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Abstract
Background andobjectivesAtypical hemolytic uremic syndrome is a formof thromboticmicroangiopathy caused
by dysregulation of the alternative complement pathway. There is evidence showing complement activation in
other thrombotic microangiopathies. The aim of this study was to evaluate complement activation in different
thrombotic microangiopathies and to monitor treatment response.

Design, setting, participants, &measurementsComplement activationwas assessed by exposing endothelial cells
to sera or activated-patient plasma—citrated plasma mixed with a control sera pool (1:1)—to analyze C5b-9
deposits by immunofluorescence. Patients with atypical hemolytic uremic syndrome (n=34) at different stages
of the disease, HELLP syndrome (a pregnancy complication characterized by hemolysis, elevated liver enzymes,
and low platelet count) or severe preeclampsia (n=10), and malignant hypertension (n=5) were included.

Results Acute phase atypical hemolytic uremic syndrome–activated plasma induced an increased C5b-9
deposition on endothelial cells. Standard and lower doses of eculizumab inhibitedC5b-9 deposition in all patients
with atypical hemolytic uremic syndrome, except in two who showed partial remission and clinical relapse.
Significant fibrin formation was observed together with C5b-9 deposition. Results obtained using activated-
plasma samples were more marked and reproducible than those obtained with sera. C5b-9 deposition was
also increased with samples from patients with HELLP (all cases) and preeclampsia (90%) at disease onset.
This increase was sustained in those with HELLP after 40 days, and levels normalized in patients with both
HELLP and preeclampsia after 6–9 months. Complement activation in those with malignant hypertension
was at control levels.

ConclusionsTheproposedmethodology identifies complementoveractivation inpatientswith atypical hemolytic
uremic syndromeat acute phase and in other diseases such asHELLP syndromeandpreeclampsia.Moreover, it is
sensitive enough to individually assess the efficiency of the C5 inhibition treatment.

CJASN 14: 1719–1732, 2019. doi: https://doi.org/10.2215/CJN.05830519

Introduction
Thrombotic microangiopathies (TMAs) include a
group of disorders that share clinical features, such
as a the triad of microangiopathic hemolytic anemia,
thrombocytopenia, and organ damage (1,2). Atypical
hemolytic uremic syndrome (aHUS) is a TMA pri-
marily caused by a lack of regulation of the alterna-
tive complement pathway. New evidence suggests
that a number of TMAs other than aHUS could also
be associated with complement overactivation (3,4).

In both inherited or acquired aHUS there is an
assembly of the membrane-attack complex leading to
endothelial cell inflammation, activation, and injury
(5,6). The introduction of eculizumab, an mAb which
blocks terminal complement activation, significantly

improved the natural progression of the disease (7,8).
Lifelong treatment with this drug is often considered
in inherited aHUS. The ability to monitor treatment
efficiency and patient recovery, with appropriate bi-
ologic markers, could help in decision making regard-
ing treatment continuation.
aHUS occurs as dysregulation of the alternative

complement pathway (9,10) and the presence of
complement-amplifying conditions, resulting in endo-
thelial damage (11,12). Some complement-amplifying
conditions are sufficient to lead to TMAs (5). This
phenomenon could play a role in pregnancy-related
complications such as preeclampsia and HELLP
(a pregnancy complication characterized by hemoly-
sis, elevated liver enzymes, and low platelet count)
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syndrome (13,14), and in association with certain drugs
(15), tumors (16), autoimmune diseases (17,18), malignant
hypertension (19), and transplant-associated TMAs
(20,21).
With this expanding spectrum of complement-mediated

diseases, knowledge about a person’s complement status
could identify patients who might benefit from comple-
ment-targeting therapies. In this regard, some successful
efforts have been made in aHUS (22–24). However, the
approaches proposed have not been tested in severe
preeclampsia or HELLP syndrome. The aim of this study
was to modify the assay developed by Noris et al. (22) to
detect complement overactivation in patients in different
situations: those with acute aHUS, those under C5 inhibitor
treatment to monitor eculizumab treatment efficiency, and
those with other more prevalent disorders such as preg-
nancy-related complications and malignant hypertension.

Materials and Methods
Study Population and Sample Collection
A total of 34 patients with aHUS were enrolled from 15

different European hospitals. We obtained 11 samples in
the acute phase of the disease (four of them with post-
partum onset; Table 1), 20 samples from stable patients
(complete remission) treated with regular doses of eculi-
zumab, ten stable patients treated with lower doses or for
longer intervals than those specified in the data sheet
(Supplemental Table 1), five samples from patients in
remission without eculizumab treatment, and four asymp-
tomatic carriers of the mutation (Supplemental Table 2).
Genetic analysis including the detection of genetic vari-
ants, risk haplotypes, anti-CFH antibodies, and serum levels
of complement components and regulatory proteins from
patients with aHUS are described in Supplemental Table 3.
To evaluate test specificity, we also included five patients
with different CKD stages due to autosomal dominant
polycystic kidney disease (Supplemental Table 4).
Three patients with HELLP syndrome, seven with severe

preeclampsia (Table 2), and ten healthy pregnant women
matched by gestational age were included in the study
(Supplemental Table 5). Finally, five patients with a clinical
diagnosis of malignant hypertension were also included
(Table 3). Disease definitions and diagnosis details are
provided in Supplemental Material. Control samples were
obtained from healthy individuals. Genetic analysis was
not performed on patients with diseases other than aHUS
in this study, which is a limitation of our work.
This study was approved by the ethics committee of

