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C5b9 Formation on Endothelial Cells Reflects
Complement Defects among Patients with Renal
Thrombotic Microangiopathy and Severe
Hypertension

Sjoerd A.M.E.G. Timmermans,1 Myrurgia A. Abdul-Hamid,2 Judith Potjewijd,1

Ruud O.M.F.I.H. Theunissen,1 Jan G.M.C. Damoiseaux,3

Chris P. Reutelingsperger,4 Pieter van Paassen,1 and on behalf of the Limburg Renal Registry

Departments of 1Nephrology and Clinical Immunology and 2Pathology and 3Central Diagnostic Laboratory,
Maastricht University Medical Center, Maastricht, The Netherlands; and 4Department of Biochemistry, Cardiovascular
Research Institute Maastricht, Maastricht, The Netherlands

ABSTRACT
Background Severe hypertension can induce thrombotic microangiopathy (TMA) in the renal vasculature, the
occurrence of which has been linked to mechanical stress to the endothelium. Complement defects may be the
culprit ofdisease inpatientswhopresentwith severe renaldiseaseandoftenprogress toESRD,despiteBPcontrol.

MethodsWe studied a well defined cohort of 17 patients with hypertension-associated TMA to define the
prevalence of complement defects by a specific ex vivo serum-based microvascular endothelial cell assay.

Results Compared with normal human serum and samples from patients with hypertensive arterioneph-
rosclerosis, 14 of 16 (87.5%) serum samples collected at presentation from 16 patients with hypertension-
associated TMA induced abnormal C5b9 formation on microvascular endothelial cells. We detected rare
variants in complement genes in eight of 17 (47%) patients. ESRD occurred in 14 of 17 (82%) patients, and
recurrent TMA after transplant occurred in seven of 11 (64%) donor kidneys. Eculizumab improved the
renal function in three patients and prevented TMA recurrence in an allograft recipient.

Conclusions These observations point to complement defects as the key causative factor of ESRD and
recurrent TMA after transplant in patients presenting with severe hypertension. Complement defects can
be identified bymeasurements of complement activation onmicrovascular endothelial cells, which should
substantially influence treatment and prognosis.

J Am Soc Nephrol 29: 2234–2243, 2018. doi: https://doi.org/10.1681/ASN.2018020184

Long-standing uncontrolled mild to moderate
hypertension can induce renal failure due to hyper-
tensive arterionephrosclerosis with a slowly pro-
gressive disease course, whereas a more acute and
potentially life-threatening thrombotic microangi-
opathy (TMA) can occur in the setting of severe
hypertension. The transition to TMA among pa-
tients with severe hypertension remains poorly un-
derstood, but it can arise from mechanical stress to
the endothelium,1 assuming that the kidneys are the
victim rather than culprit of disease.2 Recently, we
identified a clinically distinct phenotype in

patients with severe hypertension and renal TMA
who present with complement defects as the
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driving factor of disease.3 Most patients with severe hyperten-
sion achieve stable disease and do not require RRT after BP
control,4,5 whereas the prognosis of those with complement
defects is dismal.3

The complement cascade is an ancient and conserved ef-
fector system involved in the defense against pathogens and
host homeostasis, which can be initiated via the classic path-
way, the lectin pathway, and the alternative pathway (AP).6

The AP is a continuously active surveillance system operating
in the circulation and on cell surfaces, which is tightly regu-
lated to prevent damage to the self.7 Defective AP regulation,
however, has been linked to another syndrome of TMA: that is,
the atypical hemolytic uremic syndrome (HUS). AP defects
can be due to mutations in genes encoding proteins that either
regulate or activate the AP and/or autoantibodies that inhibit
regulatory proteins.8,9 TMA arises from an inciting trigger to
the endothelium that exceeds the complement regulatory ca-
pacity, leading to unrestrained complement activation, con-
sumptive thrombocytopenia, microangiopathic hemolytic
anemia, and ischemic organ damage.10 The pivotal role of
complement defects has been confirmed by prospective trials,
showing the efficacy of eculizumab, an anti-C5 mAb that
blocks C5, in atypical HUS.11,12

