2, and X-3), only targeted DNA sequen-

cing was performed, and the C3 p.I1157T variation was iden-

tified without sequencing of other genes.

The laboratory data of 15 patients with aHUS are summar-

ized in Table 2. The platelet counts in all patients were mark-

edly reduced to below the clinical diagnostic criterion (120 �
109/L), indicating thrombocytopenia. The hemoglobin levels

in 6 of the previous patients (I-1 to VI-1) were below those in

the clinical diagnostic criteria (100 g/L) with elevated LDH

levels, indicating microangiopathic hemolysis. Among the 8
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Table 1. The Clinical Manifestations, Efficacy of Treatments, and Genetic Variations for 19 Patients With aHUS in 14 Families.a

Patient

Age of
Onset
(years) Relapse

Family
History

Inducement
Factor

Plasma
Exchange

Fresh Frozen
Plasma Hemodialysis Eculizumab

C3
p.I1157T

Additional
Genetic
Variation

III 1 2 Negative Common cold,
bacterial
infection

NA NA Withdrawal Unused Hetero No

IV-1 2 7 Positive Common cold,
bacterial
infection

Slightly effective Not effective Maintenance
dialysis

Unused Hetero No

II 5 8 Negative Influenza,
common cold

Effective Effective ND Effective Hetero No

I-1 6 6 Positive Common cold Effective Effective ND Unused Hetero No
VI-1 9 2 Positive Bacterial infection Effective NA ND Effective Hetero No
I-2 20 2 Positive Unknown NA NA ND Unused Homo No
V 21 4 Negative Common cold,

vaccine
Effective Effective ND Unused Hetero No

IV-2 70 0 Positive Unknown NA NA Maintenance
dialysis

Unused Hetero No

VII 1 4 Negative Influenza Effective NA ND Effective Hetero No
VIII 3 3 Positive Common cold NA Effective ND Effective Hetero No
IX 3 10 Negative Unknown Effective Effective ND Unused Hetero No
X-2 6 3 Positive Influenza Effective NA ND Unused Hetero NA
XI 6 0 Negative Mumps Effective NA Withdrawal Effective Hetero No
XII 9 5 Negative Influenza Effective NA Withdrawal Unused Hetero CFB p.N331A
XIII 10 1 Positive Influenza NA NA ND Effective Hetero No
XIV 10 3 Negative Influenza ND NA ND Unused Hetero MCP p.P195S
X-1 14 1 Positive Influenza NA Not effective ND Effective Hetero No
X-3 16 1 Positive Common cold Effective NA ND Unused Hetero NA
VI-2 38 0 Positive Unknown Effective NA ND Unused Hetero NA

Abbreviations: aHUS, atypical hemolytic uremic syndrome; CFB, complement factor B; MCP, membrane cofactor protein; NA, not available; ND, not done.
aPatients are ordered by the age of onset. The clinical presentations of 8 patients with aHUS (I-1 to VI-1) have been reported previously at least in part.16 Eleven
patients (VI-2 to XIV) were newly identified. NA in the “additional genetic variations” column shows the targeted sequencing of only the C3 p.I1157T variation-
containing exon. The patient number agreed with a previous report.20

Table 2. The Laboratory Data of 15 Patients With aHUS in 14 Families.a

Patient
PLT Hb ADAMTS13 Creatinine LDH T-Bil

C3 (mg/L) C4 (mg/L) CH50 (U/mL)

(� 108/L) (g/L) (%) (mg/L) (U/L) (mg/L) Acute Chronic Acute Chronic Acute Chronic