Hospital Clinic and conformed to the ethical guidelines of
the Helsinki Declaration. Participants or their legal guard-
ians provided informed written consent before sample
collection. Serum and plasma samples were obtained by
centrifugation of nonanticoagulated blood and citrated
blood (3000 3 g, 15 minutes), respectively, before 6 hours
after extraction in all cases. All samples were aliquoted and
stored at 280°C until they were used, avoiding freeze/
thaw cycles.

Serum C3, C4, and 50% Hemolytic Complement Levels
Factors C3 and C4 were quantified in a Siemens Dade

Behring BN II Nephelometer and its corresponding kits.

Complement activity (50% hemolytic complement, CH50)
was measured using the Autokit CH50 (Wako).

C5b-9 Fluorescence Imaging
To evaluate complement activation, a modification of the

technique described by Noris et al. (22) was used. With
the aim of enhancing complement deposition, we proposed
to take advantage of the interaction between coagulation
and complement cascades and we added control sera to
patient citrated plasma (1:1) to obtain activated plasma.
The human dermal microvascular endothelial cell line
(American Type Culture Collection) (25) was seeded on
glass coverslips and used confluent. Cells were washed
with test medium (HBSS without calcium or magnesium,
0.5% BSA; Life Technologies) and activated or not with
10 mMADP (Sigma-Aldrich) (10 minutes, 37°C). Cells were
then incubated (4 hours) with activated plasma diluted
with test medium (1:2). Control samples were obtained by
mixing healthy plasma from donors with pooled sera from
controls. Cultures were then washed and fixed. For C5b-9
immunostaining, cells were treated with 2% BSA (1 hour)
and incubated with a rabbit anti–human complement C5b-
9 complex (Calbiochem), followed by Alexa594-conjugated
goat anti-rabbit secondary antibody (Life Technologies)
and 49,6-diamidino-2-phenylindole. Micrographs were
captured by fluorescent microscopy (Leica DM4000B)
through a video camera (Leica DFC310FX) and analyzed
using Fiji (ImageJ) (26). A total of 20 photographs were
randomly obtained from each preparation. The area cov-
ered by C5b-9 deposits was calculated and expressed as the
average fold increase of each condition versus control. All
samples were tested at least three times.

Statistical Analysis
Levels of the percentage of area covered by C5b-9 deposits

were calculated as mean6SEM. Statistical analysis (SPSS)
was performed with raw data using the t test for paired
samples. Results were considered statistically significant
when P,0.05. However, in the article results are expressed
as the fold increase of covered surface with respect to the
control.

Results
Activated Plasma from Patients with Atypical Hemolytic
Uremic Syndrome Is More Efficient in Inducing C5b-9
Deposition on Endothelial Cells than Sera
ADP-activated endothelial cells were exposed to sera

(22) or activated plasma from 11 different patients with
aHUS in acute phase (patient 1 to patient 11) and during
remission (patient 2 to patient 6 and patient 8 to patient 11)
(Table 1).
Serum samples obtained in acute phase induced more

C5b-9 deposition on endothelial cells than control sera
(fold increases of 3.261.5 for patient 1, P=0.01; 2.561.2 for
patient 2, P,0.001; 1.961 for patient 3, P=0.02; 1.760.8 for
patient 4, P=0.03; 260.8 for patient 5, P=0.04; 1.660.4
for patient 6, P=0.04; 2.760.4 for patient 7, P=0.03; and
2.860.5 for patient 8, P=0.03; versus control). Serum
samples obtained during remission induced C5b-9 de-
posits equivalent or even lower than control sera (fold
increase versus control of 1.460.9 for patient 2, P=0.001;
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Table 1. Clinical parameters and complement activation markers in incident patients with atypical hemolytic uremic syndrome

Patient
Genetic
Variants

Disease
Phase

(Trigger)

Creatinine
(0.3–1.3 mg/dl)

Hemoglobin
(12–17 g/dl)

Platelets
(130–400 109/L)

Lactate
Dehydrogenase
(,234 U/L)

Haptoglobin
(0.3–1.8 g/L)

Serum C3
(0.8–1.9 g/L)

Serum C4
(0.1–0.5 g/L)

Serum 50%
Hemolytic

Complement
(28–60 U/ml)

Serum C5b-9
Deposits

(Mean6SEM)

Activated-
Plasma C5b-9

Deposits
(Mean6SEM)

Patient 1 MCP: (c.478G.T)
p.Val160Phe

Acute (none) 4.9 8.7 117 317 N.D. 1.0 N.D. 55 3.261.5a N.A.

Patient 2 C3: c.3125G.A
MCP: c.1148C.T

Acute
(respiratory
infection)

3.9 9.4 7 2430 N.D. 0.8 0.3 72 2.561.2a N.A.