In contrast to atypical HUS, most patients with “so-called”
hypertension-associated TMA do not present with systemic
hemolysis (that is, thrombocytopenia and hemolysis), and
thus, renal biopsies are often needed to detect the TMA. In
clinical practice, it is of utmost importance, although chal-
lenging, to identify patients with complement defects as the
causative factor of disease.13 If complement defects remain
unrecognized, patients may progress to ESRD without receiv-
ing optimal treatment.3 At present, however, no standard tests
to detect the relevant complement defects are available. Noris
et al.14 recently developed a highly specific serum-based test to
detect endothelium-restricted complement dysregulation and
activation in patients with atypical HUS. Here, we questioned
whether the test also can be used to detect complement defects
in patients presenting with severe hypertension and TMA on
renal biopsy. We hypothesized that abnormal test results can
differentiate patients who develop TMA on the background of
complement defects from those with mechanical stress as the
cause of disease. Furthermore, we extended our previous data
regarding the presentation, long-term outcome, and preva-
lence of genetic complement defects in patients presenting
with renal TMA in the setting of severe hypertension.

METHODS

Patient Population
From 1980 onward, consecutive patients with hypertension-
associated TMA were recruited from the Limburg Renal
Registry.15 Hypertension-associated TMAwas presumed in pa-
tients with TMA and typical pathologic features of severe hy-
pertension (i.e., myxoid intimal changes, hypertrophy of the

arterial vessel walls, and/or fibrinoid necrosis of arterioles) on
renal biopsy,2 severe hypertension (i.e., BP levels of$180 mm
Hg systolic and/or $120 mm Hg diastolic), and evidence of
impending or progressive target organ dysfunction secondary
to hypertension3,16; other causes of TMA were excluded
according to recent guidelines.13,17 Systemic hemolysis was
defined as microangiopathic hemolytic anemia (hematocrit
,30%, hemoglobin ,10 g/L, lactate dehydrogenase .500 U/L,
and schistocytes on peripheral blood smear) and thrombocyto-
penia (,150,000/ml).

Patients with severe hypertension and arterionephrosclero-
sis without features of TMAon renal biopsy alsowere included.
Arterionephrosclerosis was defined as obsolescence of glomer-
uli, intimal fibrosis, and medial thickening of arteries without
morphologic evidence of other renal disease.

Eight healthy individuals without a relevantmedical history
who were not using any drugs were enrolled; serum samples
were pooled and used as normal human serum (NHS).

At the time of renal biopsy and during follow-up, serum and
heparin plasma samples were obtained, processed, and imme-
diately stored at 280°C to prevent in vitro complement acti-
vation.18 Clinical data were obtained from the Limburg Renal
Registry and the patients’ medical records. The study was
approved by the local ethics committee of the Maastricht Uni-
versity Medical Center and is in accordance with the Declara-
tion of Helsinki.

Routine Complement Assays
C4 andC3 plasma levels were determined using nephelometry.
Classic pathway functional assays (Eurodiagnostica, Malmo,
Sweden) were completed according to the manufacturer’s in-
structions.19 Furthermore, plasma sC5b9 levels were deter-
mined using a capture ELISA (BD Biosciences, San Diego,
CA) according to the manufacturer’s instructions.

Complement Activation on Human Microvascular
Endothelial Cells of Dermal Origin
Ex vivo complement activation on human microvascular en-
dothelial cells of dermal origin (HMEC-1; ATCC, Manassas,

Significance Statement

Severe hypertension can induce renal thrombotic microangiopathy
(TMA) and vice versa on the background of complement defects.
Currently, the diagnosis of complement-mediated TMA among
patients with severe hypertension is challenging, in part because
specific tests to detect the relevant complement defects are not
available. This manuscript describes the potential role of ex vivo
C5b9 formation on microvascular endothelial cells to identify
complement defects in patients presenting with TMA and severe
hypertension. ESRD and reoccurrence of TMA after transplantation
were common among patients with abnormal C5b9 formation at
the time of acute TMA, resembling complement-mediated TMA.
These observations point to complement defects as the key caus-
ative factor of ESRD and recurrent TMA after transplantation in a
subset of patients presenting with severe hypertension.
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VA) was assessed as described with modifications.14 Briefly,
HMEC-1 were plated on glass culture slides and used when
.80% confluent. Before serum incubation, HMEC-1 were
activated with 10 mM ADP for 10 minutes or were not acti-
vated. HMEC-1 were incubated with serum diluted in test
medium (1:2, final volume 300 ml) for 3 hours at 37°C, fixed
in 3% formaldehyde, and blocked with 2% BSA for 1 hour.

