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INTRODUCTION

T
hrombotic microangiopathy (TMA) is a severe
complication of kidney transplantation. It may

present as a recurrence of atypical hemolytic uremic
syndrome (aHUS) or may occur de novo.1

Kidney graft outcome in patients with recurrent
aHUS is poor and strongly dependent on the early
initiation of anti-C5 therapy.1 However, diagnosing
aHUS recurrence, as well as de novo TMA, is chal-
lenging because patients may present without hema-
tological signs.1 A biopsy may not be feasible,
particularly in patients with thrombocytopenia.

Here, we evaluated whether an ex vivo assay of
serum-induced terminal complement complex (C5b-9)
formation on human microvascular endothelial cells
(HMEC-1), which efficiently detects complement dys-
regulation in nontransplanted patients with aHUS,2

could also help diagnose posttransplant recurrent
aHUS. We also evaluated whether de novo posttrans-
plant TMA is associated with endothelial complement
activation, which remains a widely discussed issue,3,4

and whether the C5b-9 formation assay could support
diagnosis. Due to the high risk of recurrence, the
incidence of TMA in kidney grafts exceeds 36 times in
patients with a pretransplant history of aHUS,
compared to those with other causes of end-stage renal
disease. This underscores the importance of accurately
diagnosing native kidney disease.1 Unfortunately, 20%
to 30% of patients on transplant waiting lists have no
diagnosis.5 To address this additional issue, we
investigated whether the C5b-9 assay could help to
identify aHUS cases among patients with end-stage
renal disease.

RESULTS

This retrospective study included all consecutive patients
we analyzed with the serum-induced C5b-9 formation
assay between 2014 and 2023 and who fulfilled the in-
clusion criteria (Supplementary Methods). The patients’
main characteristics are presented in Table 1 (individual
values are detailed in Supplementary Tables S1–S6).

C5b-9 Assay in Posttransplant aHUS Recurrence

Serum from patients with aHUS after kidney transplant
induced higher than normal range formation of C5b-9
on ADP-activated HMEC-1 (Supplementary Methods).
Median values did not differ between patients with
recurrence (aHUS-r, n ¼ 12) and patients with stable
graft function or with other causes of graft deteriora-
tion (aHUS-nr, n ¼ 11 Figure 1a, Table 1, and
Supplementary Tables S7–S8).

To evaluate whether the assay might indicate an
ongoing aHUS recurrence in the graft, we analyzed
the results with serum added to unstimulated
HMEC-1. Excessive C5b-9 formation was observed in
all patients with aHUS-r, with the exception of 1,
whose serum was collected after plasma-exchange
(Figure 1a, Table 1, and Supplementary Table S7).2

Conversely, only 1 out of 11 patients with aHUS-nr
exhibited abnormal serum-induced C5b-9 formation
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Table 1. Patient clinical and biochemical features

Variable

Kidney transplant: aHUS Kidney transplant: no aHUS Chronic dialysis

Recurrence (n [ 12) No recurrence (n [ 11) P de novo TMA (n [ 15) no TMA (n [ 7) P aHUS (n [ 28) no aHUS (n [ 11) P

Male, % 66.67% (n ¼ 12) 27% (n ¼ 11) ns 73% (n ¼ 15) 86% (n ¼ 7) ns 32% (n ¼ 28) 82% (n ¼ 11) f

Age, yra 48 (26–72) (n ¼ 12) 43 (13–75) (n ¼ 11) ns 60 (46–81) (n ¼ 15) 56 (36–81) (n ¼ 7) ns 45 (2–74) (n ¼ 28) 46 (26–62) (n ¼ 11) ns

Native kidney disease aHUS
(n ¼ 12)

aHUS
(n ¼ 11)

IgAN, n ¼ 3; ADPKD, n ¼ 2;
DN, n ¼ 2; Goodpasture, n ¼ 1;

pyelonephritis, n ¼ 1; HN, n ¼ 1; ON,
n ¼ 1; TIN, n ¼ 1; lupus N,
n ¼ 1; PAH/CRI, n ¼ 1

IgA N, n ¼ 3; ADPKD, n ¼ 1;
FSGS, n ¼ 1; proteinuric

N, n ¼ 1;
hypertensive N, n ¼ 1

aHUS (n ¼ 28) ADPKD, n ¼ 4; CRI n ¼ 2;
proteinuric N, n ¼ 1; Fabry, n ¼ 1;
MPGN, n ¼ 1; Horse kidney, n ¼ 1;

nephroangiosclerosis, n ¼ 1

Days post txa 128 (1–9189) (n ¼ 12)b 1585 (7–4383) (n ¼ 11) ns 5 (1–6595) (n ¼ 15) 730 (6–2190) (n ¼ 7) f