Remissionb 0.8 12.1 259 146 1.1 0.8 N.D. N.D. 1.460.9a,c N.A.
Patient 3 No Acute (none) 5 8.5 196 415 N.D. 0.7 0.1 28 1.961a N.A.

Remissiond 4.4 9.2 492 194 N.D. 0.9 0.2 7 0.560.5c N.A.
Patient 4 MCP: exon 6,

heterozygosis
(c.800_820Del)
p.Thr267Asn273del
CFH: exon 6,
heterozygosis
(c.292C.T)
p.Leu98Phe

Acute (urinary
infection)

8.6 10.9 73 1353 N.D. 0.6 0.2 24 1.760.8a 5.660.2a

Remissione 6 12.7 158 516 1.29 0.8 0.3 9 0.660.5c 0.360.1c

Patient 5 CFH: exon 19,
heterozygosis
(c.2850G.T)
p.Gln950

Acute
(postpartum)

2.4 5.8 61 1678 N.D. N.D. N.D. N.D. 260.8a 4.960.1a

Remissione 0.8 11.7 305 247 0.5 0.9 0.2 N.D. 0.160.1c 0.160.18c

Patient 6 No Acute
(postpartum)

4.1 6.7 74 1781 0.2 1.4 0.5 21 1.660.4a 5.960.4a

Remissione 0.8 10.9 268 179 1.12 0.8 0.2 12 0.860.1c 0.360.1c

Patient 7 No Acute
(postpartum)

1.6 13.0 93 266 0.3 1.1 0.3 N.D. 2.760.4a 4.160.3a

Partial
remissione

1.5 13.5 115 251 1.1 0.9 0.2 N.D. 2.760.5a 2.460.1a

Patient 8 CFI: exon 5,
heterozygosis
(c.739T.G)
p.Cys247Gly

Acute
(pancreatic
cancer)

1.9 8.3 40 2407 N.D. 1.7 0.2 55 2.860.5a 3.260.2a

Remissione 1.3 12.3 290 399 0.3 1.0 0.2 16 1.160.6 0.560.1c

Patient 9 CFH: heterozygosis
(c.3514G.T)
p.Glu172Stop

Acuteb

(cocaine)
7.2 7.1 105 682 0.3 0.8 0.2 41 N.A. 13.160.2a

Remissione 2.2 13.0 197 304 1.3 0.7 0.2 8 N.A. 0.7860.1c

Patient 10 CFH: heterozygosis
(c.3514G.T)
p.Glu172Stop

Acute (cocaine) 12.2 5.9 44 3214 N.D. N.D. N.D. N.D. N.A. 10.960.3a

Remissione 1.3 12.2 207 349 0.8 0.8 0.2 11 N.A. 1.160.2c

Patient 11 CFHR1::CFH, hybrid
gene (loss of signal
in exon 6 of CFHR1
and gain of signal
exon 23 of CFH)

Acute
(postpartum)

4.2 9.8 114 1649 0.1 0.4 0.1 29 N.A. 6.460.2a

Remissione Hemodialysis 11.3 214 430 1.2 1.0 0.4 6 N.A. 0.860.1c

Statistical analysis was performed with raw data using the t test for paired samples. N.D., not done; N.A., sample not available.
aValues statistically different than control values. (P,0.05).
bPlasma exchange treatment.
cValues statistically different than acute phase values. (P,0.05).
dPlasma exchange and eculizumab treatment.
eEculizumab treatment.
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Table 2. Clinical parameters and complement profile in patients with HELLP syndrome and severe preeclampsia

Patient
Disease
Phase

Creatinine
(0.3–1.3 mg/dl)

Hemoglobin
(14–18 g/dl)

Platelets
(130–400 109/L)

Proteinuria
(mg/gr)

Blood
Pressure
(mm Hg)

Ankle
Edema

Glutamic
Oxaloacetic

Transaminase
(5–40 U/L)

Glutamic
Pyruvic

Transaminase
(5–40 U/L)

Serum
C3 (0.8–1.9 g/L)

Serum
C4 (0.1–0.5 g/L)

Serum 50%
Hemolytic

Complement
(28–60U/mL)

Activated-
Plasma C5b-9

Deposits
(Mean6SEM)

H-1 Acute
(26 wk of
pregnancy)

0.6 8.3 100 452 177/111 No 73 65 1.3 0.3 43.5 8.761a

Quarantine 0.6 10 125 110 120/82 No 14 26 0.9 0.3 42 3.860.2a

7 mo from
delivery

N.D. N.D. N.D. N.D. N.D. No N.D. N.D. 1.0 0.3 32 1.260.1

H-2 Acute (37.5
wk of
pregnancy)

2.8 11.2 63 6434 220/120 Yes 864 433 0.6 0.1 25 15.460.5a

Quarantine 0.9 11.7 351 216 115/80 No 99 276 1.3 0.6 48.5 9.160.2a

8 mo from
delivery

N.D. N.D. N.D. N.D. N.D. No N.D. N.D. 1.3 0.3 49 1.160.1

H-3 Acute (34
wk of
pregnancy)

1.1 10.2 55 910 180/118 Yes 1628 847 1.2 0.1 14 7.861a

Quarantine 0.6 11.9 382 145 116/78 No 37 71 1.8 0.4 50.5 661.2a

9 mo from
delivery

N.D. N.D. N.D. N.D. N.D. No N.D. N.D. 1.6 0.3 50 1.260.2

PE-1 Acute (24.6 wk
of pregnancy)

0.5 10.6 147 1059 161/84 No 44 36 13 0.3 45 2.360.8a

Quarantine 0.7 13.6 211 71 133/87 No 23 18 1.4 0.5 42 0.960.1
6/9 mo from

delivery
N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A.