To analyze complement activation, HMEC-1 were stained
with FITC-labeled anti-human C3c (1:20; Dako, Heverlee,
Belgium) or rabbit polyclonal anti-human C5b9 (1:100; Cal-
biochem, San Diego, CA) followed by Alexa488-labeled anti-
rabbit IgG antibody (1:100; Life Technologies, Carlsbad, CA).
In selected experiments, HMEC-1 were stained with FITC-
labeled goat anti-human IgG (1:100; ICN Biomedicals, Irvine,
CA) or mouse anti-human C4d (1:200; Quidel, Alkmaar, The
Netherlands) followed by FITC-labeled rabbit anti-mouse IgG
(1:60; Dako). Nuclei were stained with 49,6-diamidino-2-
phenylindole. Fluorescent staining was analyzed by using
ImageJ (National Institutes of Health, Bethesda, MD) on 15
systematically acquired fields and expressed as mean pixels per
field; complement activation was compared with NHS run in
parallel. Samples from patients with atypical HUS and dense
deposit disease were used as positive and negative disease con-
trols, respectively. The experimental design can be found in
Supplemental Material.

Renal Immunofluorescence
Sections from snap-frozen renal tissue specimens were stained
with FITC-labeled rabbit anti-human C3c (1:20) or rabbit
polyclonal anti-human C5b9 (1:100) followed by Alexa488-
labeled goat anti-rabbit antibody (1:100).

Genetic Testing
Coding regions of CFH, CFI, CD46, CFB, and C3 were ampli-
fied and screened for mutations and polymorphisms using
DNA sequencing.20,21 Rearrangements in the CFH-CFHR1-5
genomic region were analyzed by multiplex ligation probe
amplification.22 In selected cases, the presence of circulating
factor H autoantibodies was assessed by ELISA.23

Statistical Analyses
Continuous variables were presented as mean (6SD) or me-
dian (interquartile range) as appropriate. Comparisons were
made for each patient comparing serum-induced complement
deposits for the patient and NHS run in parallel by using the
paired sample t test or Wilcoxon signed rank test as appropri-
ate. Between-group differences were analyzed by ANOVA.
P,0.05 was considered statistically significant.

RESULTS

Patient Population
Seventeen consecutive white patients who fulfilled the inclu-
sion criteria of hypertension-associated TMA were recruited
from January 1980 onward. The baseline characteristics are
depicted in Table 1. Patients 5 and 7–14 have been previously
reported.3 Women-to-men ratio was 0.8, and the median age
at diagnosis was 38 (interquartile range, 34–45) years old. Pa-
tients invariably presented with severe hypertension, AKI, and
proteinuria; therefore, a diagnosis of hypertensive kidney dis-
ease was assumed. Renal biopsies revealed characteristic le-
sions of TMA accompanied by prominent intimal fibrosis,

Table 1. Baseline clinical features and laboratory evaluation

No.
Age,
yr

Sex
Relevant
History

BP,
mm Hg

Hypertensive
Retinopathy,

Grade

Cardiac
Disease

Neurologic
Disease

SCr,
mmol/L

Hb,
mmol/L

LDH,
U/L

Platelets,
3109/L

Hemolysis,
Systemic

ADAMTS13
Activity, %

1 37.2 M HTN 220/130 3 Y N 275 5.7 597 244 N ND
2 47.1 M HTN 280/160 4 Y Y 1980 6.1 700 272 N 42
3 38.7 M N/a 239/162 4 Y Y 726 4.9 1375 62 Y 78
4 47.4 M HTN 185/140 4 Y Y 835 10.1 2949 285 N 61
5 44.0 W HTN 220/120 2 N N 649 8.2 339 339 N 76
6 72.3 W N/a 225/125 3 N N 356 4.7 1068 75 Y .10
7 27.9 M N/a 240/150 4 ND N 673 7.9 165 133 N ND
8 28.5 W HELLP, HTN 224/112 3 N N 1065 5.1 298 228 N 82
9 41.1 W HTN 180/120 3 Y N 334 6.1 219 291 N ND
10 65.0 M HTN 195/105 ND Y N 162 7.9 271 98 N ND
11 32.0 W PE, HTN 180/120 ND Y N 1138 4.7 1486 142 Y 96
12 37.7 M HTN 200/120 3 Y N 586 5.3 2125 100 Y .10
13 40.3 M HTN, CKD 205/114 2 Y N 1195 5.7 1104 158 N ND
14 38.4 W PE, HTN 184/140 2 ND N 1730 5.1 1800 228 N ND
15 37.2 W HTN 300/140 4 Y N 1030 6.0 1128 204 N ND
16 39.1 M N/a 190/120 3 ND Y 1089 6.1 680 101 Y ND
17 23.4 W N/a 185/120 3 Y N 645 6.3 1053 179 N ND