Deceased donor % 100% (n ¼ 10) 100% (n ¼ 10) ns 100% (n ¼ 14) 86% (n ¼ 7) ns

IS

CsA/Tac 83.33% (n ¼ 12) 100% (n ¼ 9) ns 92.8% (n ¼ 14) 100% (n ¼ 7) ns

MMF/AZT 66.66% (n ¼ 12) 100% (n ¼ 9) ns 92.8% (n ¼ 14) 100% (n ¼ 7) ns
steroids 91.67% (n ¼ 12) 77.8% (n ¼ 9) ns 100% (n ¼ 14) 14.3% (n ¼ 7) f

sirolimus 8.33% (n ¼ 12) 0% (n ¼ 9) ns 0% (n ¼ 14) 0% (n ¼ 7) ns

Serum creatinine (0.55–1.25 mg/dl)c 3.4 (1.5–9.56)
(n ¼ 12)

1.52 (0.76–3.85)
(n ¼ 10)

f 5.6 (1.4–12.4)
(n ¼ 15)

1.33 (1.03–2.29)
(n ¼ 7)

f 8.4 (3.2–14.9)
(n ¼ 23)

10.36 (7.24–17.47)
(n ¼ 11)

f

Hemoglobin (14–18 g/dl) 9.4 (8.5–13.5)
(n ¼ 11)

12.4 (6.9–15)
(n ¼ 10)

f 9.15 (7.5–13.6)
(n ¼ 14)

13.4 (10.7–14.9)
(n ¼ 7)

f 11.5 (8–14.6)
(n ¼ 24)

11.9 (9–13.4)
(n ¼ 11)

ns

Schistocytes (% of þ patients) 100% (n ¼ 4) 0% (n ¼ 1) 100% (n ¼ 7) n.a. n.a. n.a.

Haptoglobin (30–200 mg/dl) 40 (<1–95)
(n ¼ 11)

n.a. 29 (<1–97)
(n ¼ 14)

n.a. 91 (37–232)
(n ¼ 3)

n.a.

LDH (266–500 IU/l) 567 (165–1977)
(n ¼ 12)

327 (115–372)
(n ¼ 5)

f 628 (317– 1790)
(n ¼ 13)

n.a. 397 (136–653)
(n ¼ 19)

336.5 (257–440)
(n ¼ 8)

ns

Platelets (150–400 � 103/ml) 107.5 (37–275)
(n ¼ 12)

218.5 (150–440)
(n ¼ 10)

f 90 (36–178)
(n ¼ 15)

200 (139–343)
(n ¼ 7)

f 188.5 (105–395)
(n ¼ 24)

256 (166–359)
(n ¼ 11)

ns

Serum C3 (70–152 mg/dl) 74.5 (46–109)
(n ¼ 8)

105 (21–125)
(n ¼ 7)

ns 81 (59–104)
(n ¼ 7)

n.a. 67 (36.4–125)
(n ¼ 18)

103.5 (64–149)
(n ¼ 8)

f

Rare var carrier % 36.36% (n ¼ 11) 36.36% (n ¼ 11) ns 20% (n ¼ 15) n.a. 59% (n ¼ 27) 0% (n ¼ 4) f

Risk alleles (na) 3 (0–4) (n ¼ 10) 1 (0–3) (n ¼ 10) f 1 (0–2) (n ¼ 15) n.a. 2 (0–4) (n ¼ 24) n.a.

Plasma sC5b-9 (140–280 ng/ml) 242 (96–1043)
(n ¼ 5)

485.5 (219–2092)
(n ¼ 4)

ns 358 (235–974)
(n ¼ 7)

n.a. 294 (91–1436)
(n ¼ 13)

175 (n ¼ 1)

C5b-9 on unstimulated
HMEC-1 (50%–150%)

184.5 (84–298)
(n ¼ 12)

131 (78–215)
(n ¼ 11)

f 197 (171–378)
(n ¼ 15)

101 (95–217)
(n ¼ 7)

f 137 (78–249)
(n ¼ 21)

98 (65–115)
(n ¼ 11)

f

C5b-9 on ADP-activated HMEC-1
(60%–149%)

192 (86–365)
(n ¼ 12)

173 (135–264)
(n ¼ 11)

ns 244 (201–384)
(n ¼ 15)

109 (97–221)
(n ¼ 7)

f 221 (154–1219)
(n ¼ 28)