PE-2 Acute (26 wk of
pregnancy)

0.6 12.5 222 638 170/110 No 19 30 1.3 0.1 49 2.460.8a

Quarantine 0.8 12.3 306 50 118/69 No 20 40 1.6 0.4 53 0.660.2
9 mo from

delivery
N.D. N.D. N.D. N.D. N.A. No N.D. N.D. 1.1 0.3 48 0.860.2

PE-3 Acute (35.2 wk
of pregnancy)

1.0 11.7 135 2036 147/90 No 65 51 0.6 0.2 27 3.960.1a

Quarantine 1.0 12.0 296 N.D. 109/56 No 21 28 1.5 0.4 58 1.560.1a

7 mo from
delivery

N.D. N.D. N.D. N.D. N.D. No N.D. N.D. 1.3 0.4 59 0.660.1

PE-4 Acute (34.4 wk
of pregnancy)

0.6 13.2 83 1102 160/110 No 25 21 1.8 0.3 63 1.560.14a

Quarantine 0.6 14.0 104 222 98/55 No 25 47 1.5 0.3 39 1.060.1
6 mo from

delivery
N.D. N.D. N.D. N.D. N.D. No N.D. N.D. 1.5 0.3 39 0.760.1

PE-5 Acute (34 wk of
pregnancy)

1.2 12.1 201 298 174/99 Yes 160 286 1.1 0.2 52 2.660.12a

Quarantine 0.6 12.2 289 55 113/58 No 20 27 1.5 0.3 57 1.561a

6/9 mo from
delivery

N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A.
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Table 2. (Continued)

Patient
Disease
Phase

Creatinine
(0.3–1.3 mg/dl)

Hemoglobin
(14–18 g/dl)

Platelets
(130–400 109/L)

Proteinuria
(mg/gr)

Blood
Pressure
(mm Hg)

Ankle
Edema

Glutamic
Oxaloacetic

Transaminase
(5–40 U/L)

Glutamic
Pyruvic

Transaminase
(5–40 U/L)

Serum
C3 (0.8–1.9 g/L)

Serum
C4 (0.1–0.5 g/L)

Serum 50%
Hemolytic

Complement
(28–60U/mL)

Activated-
Plasma C5b-9

Deposits
(Mean6SEM)

PE-6 Acute (33.4 wk
of pregnancy)

0.6 14.3 117 5028 139/87 No 74 110 1.1 0.2 48 1.160.1

Quarantine 0.5 15.5 282 253 123/76 No 27 46 1.3 0.3 52.5 0.860.1
9 mo from
delivery

N.D. N.D. N.D. N.D. N.D. No N.D. N.D. 1.09 0.19 38.5 1.260.1

PE-7 Acute (34 wk of
pregnancy)

0.6 10.2 282 2024 170/100 Yes 37 19 1.6 0.4 58 2.160.1a

Quarantine 0.5 11.9 371 63 106/63 No 22 15 1.5 0.3 56 N.D.
6/9 mo from
delivery

N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A.

Statistical analysis was performed with raw data using the t test for paired samples. H-1, patient 1 with HELLP; N.D., not done; PE-1, patient 1 with preeclampsia; N.A., not available.
aValues statistically different than control values.
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Table 3. Clinical parameters, complement activation markers, and evolution in patients with malignant hypertension

Patient

Clinical Parameters Complement Parameters Treatment and Evolution

Blood

Pressure

(mm Hg)

Hypertensive

Retinopathya

Creatinine

(0.3–1.3 mg/dl)

Platelets

(130–400 10
9
/L)

Hemoglobin

(12–17 g/dl)

Lactate

Dehydrogenase

(,234 U/L)

Haptoglobin

(0.3–1.8 g/L)

ADAMTS-

13Activity

(%)

Serum C3

(0.8–1.9 g/L)

Serum

C4 (0.1–0.5 g/L)

Serum 50%

Hemolytic

Complement

(28–60 U/ml)

Activated-

Plasma C5b-9

Deposits

(Mean6SEM)

Anti-

hypertensives

drugs

Other

Treatment
Response Dialysis

MH-1 180/95 Grade 3 19.2 67 4.8 601 0.6 64 0.8 0.4 53.5 0.760.1 2 No No Yes

MH-2 204/115 Grade 3 38.8 76 6.9 833 N.D. 54 1.0 0.3 58 0.860.2 3 No Hematologic Yes