SCr, serum creatinine; Hb, hemoglobin; LDH, lactate dehydrogenase; ADAMTS13, a disintegrin and metalloproteinase with a thrombospondin type 1 motif,
member 13; M, man; HTN, hypertension; Y, yes; N, no; ND, not determined; N/a, not applicable; W, woman; HELLP, hemolysis, elevated liver enzymes, and low
platelets; PE, preeclampsia.
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myxoid intimal alterations, and/or fibrinoid necrosis of the
renal arterioles, reflecting severe hypertension. Indeed, 12
(71%) of 17 patients had a known medical history of hyper-
tension, including three patients with documented episodes of
preeclampsia and/or hemolysis, elevated liver enzymes, and
low platelets. No precipitating events were identified in the
others. In 12 (71%) of 17 patients, no systemic hemolysis
was observed. The enzymatic activity of a disintegrin andmet-
alloproteinase with a thrombospondin type 1 motif, member
13 appeared normal in eight patients; the other patients pre-
sented with platelet counts of over 95,0003109/L, making
thrombotic thrombocytopenic purpura unlikely.24 Drug use,
infection, autoimmune disease, and pregnancy as causes of
TMAwere ruled out.17 Familial disease was not noted. Extra-
renal manifestations included severe hypertensive retinopathy
(n/n=12/15), cardiac disease (n/n=11/14), and/or neurologic
disease (n/n=4/17). Thus, a diagnosis of hypertension-associated
TMAwas made.

Five patients with hypertensive arterionephrosclerosis were
included as disease controls. They presented at older age with
lower diastolic BP and less severe renal failure compared with
those with TMA (Supplemental Material).

Routine Complement Assays
Lower than normal C3 levels were found in five (31%) of 16
patients with hypertension-associated TMA, whereas C4 levels
and functional studies of the classic pathway of complement
activation were normal in all but one patient. Plasma levels of
sC5b9, however, were higher than normal in patients with
hypertension-associated TMA (n/n=14/14), but they did not
differ from those with hypertensive arterionephrosclerosis
(Supplemental Material).

Ex Vivo Complement Activation
At the time of presentation, sera from 14 (88%) of 16 patients
with hypertension-associated TMA induced extensive C5b9
formation on resting HMEC-1 (25,92669533 versus 90256
3144 pixels; P,0.01) compared with NHS (n=8) run in par-
allel (Figure 1A, Table 2); of note, treatment-naive serum
from patient 2 was not available. In additional experiments,
HMEC-1 were preincubated with ADP to mimic a perturbed
endothelium,14 after which comparable results were found
(Figure 1B, Table 2). The intensities of C5b9 deposits on
ADP-activated HMEC-1 exposed to sera from patients with
abnormal test results (n=12) were comparable with those ex-
posed to atypical HUS sera (26,58868229 versus 31,2066
2866 pixels, respectively) (Figure 1B). Also, C3c was found
(n=5; 31,098612,690 versus 842163093 pixels [NHS];
P,0.05) but neither C4d nor IgG were found on ADP-acti-
vated HMEC-1, indicating selective activation of the AP.
HMEC-1 exposed to ADP alone without serum or with
heat-inactivated patient serum (n=3; 30 minutes at 56°C)
showed neither C3c nor C5b9 staining.

Follow-up samples from nine patients with hypertension-
associated TMA were available (Table 3). C5b9 formation

normalized on resting but did not normalize on ADP-
activated HMEC-1 (n=4 untreated patients; 21,9726
7373 versus 789464136 pixels [NHS]; P,0.05) at the
time of quiescent disease (Figure 2), ruling out the pos-
sibility that complement activation was a secondary