121 (78–159)
(n ¼ 11)

f

Anti-C5 response, %d 100% (n ¼ 3)e 90% (n ¼ 10)e

ADPKD, autosomal dominant polycystic kidney disease; AZT, azathioprine; CRI, chronic renal insufficiency; CsA, cyclosporin A; D, diabetic; FSGS, focal segmental glomerulosclerosis; H, hypertensive; IS, immunosuppression; MMF, mycophenolate;
MPGN, membrano-proliferative-glomerulonephritis; n.a., not available; N, nephropathy; ns, not significant; O,obstructive; PAH/CRI, pulmonary arterial hypertension/chronic renal insufficiency; ST, steroids; Tac, tacrolimus; TI, tubulointerstitial.
aAt the time of sample collection.
bNumber of patients with available data are in brackets.
cNormal ranges in brackets.
dPatients have not been taking C5 inhibitory drugs for at least 8 weeks prior to blood drawing.
enumber of patients treated.
fP < 0.05.
Risk alleles, CFH: H3, MCP: ggaac.
Continuous variables are given as median (range). Three aHUS-recurrence patients were treated with eculizumab after serum collection and all experienced remission (complete, n ¼ 2; hematological, n ¼ 1). Two aHUS-no recurrence patients had
received eculizumab either for prophylaxis or to treat a recurrence and had safely discontinued the drug >8 weeks before serum collection.
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Figure 1. Ex-vivo serum-induced C5b-9 formation on endothelial cells. Human microvascular endothelial cells (HMEC-1), either unstimulated or
preactivated for 10 minutes with adenosine diphosphate (ADP, 10 mmol/l) were incubated for 2 hours with serum (50% in test medium; details in
Supplementary Material) from: panel a, aHUS kidney transplant (tx) patients with clinical and/or histologic signs of recurrence (yes: n ¼ 13) and
aHUS kidney transplant patients with stable graft function or with other causes of graft deterioration (no: n ¼ 11), the colored circles indicate
the 4 patients who were also studied while on chronic dialysis; panel (b), kidney transplant (tx) patients presenting with de novo TMA (n ¼ 15)
and renal transplant patients with stable graft function (n ¼ 7); panel (c), kidney transplant patients with de novo TMA studied both before (pre)
and after (post) initiation of eculizumab treatment (n ¼ 2); panel (d), chronically dialyzed patients with a history of complement-related aHUS in
the native kidneys (n ¼ 28 on ADP-activated HMEC-1; n ¼ 21 on unstimulated HMEC-1, 7 patients were not analyzed on unstimulated cells due
to limited serum volume) and chronically dialyzed patients with other causes of end-stage renal disease (n ¼ 11 both on ADP-activated and
unstimulated HMEC-1), the colored circles indicate the 4 patients who were also studied after transplantation. Of note, 5 chronically dialyzed
patients with aHUS showed elevated C5b-9 formation also on unstimulated HMEC-1; of these, 1 patient had multiple relapses, 1 patient had lost
2 grafts due to recurrences, and 1 patient had clinical signs of chronic aHUS. At the end of incubation, cells were washed, fixed, and stained
with rabbit antihuman complement C5b-9 complex antibody, followed by FITC-conjugated secondary antibody. An Apotome Axio Imager Z2
(Zeiss) laser microscope was used to view the fluorescent staining on the endothelial cell surface, and the HMEC-1 area covered by C5b-9
staining was calculated using automatic edge detection (Image J software) in 15 high-power fields. For each sample, the highest and the
lowest values were discarded and the mean of the other 13 fields was calculated, and values were expressed as the percentage of C5b-9
deposits induced by a pool of sera from 10 healthy controls run in parallel (reference 100%). Horizontal dashed lines are upper limit of the
normal range (mean � 2 SDs) of 35 (on ADP-activated HMEC-1) and 22 (on unstimulated HMEC-1) different healthy controls. FITC, fluorescein
isothiocyanate; TMA, thrombotic microangiopathy.
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on unstimulated HMEC-1 (Figure 1a, Table 1,
and Supplementary Table S8). The positive and
negative predictive values of the C5b-9 assay
were 0.916 and 0.909, respectively (Supplementary
Results).
3320
Serum C3 and plasma sC5b-9 levels did not differ
between aHUS-r and aHUS-nr (Table 1 and
Supplementary Tables S7–S8).

Rare complement gene variants were identified in 4
of 11 patients with aHUS-r and in 4 of 11 with aHUS-nr
Kidney International Reports (2024) 9, 3318–3323
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and the median of aHUS risk alleles was 3 in aHUS-r
and 1 in aHUS-nr (Table 1 and Supplementary
Tables S7–S8).S1-S9

C5b-9 Assay in De Novo Posttransplant TMA

Elevated C5b-9 formation on both ADP-activated and
unstimulated HMEC-1 was observed in all patients
with active de novo TMA (Figure 1b, Table 1, and
Supplementary Table S9). Plasma sC5b-9 levels were
elevated in only 3 of 7 patients (Supplementary
Table S9). Rare complement gene variants were iden-
tified in 3 of 15 patients. Nine of the 10 patients who
received eculizumab achieved remission (complete,
n ¼ 5; hematological, n ¼ 4; Supplementary Table S3).
Patients (n ¼ 2) showed full normalization of the C5b-9
assay after eculizumab initiation (Figure 1c). All but 1
stable transplant patient exhibited normal C5b-9 for-
mation on both ADP-activated and unstimulated
HMEC-1 (Figure 1b, Table 1, and Supplementary
Table S5). The positive and negative predictive
values of the C5b-9 assay were 0.937 and 1, respec-
tively (Supplementary Results).