MH-3 170/90 Grade 4 23 110 8.3 384 N.D. 85 1 0.2 49.5 0.960.1 3 Steroids;

eculizumab

Hematologic Yes

MH-4 240/170 Grade 3 11.8 97 10.7 2095 0.01 46 1 0.3 54.5 0.660.2 2 No No Yes

MH-5 190/120 Grade 3 13.1 126 9.2 491 2.6 N.D. 1.4 0.4 57 1.160.1 5 No Hematologic Yes

ADAMTS-13, a disintegrin and metalloproteinase with thrombospondin motifs 13; MH-1, patient 1 with malignant hypertension; N.D., not done.
aHypertension-related retinopathy classification according to the classification of Keith, Wagener, and Barker (51).
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0.560.5 for patient 3, P,0.001; 0.660.5 for patient 4, P=0.008;
0.160.1 for patient 5, P=0.004; 0.860.1 for patient 6, P=0.03;
and 1.160.6 for patient 8, P=0.01; for all samples com-
pared with results at acute phase), except for patient 7. This
patient had partial remission and C5b-9 deposits remained
statistically higher than in controls (2.760.5 versus control,
P=0.04).
Experiments were run in parallel using both serum and

activated plasma from patients with aHUS (patient 4 to
patient 8) obtained during the acute phase and remission.
Activated plasma from the acute phase induced a marked

C5b-9 deposition on endothelial cells (5.660.2 for patient 4,
4.960.1 for patient 5, 5.960.4 for patient 6, 4.160.3 for
patient 7, and 3.260.2 for patient 8, versus control; P,0.001
for all) (Figure 1A). Levels of C5b-9 returned to control
levels when we used samples obtained from four out of five
patients in remission (0.360.1 for patient 4, 0.260.1 for
patient 5, 0.360.1 for patient 6, and 0.560.1 for patient 8,
versus control; P,0.001 for all versus onset) (Table 1).
The activated plasma from patient 7 at partial remission
induced an increased C5b-9 deposition (2.460.1 versus
control, P,0.001). Although the results obtained from sera
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Figure1. | Atypicalhemolyticuremicsyndrome(aHUS)–activatedplasma inducesC5b-9depositiononmicrovascularendothelial cellswitha
coefficient of variation significantly lower than that obtained using aHUS serum. (A) Representative microscopy image of C5b-9 deposition
staining (red) on endothelial cells (49,6-diamidino-2-phenylindole–stained nuclei, blue) induced by activated plasma or sera from a control
individual and a patient with aHUS in the acute phase (patient 4, P4). Bar diagram represents quantification of C5b-9 deposits expressed as fold
increase of the covered surface with respect to the control, from five different patients with aHUS in the acute phase (P4 to P8). Black bars
represent the results obtained with activated plasma and white bars with serum. The dotted line represents control values. (B) Representative
microscopy images of staining of C5b-9 deposition on endothelial cells (induced by activated plasma from the acute phase and at remission in
threepatients: P9 toP11). Bar diagram representsC5b-9quantification, blackbars represent results from the acute phase, andgraybars represent
remission. All values at the acute phase were statistically higher than in control samples (*P,0.05) and all values at remission are statistically
lower than those at the acute phase (#P,0.05). Statistical analysis was performed with raw data using the t test for paired samples.
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from patients with aHUS reached statistical significance,
the values obtainedwith activated plasma were muchmore
notable and consistent. The coefficient of variation of the
results obtained using the sera from the five patients at
acute phase (52%, 74%, 74%, 31%, and 30%) was signifi-
cantly higher than those obtained with activated plasma
of the same five patients (9%, 11%, 10%, 10%, and 18%)
(Supplemental Figure 1). These coefficients of variation
were obtained analyzing 20 micrographs taken from each
processed sample.
Activated plasma from three additional patients with

aHUSwas evaluated. C5b-9 deposits showed fold increases
of 13.160.2 for patient 9, 10.960.3 for patient 10, and
6.460.2 for patient 11 (P,0.001 for all values versus
control) at acute phase, and 0.860.1 for patient 9, 1.160.2
for patient 10, and 0.860.1 for patient 11 during remission
(P,0.001 for all values versus acute phase) (Figure 1B). Of
note, experiments with activated plasma from patient 9 after
five daily plasma exchanges showed a positive effect in
reducing complement activation, although it was unable to
avoid it completely (6.960.4 versus control, P,0.001 versus
control and versus acute phase). This finding showed a clear
relation with clinical outcome (hematologic improvement
without kidney function recovery). After eculizumab initia-
tion, the patient showed both hematologic and kidney
responses, and C5b-9 deposits were lower than in control.
Moreover, C5b-9 deposits induced by activated plasma

from five patients with aHUS in remission without treatment
and asymptomatic-mutation carriers on ADP-stimulated
and -nonstimulated cells were also performed. Our results
showed no differences when using both type of cells
(Supplemental Table 2).

Effect of Standard and Lower Doses of Eculizumab on C5b-9
Deposition on Endothelial Cells
Complement activation, measured by C5b-9 deposits on

activated endothelial cells, was at control levels or even
lower when we analyzed the effect of activated-plasma
samples from patients with aHUS who were treated at
regular doses of eculizumab (n=20) or lower doses (n=10)
(Figure 2A).