Figure 1. Hypertension-associated thrombotic microangiopathy
(TMA) sera induced C5b9 formation on resting and ADP-acti-
vated human microvascular endothelial cells of dermal origin
(HMEC-1) at the time of presentation. (A) Resting HMEC-1
were incubated for 3 hours with serum from patients with atypi-
cal hemolytic uremic syndrome (HUS; C3 and/or CFB, n=2;
deficiency of CFHR plasma proteins and factor H autoanti-
body positive [DEAP] HUS, n=1; no mutations, n=1), hyperten-
sion-associated TMA (n=14), hypertensive arterionephrosclerosis
(n=4), or dense deposit disease (DDD; n=5) and healthy controls
(HCs; n=8). ***P,0.001 versus normal human serum (NHS) run in
parallel. (B) ADP-activated HMEC-1 were incubated for 3 hours
with serum from patients with atypical HUS (C3 and/or CFB, n=3),
hypertension-associated TMA (n=12), hypertensive nephro-
sclerosis (n=4), or DDD (n=4) and HCs (n=7). Dotted horizontal
areas: control, mean6SD. ***P,0.001 versus NHS run in parallel.
(C) Representative immunofluorescence microscopy images of
C5b9 (green) staining of ADP-activated HMEC-1 exposed to sera
from patients with hypertension-associated TMA, atypical HUS,
or hypertensive arterionephrosclerosis and NHS serum. The data
of patients 3 and 15 have not been included. Original magnifi-
cation, 3400.
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phenomenon triggered by acute TMA (that is, ischemic tissue
injury and/or platelet activation). As expected, C5b9 formation
on resting (n=5) and ADP-activated HMEC-1 (n=4) was at-
tenuated when incubated with samples from patients on ecu-
lizumab treatment (Figure 2), underlining the specificity of
C5b9 staining.

In contrast, sera from four patients with hypertensive arte-
rionephrosclerosis induced normal C5b9 formation on resting
HMEC-1 (n=4; 975361214 versus 902563144 pixels [NHS]);
preincubation with ADP did not affect C5b9 formation
(Figure 1B). Dense deposit disease samples also induced nor-
mal C5b9 formation on ADP-activatedHMEC-1 (n=4; 90116
941 versus 898963184 pixels [NHS]) (Figure 1B). Dense
deposit disease, however, has been associated with AP dysre-
gulation in the circulation but not on the cell surface,25,26

indicating that C5b9 formation on HMEC-1 reflects

endothelium-restricted complement activation. The data of
the disease controls can be found in Supplemental Material.

Renal Immunofluorescence
Renal tissue specimens of ten of 14 patients with hypertension-
associated TMA and abnormal C5b9 formation on resting
HMEC-1 were sufficient for analysis and revealed C3c as
well as C5b9 deposits along the vasculature and/or glomerular
capillary wall, confirming in vivo complement activation
(Figure 3, A and B). Eight (80%) of ten tissue specimens re-
vealed unspecific entrapment of IgM, whereas staining for
IgG, IgA, and light chains was negative. Electron dense de-
posits were not found on electron microscopy, supporting the
paucity of immune complex deposits (Figure 3D). In contrast,
C3c was not found in the setting of arterionephrosclerosis
(tissue specimens, n=5), excluding complement activation.

Table 2. Complement defects at the time of renal biopsy

No. Mutation(s)
CFH-
H3

D

CFHR1-3
FHAA

C4, g/L
(0.11–0.35)

C3, g/L
(0.75–1.35)

CPFA, %
(>75)

sC5b9,
ng/ml
(<337)