Normal Range 130-370 13.7-16.8 68.5-153.5 4.6-10.7 124-222 4-15 720-1300 110-310 31.0-48.0
III 26 59 53.8 47 4465 24 955 1116 299 451 58.6 >60.0
IV-1 28 67 91.3 106 1280 11 791 585 328 408 46.3 51.7
II 35 59 88.8 47 4485 35 710 ND 202 ND 48.7 ND
I-1 19 74 76.3 17 972 19 721 ND 137 ND 43.6 ND
VI-1 14 66 67.5 18 3160 14 1002 ND 166 ND >60.0 ND
V 35 98 92.4 14 928 35 ND 85 ND 177 ND 55.3
VII 19 135 58.0 39 3882 22 ND ND ND ND ND ND
VIII 10 59 60.0 14 2112 78 978 1187 122 236 9.6 >60.0
IX 22 60 61.2 9 1098 32 640 867 190 232 46 53.1
XI 49 120 94.0 8 3232 22 820 ND 280 ND ND ND
XII 25 149 58.3 22 2533 34 ND ND ND ND ND ND
XIII 3 78 45.3 15 1381 21 1030 ND 291 ND >60.0 ND
XIV 35 119 73.5 8 911 23 ND ND ND ND ND ND
X-1 18 127 100.0 34 1985 12 991 ND 341 ND 56.7 ND
VI-2 10 74 48.5 19 2850 18 ND ND ND ND ND ND

Abbreviations: aHUS, atypical hemolytic uremic syndrome; Hb, hemoglobin; LDH, lactate dehydrogenase; ND, not done; PLT, platelet; T-Bil, total bilirubin.
aThe laboratory data in 7 patients with aHUS (I to VI-2) have been reported previously at least in part.20 The patient number agreed with a previous report.20
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new patients with aHUS, the hemoglobin levels in 3 were

below 100 g/L, and the remaining 5 showed mild hemolysis

with hemoglobin levels of more than 100 g/L and elevated

LDH levels. The creatinine levels were increased in most

patients, while the total bilirubin levels were slightly increased.

Figure 1 shows the plasma sC5b-9 levels in patients with

aHUS, TTP, STEC-HUS, other TMAs and SLE as well as

healthy individuals. Patients with aHUS with acute state (med-

ian, 499 ng/mL; 25th-75th percentile, 374-614 ng/mL, n ¼ 10)

showed significantly higher sC5b-9 levels than those with

chronic state (median, 220 ng/mL; 25th-75th percentile, 139-

224 ng/mL, n ¼ 6), patients with TTP (median, 252 ng/mL;

25th-75th percentile, 172-330 ng/mL, n ¼ 11), other TMA

patients (median, 167 ng/mL; 25th-75th percentile, 64.5-261

ng/mL, n ¼ 20), patients with SLE (median, 228 ng/mL; 25th-

75th percentile, 176-500 ng/mL, n¼ 6), and healthy volunteers

(median, 91.3 ng/mL; 25th-75th percentile, 63.9-138 ng/mL,

n¼ 96). The levels of sC5b-9 were markedly reduced to less than

100 ng/mL after treatment with eculizumab (data not shown).

A family pedigree of case X is shown in Figure 2. Five

members in the family were carriers of C3 p.I1157T. Three

of them (X-1, X-2, X-3) had multiple aHUS episodes, but 2

did not have an aHUS episode. Thus, the phenotypic variation

of aHUS episode was observed in this family. Some of the

children in cases II and V were C3 p.I1157T carriers, but aHUS

episodes did not appear in these carriers (data not shown).

Discussion

In the present study, we identified the C3 p.I1157T variation as the

predisposing genetic variation in 19 patients with aHUS (Table 1).

According to a recent report, the genetic variations in CFH were

the most prevalent, with a frequency of 19.8% in 795 patients with

aHUS in the European Consortium (comprising France, Italy, the

United Kingdom, and Spain14) but only 7% in Japan.27 In contrast

to CFH, the frequency of genetic variations in C3 was 5.6% in the

European Consortium but was relatively high (about 40%) in

Japan. Most patients with aHUS with the C3 variations in Japan

carry a single missense variation p.I1157T.19,20,27 Combined with

previous 8 patients,19,20 the present study showed that 19 patients

with aHUS with this variation in total have been treated at the

hospitals in the Kinki area where Mie prefecture is located, sug-

gesting that the C3 p.I1157T variation might be geographically

concentrated in or around this particular area, suggesting a foun-

der effect of the variation. The identification of a number of car-

riers prompted us to describe the aHUS phenotypes and the

efficacies of several treatment strategies.