Prospective C5b-9 Deposition on Endothelial Cells To Titrate
Eculizumab Dosage in Patients with Atypical Hemolytic
Uremic Syndrome: Case Report 1
A 20-year-old woman (patient 29) with anMCPmutation

(c.-325A.C) manifested aHUS in 2012. The patient re-
covered kidney function after 12 plasma-exchange sessions.
She started eculizumab treatment in June 2014 after clinical
and histologic disease recurrence. Despite initial improve-
ment, she developed severe hypertension and progressive
proteinuria with impaired kidney function (Figure 2B).
CH50 and C5 free levels measured 14 days after eculizumab
administration were undetectable, with correct, and even
higher than normal, free eculizumab levels (740 mg/ml).
However, at the same point, the patient had low C3 (71 mg/
dl) and high sC5b-9 levels (471 ng/ml) (27). Analysis of
C5b-9 deposition on endothelial cells showed increased
complement activation when the patient was receiving a
standard eculizumab dosage (360.3 versus control, P=0.01)
and even when the time between doses was reduced to
10 days (2.260.1 versus control, P=0.01). C5b-9 deposits

only reached control levels after the eculizumab dose was
increased up to 1500 mg every 14 days (0.860.2 versus
control), accompanied by better BP control, a recovery in C3
levels (84 mg/dl), persistent reduction of CH50 (11 mg/ml),
a decrease in proteinuria, and stabilization of kidney function
(Figure 2B).

C5b-9 Deposition Confirms Clinical Relapse in Patients with
Atypical Hemolytic Uremic Syndrome with an Interruption
in Eculizumab Treatment: Case Report 2
A 36-years-old woman (patient 13) was diagnosed with

aHUS in 2004. She was treated with plasma exchange
(.100 sessions) and achieved hematologic and kidney
remission. She developed aHUS relapse in 2013 and started
eculizumab treatment with an excellent response. In
July 2017, after a period of lower eculizumab doses, she
stopped treatment. She had normal C5b-9 deposits during
eculizumab treatment (0.760.1 with standard doses and
0.560.2 with lower doses versus control). However, in
November 2017 she developed a second aHUS relapse.
An activated-plasma sample induced increased C5b-9
deposition on endothelial cells (2.260.1 versus control,
P=0.03; Figure 2C). Early eculizumab introduction
allowed complete clinical recovery.

Significant Complement Activation Shown by HELLP and
Preeclampsia, but Not Malignant Hypertension
The C5b-9 deposition on endothelial cells was analyzed

in activated plasma from patients with HELLP syndrome
and preeclampsia at the acute phase, 40 days after delivery
and 6–9 months after onset (Table 2). Activated-plasma
samples from patients with malignant hypertension at the
acute phase were also tested (Table 3).
The baseline and perinatal outcomes of the pregnant

study population are shown in Table 4. All patients with
HELLP syndrome showed marked complement activa-
tion at the acute phase (8.761 for patient 1 with HELLP,
15.460.5 for patient 2 with HELLP, and 7.861 for patient
3 with HELLP versus control, P,0.001 for all values) that
was still increased after 40 days (3.860.2 for patient 1
with HELLP, 9.160.20 for patient 2 with HELLP, and
661.2 for patient 3 with HELLP versus control, P,0.001
for all values), and normalized after 6–9 months. All
except one patient with preeclampsia also showed in-
creased complement activation, but only two were still
positive after 40 days. All patients with preeclampsia
showed normal complement activity after 6–9 months
(Figure 3A). Ten control pregnant women were ana-
lyzed and they showed normal complement levels
(Supplemental Table 5).
Activated plasma from patients with malignant hy-

pertension (n=5) induced normal complement deposition
(Figure 3B). After adequate BP control, clinical microangio-
pathic signs partially resolved (Table 3).

Circulating Complement Protein Levels
Soluble forms of C3, C4, and CH50 were analyzed in

serum samples of all patients during both the acute phase
and clinical remission. Circulating levels of these proteins
were normal in most patients regardless of clinical status
(see Supplemental Material).
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Figure 2. | C5b-9 deposits on activated-endothelial cells are at control level or even lower when analyzing the effect of activated-plasma
samples from aHUS patients treated at regular doses of eculizumab or lower doses. Identification of two patients with partial remision and
clinical relapse. (A) Bar diagrams show the results of C5b-9depositiononendothelial cells of activatedplasma from20patientswith aHUS (P5 to
P29)whowere treated at regular doses of eculizumab (according toweight in pediatric patients; 900mg/wk for 4weeks as induction therapy for
adults, and 1200 mg every 2 weeks thereafter as maintenance). All values resulted in control levels except in patient 29, in whom they were
significantly higher (*). Bar diagram also shows, under the continuous line and ## symbol, the results from ten patients with aHUS who were
treated at lower doses or for longer intervals than those specified in the data sheet. Activated plasma from those patients induced C5b-9