C5b9 Formation on
HMEC-1, % of the

Control

Resting
ADP

Activated

TMA and severe
hypertension
1 No mutations N Y ND 0.35 1.45 119 1252 223a 190a

2 CFI-P50A,37

THBD-T478I
Y Y ND ND ND ND ND ND ND

3 No mutations Y Y None 0.36 1.40 ND 4200 160 117
4 No mutations N Y None 0.24 0.81 113 740 353a 205a

5 No mutations N N None 0.35 1.56 113 3800 198a 204a

6 No mutations N N None 0.23 1.17 ND 480 245a 340a

7 No mutations Y N None 0.26 0.82 90 440 224a ND
8 C3-R161W38 N Yb None 0.14 0.72 110 1840 373a 246a

9 CFI-N151S37 N N ND 0.27 1.20 97 4200 395a 252a

10 No mutations N N ND 0.19 0.87 99 1800 253a ND
11 CFH-C853R Y N ND 0.21 0.63 104 1840 339a 253a

12 C3-R161W38 Y N ND 0.30 0.88 94 640 463a 404a

13 CD46-DD237/
S238,39 CFH-
Q950H27

Y Y None 0.28 0.89 97 1000 284a 272a

14 C3-R161W38 N N None 0.20 0.69 95 2800 310a 325a

15 No mutations N N None 0.25 1.10 105 1800 140 92
16 C3-R161W38 Y N ND 0.47 0.74 ND ND 336a 283a

17 No mutations Y N ND ND 0.64 50 ND 306a 255a

Hypertensive
arterionephrosclerosis
1 ND ND ND ND 0.33 1.37 122 2360 70 ND
2 ND ND ND ND 0.37 1.36 122 888 89 71
3 ND ND ND ND 0.26 0.95 67 ND 76 87
4 ND ND ND ND 0.27 2.00 110 780 ND 81
5 ND ND ND ND 0.38 1.22 103 1168 67 77

DCFHR1-3, deletion of complement factor H–relatedgenesCFHR1 andCFHR3; FHAA, factor H autoantibodies; CPFA, classic pathway functional activity; HMEC-1,
human microvascular endothelial cells of dermal origin; TMA, thrombotic microangiopathy; N, no; Y, yes, ND, not determined.
aP value ,0.05.
bGenetic abnormality was found in heterozygosity.
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Rare Variants in Complement Genes
Genetic AP abnormalities were found in eight (47%) of 17
patients with hypertension-associated TMA (Supplemental
Material, Table 2). The mutated genes included C3 (n=4),
CFH (n=2), CFI (n=2), and/or CD46 (n=1). The CD46 mu-
tationwas found in associationwithCFH-Q950H, the latter of
which is a rare variant of unknown significance27 also present
in the normal population. Furthermore, a novel variant of
unknown significance was found in THBD. Eight patients
carried the 2322C.T and c.2808G.T single-nucleotide
polymorphisms that tag the CFH-H3 haplotype.28,29 The
homozygous genomic deletion of CFHR1 and CFHR3 was
identified in one patient, whereas circulating factor H autoan-
tibodies were not found.

Clinical Outcome
Follow-up ranged from 4 months to 37 years. In all patients,
intravenous administration of antihypertensive agents was
started, and although BP normalized, 14 (82%) of 17 patients
initially needed dialysis (Figure 4). Since 2015, eculizumabwas
started in five patients (patients 2, 3, 5, 6, and 9) not respond-
ing to conventional treatment. Patients were started on four
weekly doses of 900 mg eculizumab followed by a single dose
of 1200 mg every 2 weeks (Supplemental Material). Renal
function improved in three patients, whereas two patients re-
mained dialysis dependent.

At the time of quiescent disease, treatment was stopped
(patients 5 and 6) or tapered to 900 mg (patient 9) every
4 weeks; during tapering, C5b9 formation on ADP-activated
HMEC-1 remained suppressed (not shown). Patient 2’s renal
function is still improving, and the dosing regimen has not
been tapered yet. No renal response, however, was observed in
patient 3, whose serum induced normal C5b9 formation;
moreover, no genetic variants were found. He died from

duodenal perforation probably due to pancreatic cancer, sug-
gesting that TMA did not occur on the background of com-
plement defects.

Eleven allografts (cadaveric, n=5 and living [un-]related,
n=6) were transplanted in seven patients (Figure 5), all of
whom received calcineurin inhibitors (tacrolimus, n=10 or
cyclosporin, n=1) and steroids. TMA recurrence manifested
in seven grafts (recipients, n=5) either with (n=4) or without
(n=3) systemic hemolysis. BP was tightly regulated, and the
presence of donor-specific alloantibodies as well as infections
as endothelium-damaging events was ruled out, linking TMA
recurrence to complement defects. Recipients with recurrent
disease showed abnormal C5b9 formation on HMEC-1 at the
time of presentation. Four patients carried rare variants in
complement genes (C3, n=3 and CD46, n=1). Graft loss oc-
curred in five (71%) of seven disease episodes, although
plasma exchange was initiated in five patients. At the time of
transplantation, upfront eculizumab was started in a high-risk
recipient (patient 11), preventing disease recurrence. The re-
cipients with normal test results at presentation did not de-
velop TMA recurrence.