Eculizumab is an inhibitor for the terminal complement

pathway and has been approved for the treatment of aHUS.15

In the present study, 7 patients with C3 p.I1157T were treated

with eculizumab, and all had good response and survived.

Among them, 4 had to continue eculizumab administration.

The remaining 9 patients with C3 p.I1157T were treated with

plasma exchange, plasma infusion, steroid, HD, or supportive

therapy, and all survived. Only 2 patients were continuing HD.

The frequency of CFH variation is high in patients with aHUS

in Europe and the United States14 and their outcome was poor,8

resulting in the recommendation of eculizumab administration.

In a clinical trial of eculizumab, a shorter interval between

the clinical manifestation of aHUS and initiation of treatment

was associated with greater improvement in the estimated glo-

merular filtration rate.16 In the present study, we used targeted

DNA sequencing to identify the variation carriers, as this

method was easier to use than the conventional 6-gene analysis

to identify the carriers. In the present study, 3 of 5 eculizumab-

treated patients had an ambiguous diagnosis of aHUS due to

low-grade hemolysis despite their elevated levels of LDH and

bilirubin. In those cases and even in the aHUS cases, targeted

DNA sequencing provides important information for the early

initiation of treatment with eculizumab.

It can be assumed that, in addition to the main genetic var-

iation C3 p.I1157T, environmental factors and/or other genetic

variations are required for the manifestation of aHUS as a

second hit. In the present study, 15 (79%) of 19 patients expe-

rienced infection as probable triggering events, suggesting the

possibility of immune complex-initiated complement activa-

tion.28 More than 1 variation was identified in 12% of patients

with aHUS with genetic variations.13 In the present study, 2

variations, CFB p.N331A and MCP p.P195S, have been iden-

tified in patients XII and XIV, respectively, indicating that 2

(11%) of 19 patients. These have not yet been identified in the

Japanese general population consisting of 1208 individuals,

deposited at the Human Genetic Variation Database,29 indicat-

ing that these variations are very rare and may have a possibil-

ity of functional effects on the complement activity regulation.

Figure 1. Plasma sC5b-9 levels in patients with various thrombotic
microangiopathy (TMA) conditions. Plasma samples obtained from
patients with acute atypical hemolytic uremic syndrome (aHUS, n ¼
10), patients with chronic aHUS (n ¼ 6), patients with thrombotic
thrombocytopenic purpura (TTP, n ¼ 11), patients with Shiga toxin-
producing Escherichia coli–induced hemolytic uremic syndrome (STEC-
HUS, n ¼ 3), other TMA patients (n ¼ 20), patients with systemic
lupus erythematosus (SLE, n¼ 6), and healthy volunteers (HV, n¼ 96)
were measured. *P < .05; **P < .01; ***P < .001.
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Few methods are available for measuring the anomalies of

complement regulation. The C3, C4, and CH50 levels were in

the normal range in most patients with aHUS in the present

study. Only the plasma sC5b-9 level was useful for the differ-

ential diagnosis of aHUS from TTP and other TMAs. Elevated

sC5b-9 levels with complement activation suggest that C3b is

out of regulation, resulting in thrombocytopenia, hemolysis,

and organ failure.

In conclusion, all patients with aHUS with C3 p.I1157T

survived; however, their clinical courses varied and 2 patients

that did not receive eculizumab progressed to end-stage renal

disease. We used targeted DNA sequencing to rapidly identify

the C3 p.I1157T carriers, which led to the early initiation of

treatment with eculizumab. The administration of eculizumab

is recommended for genetic variation carriers with a familial

history or multiple relapse of aHUS.
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