Cont.deposition at similar or even lower levels than control activated plasma. The dotted line represents control values. Statistical analysis
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Discussion
The deposition of the membrane-attack complex on

endothelial cells after exposure to sera from patients
with aHUS in the acute phase indicates that the dysregu-
lation of the alternative complement pathway plays a
primordial pathogenic role in this disorder, as described by
Noris et al. (22,23). We modified this previously described
technique by exposing endothelial cells to plasma samples
from patients with aHUS with the aim of reducing
variability in the results obtained. C5b-9 deposition oc-
curred together with fibrin formation and was more
notable, reproducible, and highly consistent than that
obtained using serum. Deposition of C5b-9 showed an
excellent correlation with aHUS clinical stages. The eval-
uation of C5b-9 deposition allowed monitoring patient
response to the treatment, enabling the identification of
partial remission and clinical relapse. Our results indicate
complement hyperactivation could also be crucial in the
pathogenesis of HELLP syndrome and severe preeclamp-
sia, but not in malignant hypertension. These findings
could have potential diagnostic and therapeutic implica-
tions.The development of techniques verifying the under-
lying disease mechanism of aHUS (28,29) is crucial to allow
early etiological treatment. In this scenario, Noris et al. (22)
evaluated C5b-9 deposition on endothelial cells using
serum from patients with aHUS and showed that deposits
were present on unstimulated cells exposed to sera from
patients during acute phase and this normalized at re-
mission; whereas using stimulated cells they could also
detect asymptomatic mutation carriers. We confirmed

these results in acute aHUS, but we encountered a very
high coefficient of variation. We had no success when
trying to reproduce the method of Gavriilaki et al. (24).
With the aim of reducing interobserver variation, we
proceeded to validate C5b-9 deposition on endothelial
cells with activated plasma from patients with aHUS. The
results followed the same tendency as those observed with
sera, but C5b-9 deposits occurred together with fibrin
formation on the cell surface. Importantly, we did not find
differences when evaluating C5b-9 deposits induced by
patients with acute aHUS in remission without treatment,
and asymptomatic mutation carriers over stimulated and
nonstimulated cells, meaning that this modification is not
useful for the identification of asymptomatic mutation
carriers (Supplemental Figure 2) (29). The potential bias
involved in providing normal complement regulator pro-
teins to the patient’s sample should be overcome because
results were always compared with control activated
plasma. In addition, circulating levels of C3, C4, and
CH50 were also measured, but failed to predict either
aHUS diagnosis or clinical status. Finally, patients with
CKD unrelated to TMA presented C5b-9 deposits at control
levels (Supplemental Figure 3).
Eculizumab is the only medication approved for aHUS

management. A complement functional test for monitoring
the eculizumab administration schedule has been used to
evaluate patients with aHUS in the stable phase (30,31).
Other forms of monitoring have been published with
promising results (32,33). We evaluated a total of 30 samples
from 27 patients with aHUS treated with eculizumab.

Figure 2. | Continued. was performed with raw data using the t test for paired samples. (B) Results from the C5b-9 deposition assay allowed
the identification of a patient who was receiving an underdose of eculizumab and allowed for a consequent dose adjustment. The left image
corresponds to a representative image of C5b-9 deposits induced byactivated plasma from patient 29whichwas obtained on April 15, 2016. At
that time point, C5b-9 deposition was statistically higher (*P,0.05) than control levels as seen in the bar diagrams. The right image corre-
sponds to activated plasma from the same patient obtained on April 4, 2016, after several eculizumab dose changes, showing a negative result.
Statistical analysis was performed with raw data using the t test for paired samples. The results from C5b-9 assays at three different time
points corresponding to different eculizumab guidelines are quantified in the bar diagrams along with creatinine (mg/dl), proteinuria (g/d), and
platelet count (platelet/ml). (C) Results from the C5b-9 deposition assay confirmed the identification of a patient with aHUS recurrence
(left image) when C5b-9 deposition was higher than control levels (bar diagrams), and complete clinical recovery (right image) after the start
of eculizumab treatment. Bar diagrams show C5b-9 quantification, creatinine (mg/dl), proteinuria (g/d), and platelet count (platelet/ml) at
different time points.

Table 4. Characteristics and perinatal outcomes of the study populations

Characteristics and Outcomes Control (n=10) Severe Preeclampsia/HELLP Syndrome (n=10)

Characteristics
Age (yr) 3364 3365
White (%) 50 60
Nulliparity (%) 50 60
Gestational age at inclusion (wk) 3764 3366

Perinatal outcomes
Gestational age at delivery (wk) 40 (2) 34 (8)
Male gender (%) 30 78
Birth weight (g) 3383 (188) 1794 (1180)
Birthweight percentile 47 (40) 3 (31)
Cesarean section (%) 10 90
Umbilical cord artery pH 7.260.1 7.260.1
5 min Apgar score 10 (0) 10 (1)