DISCUSSION

Complement defects have been linked to various syndromes of
TMA, and they have recently been acknowledged as the key
causative factor of ESRD in a subset of patients with severe
hypertension.3 Many of these patients, however, do not pre-
sent with systemic hemolysis, and complement defects may,
therefore, remain unrecognized. This study showed that ab-
normal serum-induced C5b9 formation on microvascular en-
dothelial cells can identify these particular patients, reflecting
complement-mediated TMA. The high prevalence of rare

Table 3. C5b9 formation on resting and ADP-activated human microvascular endothelial cells of dermal origin when
incubated with follow-up serum samples from patients with hypertension-associated thrombotic microangiopathy

No.
Hb,

mmol/
L

LDH,
U/L

Platelets,
3109/L

Creatinine,
mmol/L

C5b9 formation on HMEC-1,
% of the control

Resting Activated

Eculizumab
treatment
2 7.2 135 199 297 21a ND
5 5.5 143 492 ESRD 0a 0a

6 6.3 154 298 243 17a 14a

9 5.5 179 291 315 0a 24a

11 6.8 138 216 132 8a 29a

No
treatment
8 7.0 239 333 ND 160 231a

11 6.8 197 174 205 163 293a

12 6.1 181 232 220 87 171a

14 7.5 ND 198 98 116 248a

Hb, hemoglobin; LDH, lactate dehydrogenase; HMEC-1, human microvascular endothelial cells of dermal origin; ND, not determined.
aP value ,0.05 versus control serum run in parallel.
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variants in complement genes as well as the favorable response
to eculizumab treatment support this premise.

This studysupportsourprevioushypothesis thatcomplement
defects are thekey causative factorofESRD inpatients presenting
with renal TMA in the setting of severe hypertension.3 Serum
samples frommost patients with hypertension-associated TMA
but not from those with hypertensive arterionephrosclerosis in-
duced abnormal C5b9 formation on resting and ADP-activated
HMEC-1 at the time of acute TMA, reflecting massive comple-
ment activation via the AP. C5b9 deposits along the renal vas-
culature and/or glomerular capillary wall provided the in vivo
counterparts of complement activation. At variance, C5b9 for-
mation normalized on resting but not on ADP-activated
HMEC-1 at the time of quiescent disease, underlining that
TMA developed on the background of complement defects
was triggered by a concomitant condition. Rare variants in

complement genes associated with AP dysregulation confirmed
complement defects in approximately of one half the patients.
The complement gene mutations were considered pathogenic
on the basis of proven functional abnormalities of the respective
proteins. The presence of the CFH-H3 haplotype also might
have affected disease penetrance. In our cohort, most patients
had a history of hypertension, suggesting that hypertension trig-
gered complement activation,30 leading to unrestricted AP acti-
vation and the occurrence of TMA.

In line with previous studies focusing on severe hyperten-
sion, including our patient series, systemic hemolysis seemed
uncommon,3,4,31 leading to a low suspicion of TMA. In these
patients with difficult cases, renal biopsies are needed to detect
the TMA, the presence of which should prompt screening for
complement defects.3 Routine complement assays appeared
normal in most of our patients and therefore, cannot be
used to detect complement defects. Elevated levels of sC5b9,
however, can be found during the acute phase but lack spec-
ificity, because sC5b9 concentrations overlap with conditions
not linked to systemic complement activation,32 including
arterionephrosclerosis. At present, genetic studies can be con-
sidered the reference method for the determination of com-
plement defects,13 although they are suboptimal for diagnostic
purposes, because genetics are time consuming and lack sen-
sitivity. Noris et al.14 recently showed that abnormal C5b9
formation on microvascular endothelial cells is highly specific
for atypical HUS. In this study, we validate their data and
reproducibility in patients who present with renal TMA in

Figure 2. C5b9 formation normalized on resting but not acti-
vated human microvascular endothelial cells of dermal origin
(HMEC-1) at the time of quiescent disease, whereas eculizumab
blocked C5b9 to form. (A) C5b9 formation on resting and ADP-
activated HMEC-1 after incubation with serum from patients with
hypertension-associated thrombotic microangiopathy (TMA) at
the time of acute disease (n57), quiescent disease (n54), and/or
during eculizumab treatment (Ecu; n55 or n54, respec-
tively); individual data are shown in Table 3. (B) Representative
immunofluorescence microscopy images of either resting or
ADP-activated HMEC-1 exposed to sera from patients with
hypertension-associated TMA at the time of quiescent dis-
ease and healthy control (HC; i.e., normal human serum
[NHS]). *P,0.01 versus NHS run in parallel; ***P,0.001 ver-
sus NHS run in parallel; ^^P,0.01 versus quiescent disease
samples. DAPI, 4’,6-diamidino-2-phenylindole.