C5b-9 Assay in Uremic Patients

All dialyzed patients with aHUS (n ¼ 28) versus only 1
of 11 dialyzed patients without aHUS exhibited
excessive serum-induced C5b-9 formation on ADP-
activated HMEC-1 (Figure 1d; Table 1; and
Supplementary Tables S4, S6, and S10). Five patients
with aHUS also showed elevated C5b-9 formation on
unstimulated HMEC-1 (Figure 1d, Table 1, and
Supplementary Table S10).

A rare gene variant was identified in 15 out of 27
patients with uremic aHUS. Abnormal serum C3 and
plasma sC5b-9 levels were found in 60% of dialyzed
patients with aHUS (Supplementary Table S10).

DISCUSSION

We show that the assay of serum-induced C5b-9 for-
mation on endothelium may help as follows: (i) di-
agnose aHUS posttransplant recurrence; (ii) document
endothelial complement dysregulation during de novo
posttransplant TMA; and (iii) identify, among dialyzed
patients, who has a previous history of aHUS.

Importantly, all but 1 patient with posttransplant
aHUS recurrence showed exuberant serum-induced C5b-9
formation on HMEC-1, including those with a normal
circulating complement profile. This finding demonstrates
that there is massive ongoing endothelial-restricted com-
plement activation, just as we have previously observed
in nontransplanted patients with aHUS.6

Duineveld et al.7 questioned the use of the C5b-9
assay in diagnosing and managing aHUS kidney
transplant patients; however, their position is
Kidney International Reports (2024) 9, 3318–3323
unconvincing, because none of the patients had aHUS
recurrence. Instead, Duineveld et al.7 analyzed stable
transplant patients with either a history of aHUS in the
native kidneys or other primary kidney diseases,
making an inappropriate comparison. The authors
called for studies that evaluate the assay in aHUS
transplant recipients with and without recurrence.
This is in fact the design we have used, and the results,
which show that elevated C5b-9 formation on unsti-
mulated endothelium was restricted to patients with an
aHUS recurrence, support further development of the
assay to help in managing patients with aHUS, after
transplantation.

The role of complement in the pathophysiology of de
novo TMA after kidney transplantation is a matter of
debate.1 The results here, which show elevated serum-
induced C5b-9 formation on HMEC-1 in patients with
de novo posttransplant TMA, unlike patients with sta-
ble graft function, are consistent with those of 2 recent
reports that used the same test, which however either
included very few patients,8 or lacked transplanted
controls.3 Like the latter,3 here we found that eculi-
zumab treatment induced normalization of hemolysis
indices and improvements in graft function in most
patients, and normalized serum-induced C5b-9
formation.

Finally, we provide evidence that the C5b-9 assay
specifically identifies uremic patients with a previous
history of aHUS, as confirmed by the fact that all dia-
lyzed patients with aHUS but only 1 with other kidney
diseases exhibited elevated serum-induced C5b-9 for-
mation on activated HMEC-1. The fact that in some
patients with aHUS on chronic hemodialysis, but in no
patient with aHUS on peritoneal dialysis, the test was
positive even on unstimulated HMEC-1 could reflect a
state of complement activation by hemodialysis itself
on a genetic background of complement dysregula-
tion.S10 Whether peritoneal dialysis could represent a
better preemptive strategy in patients with aHUS is
worth investigating.

All cases of aHUS should be identified before
transplant to guide the choice of treatment options and
limit the risk of relapse;1 however, approximately one-
fifth of patients with end-stage renal disease do not
know the cause of the primary kidney disease.5 Genetic
screening may be inconclusive because the failure to
identify a complement gene variant does not rule out
aHUS.9 Our data indicate that pretransplant evaluation
of serum-induced C5b-9 formation could be a tool to
help in posttransplant management and to decide about
anticomplement prophylaxis.

Due to the retrospective design of this study, we
could not evaluate whether the test can predict a
recurrence. However, this is likely considering our
3321
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previous data on aHUS recurrence in nontransplant
patients.2

Efforts are also ongoing to develop new user-
friendly versions of the assay to incorporate the
serum-induced C5b-9 formation testing in daily clinical
practice.
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