Data are shown as percentages, mean6SD, or median (interquartile range).
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All patients achieving clinical remission had C5b-9 deposits
at control levels or lower, independently of dosage and
therapeutic schedule. Of note, in patient 9 (who received
five daily plasma exchanges with resolution of hemolysis
but without kidney improvement), C5b-9 deposition still
occurred, although it decreased with respect to the acute
phase. After eculizumab initiation, this patient achieved
complete clinical recovery, with C5b-9 deposits lower than
in controls. In addition, C5b-9 deposition assessment in
patient 29 allowed the identification of underdosing, and
was useful to titrate the necessary dose for clinical re-
mission. Finally, patient 13 had aHUS relapse after 4 months
of stopping eculizumab, and C5b-9 evaluation confirmed
the clinical suspicion.
Regarding pregnancy-related complications, our results

showed intense complement activation in those with pre-
eclampsia and HELLP syndrome during the acute phase,
which was persistent 40 days after delivery in all HELLP
cases, despite clinical remission. Normal complement
activity was observed 6–9 months later. These results are
in agreement with those of previous studies suggesting
that a dysregulation of the complement pathway may play

an important role in its pathogenesis. Serum and urinary
C5a and C5b-9 concentrations are elevated in hypertensive
mothers (34,35), and preeclampsia has been described as a
multifactorial disease with an angiogenic imbalance as an
essential underlying mechanism that could be related to
complement activation (35,36). There is experimental ev-
idence indicating that complement activation induces the
production of angiogenic molecules and C5a release by
monocytes (37,38). Additionally, aberrant decidual angio-
genesis appears to trigger the activation of the complement
pathway. This potential key role for the complement
system in the pathogenesis of HELLP and preeclampsia
offers new opportunities for early prediction, monitoring,
and therapy. Eculizumab has been used during pregnancy
without apparent adverse outcomes for the mother or the
fetus (39,40), and in vitro studies suggest a beneficial effect
of eculizumab in HELLP (41).
Clinical diagnosis of malignant hypertension is based on

the presence of very high BP levels and grade 3/4
hypertensive retinopathy. Clinical reports and short case
series indicate the possibility that some malignant hyper-
tension with TMA signs could be complement mediated
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Figure 3. | Activated plasma from patients with HELLP syndrome and preeclampsia at onset induced an increase C5b-9 deposition on
endothelial cells. (A)Quantification ofC5b-9deposits on endothelial cells show that threeHELLP syndromepatients (H1 toH3) showedmarked
complement activation in the acute phase (black bars) that was still increased after 40 days (gray bars), and normalized after 6–9months (white
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(42,43). Etiological differentiation between malignant hy-
pertension and aHUS is crucial to initiate an etiological
treatment. These results indicate that complement activity
was normal in the acute phase and after BP control in
patients with malignant hypertension. In contrast, when
exploring samples from five out of the 11 patients with
aHUS (who had grade 3 or 4 hypertensive retinopathy)
who were evaluated at the acute phase, C5b-9 deposits
were significantly high. Although we included a low
number of patients with malignant hypertension in this
study, these results validate recently published data (44)
where C5b-9 deposits on endothelial cells in the setting of
severe hypertension differentiated patients with comple-
ment dysregulation from those with mechanical stress as
the cause of disease. It will be crucial in future investiga-
tions to know if patients diagnosed with HELLP, pre-
eclampsia, and malignant hypertension are carriers of
complement mutations.
This complement-activity assay is based on the existence

of multiple links between the complement and the clotting
system (45), as it could be derived from the inhibitory
experiments carried out (see Supplemental Material). C5b-9
deposition on the endothelial cell surface occurs together
with fibrin formation, even in control situations, and
strongly depends on thrombin generation (Supplemental
Figure 4). This observation is in line with others reporting
that complement activation is attenuated by thrombin
inhibitors (46,47). The inhibition of the reaction by blocking
coagulation Factor XII suggests that serine proteases in the
coagulation system are able to activate the complement
cascade independently of the pathways established to date
(48). Moreover, our assay seems to be independent of the
extrinsic coagulation pathway because the inhibition of the
tissue factor by a specific antibody had no effect on C5b-9
deposition (Supplemental Figure 4) (49). Finally, our re-
action strongly depends on the presence of calcium because
it does not occur when using nonactivated plasma or when
the activated plasma is obtained from blood with EDTA
(Supplemental Figure 4). This could be because EDTA
presents a much higher binding constant than citrate (50). By
adding the serum of healthy donors to the plasma samples of
patients, we overcame the partial complement inhibition due
to calcium chelation and reduced the variability observed in
complement deposition when using sera.
In conclusion, measurement of C5b-9 deposits on endo-

thelial cells is a useful tool to explore the overactivation of the
complement system, not only in aHUS but also in other
diseases, such as HELLP and preeclampsia. Moreover, this
technique could be useful to monitor the efficiency of
eculizumab treatment in individual patients with aHUS,
allowing for follow-up of treatment response, exploration of
optimal dosage, and identification of potential recurrences.
Our approach offers consistent results that, if confirmed in
larger cohorts, could open the door to the evaluation of the
role of complement activation in the pathogenesis of other
TMAs that may eventually benefit from C5 inhibition and
monitor treatment response in these patients.
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Huerta A, Rojas-Rivera J, Fuentes C, Blasco M, Jarque A, Garcı́a A,
Mendizabal S, Gavela E, Macı́a M, Quintana LF, Marı́a Romera A,
Borrego J, Arjona E, Espinosa M, Portolés J, Gracia-Iguacel C,
González-Parra E, Aljama P, Morales E, Cao M, Rodrı́guez de
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