Figure 3. C3c and C5b9 staining reflect in vivo complement
activation in hypertension–associated thrombotic microangiopathy
(TMA) but not hypertensive arterionephrosclerosis. Representative
immunofluorescence microscopy images of (A) C3c and (B) C5b9
deposits along the renal vasculature in severely hypertensive pa-
tients with TMA, whereas (D) electron dense deposits were not
found; widening of the subendothelial space (asterisk) was often
acknowledged. (C) C3c was not linked to hypertensive arterio-
nephrosclerosis. Original magnification, 3400 in A and B; 3200 in
C; 31900 in D.
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the setting of severe hypertension, differentiating patients with
complement defects from those with mechanical stress as the
cause of disease.

The prognosis of our patients with abnormal C5b9 forma-
tion on HMEC-1 and/or rare variants in complement genes
seemed dire, with 80% of patients requiring dialysis at pre-
sentation, resembling historical atypicalHUScohorts.8,9 These
clinical observations recapitulate our previous data linking
complement defects to ESRD in an extended cohort of pa-
tients considered to have hypertension-associated TMA,3

pointing to a new target for treatment. Indeed, eculizumab
blocked C5b9 to form on HMEC-1, and moreover, renal
function recovered and/or improved in all but one patient
with complement defects. Dialysis, however, could be tapered
in the latter, and further improvement in renal functionmight
have been expected on extended treatment.12 To date, two
additional patient studies concerning the use of eculizumab
for the treatment of TMA in the setting of severe hypertension
have been published with conflicting results.33,34

Thus, the questions are how to diagnose complement-
mediated TMA and when to consider treatment in patients
presenting with severe hypertension. In our experience,
complement defects should be considered in patients who

do not respond to BP control (that is, no decrease in serum
creatinine of over 25%),35 particularly when abnormal C5b9
formation is apparent. Furthermore, we feel that it is impor-
tant to stress that most of our patients presented with fundo-
scopic lesions consistent with severe hypertension, and thus,
retinal lesions should not be used to exclude underlying com-
plement defects. Patients with complement defects appeared
to benefit from treatment11; eculizumab should, therefore, be
considered in these patients. Dosing schedule and treatment
duration, however, remain controversial, and prospective
studies are needed to establish the optimal use of eculizumab
for the treatment of renal TMA in patients with severe hyper-
tension.36 Also, it has to be proven whether longitudinal mea-
surements of ex vivo C5b9 formation can guide treatment.

After transplantation, recurrent disease appeared to be
common and linked to abnormal C5b9 formation at base-
line. TMA onset after transplantation was associated with
poor allograft survival, particularly among carriers of rare
variants in complement genes. Thus, TMA can reoccur on
the background of complement defects after transplanta-
tion. Patients who present with TMA and severe hyperten-
sion should, therefore, be screened for complement defects
before renal transplantation so that prophylactic measures
can be adopted,13 which is supported by the favorable out-
come in a high-risk recipient who received preemptive ecu-
lizumab treatment.

This study is limited by the number of included patients.
Future validation in other larger cohorts is, therefore, warran-
ted. However, a strong aspect of our study is the fact that we
studied a well defined cohort of patients who had been classi-
fied according to clinical and pathologic data.

Taken together, our data show that complement defects are
the key causative factor of severe renal sequelae in patients with
renal TMAand severe hypertension at presentation, indicating
that these patients shouldbe classified as complement-mediated
TMA, although systemic hemolysis seemed to be uncommon.
Patients with complement defects can be identified by abnormal
C5b9 formation on microvascular endothelial cells, which is

Figure 4. Clinical outcome of patients with hypertension-asso-
ciated thrombotic microangiopathy who were treated with ecu-
lizumab (Ecu). Green bars, renal survival. Red bars, dialysis. TX,
transplant recipient.

Figure 5. Allograft outcome. Black arrows indicated thrombotic
microangiopathy recurrence. White arrows indicated retrans-
plantation. Patient no. 13 was preemptively retransplanted. Blue
bars, allograft survival. Red bars, dialysis. T, transplant recipient.
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associated with a dismal prognosis. Finally, targeting the com-
plement defect should be evaluated as a novel approach to
treatment of renal TMA in patients with severe hypertension.
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