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ABSTRACT

typical hemolytic uremic syndrome (aHUS) is a prototypic throm-
botic microangiopathy attributable to complement dysregulation.
ypertensive emergency, characterized by elevation of systolic
(>180 mmHg) or diastolic (>120 mmHg) blood pressure together with end-
organ damage, can cause thrombotic microangiopathy which may mimic
aHUS. We retrospectively evaluated the clinical, biological and complement
genetic characteristics of 76 and 61 aHUS patients with and without hyper-
tensive emergency, respectively. Patients with hypertensive emergency-
aHUS were more frequently males, with neurological involvement, and a
slightly higher hemoglobin level. At least one rare complement variant was
identified in 51.3% (39/76) and 67% (41/61) patients with or without
hypertensive emergency, respectively (P=0.06). In both groups, renal prog-
nosis was severe with 23% and 40% of patients reaching end-stage renal
disease after a 5-year follow-up (P=0.1). The 5-year renal survival was 77 %
in patients without hypertensive emergency or a complement variant, and
below 25% in the three groups of patients with hypertensive emergency
and/or a complement variant (P=0.02). Among patients without hyperten-
sive emergency, the 5-year renal survival was 100% vs. 40% in those treat-
ed or not with eculizumab, respectively (P<0.001). Conversely, the 5-year
renal survival of patients with hypertensive emergency was 46% vs. 23%
in those treated or not with eculizumab, respectively (P=0.18). In conclu-
sion, information on the presence or absence of hypertensive emergency
and rare complement variants is essential to stratify the long-term renal
prognosis of patients with aHUS.

Introduction

Hemolytic uremic syndrome (HUS) is a thrombotic microangiopathy affecting
predominantly the kidney and encompasses a heterogeneous group of disorders,
including Shiga toxin producing E. coli-associated HUS (typical HUS), secondary
HUS (related to co-existing condition such as malignancy, drugs or autoimmune
diseases), and atypical HUS (aHUS)." The classification of HUS has evolved with
the identification of the mechanisms of endothelial injury. Among patients pre-
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senting with aHUS, complement-mediated aHUS is pro-
totypical of disease and occurs as a consequence of hered-
itary or acquired complement abnormalities. Eculizumab,
a monoclonal anti-C5 antibody that blocks the formation
of C5b-9 complexes on the surface of endothelial cells,
has revolutionized the care of patients with aHUS.!
However, in 30-40% aHUS patients the cause is ill-
defined and the role of additional genetic or environmen-
tal factors remains debatable.’

A major complication of HUS is high blood pressure
flares related to renal microvascular thromboses and acti-
vation of the renin-angiotensin system. Recently, a new
concept termed hypertensive emergency (HE) has been
introduced to better characterize the syndrome of acute
onset high blood pressure with end-organ damage.** HE
is defined by severe elevation of systolic or diastolic
blood pressure (>180 mmHg or 120 mmHg, respectively),
associated with progressive organ dysfunction, such as
neurological changes, left ventricular failure, or aortic dis-
section. HE-associated kidney involvement includes renal
failure with mechanical hemolytic anemia mimicking
aHUS flares."**® This latter situation raises the issue of
whether primary HUS is complicated by secondary HE,
or primary HE leads to secondary HUS.

Whether HE-associated HUS is a complement-mediat-
ed disease remains debated. The percentage of patients
with HE is rarely reported in aHUS cohorts.”” In a recent
study, no pathogenic or likely pathogenic variants were
identified in 100 non-elderly patients presenting with
severe hypertension, renal failure and a kidney biopsy
showing arteriolar thrombotic microangiopathy.”
However, in a large study of 273 patients with aHUS, 14
patients (5%) also had hypertensive flares, with muta-
tions affecting the regulation of the alternative comple-
ment pathway in 2/14." Moreover, a recent case series
reported that 8/17 patients with ‘hypertension-associated
thrombotic microangiopathy’ carried a pathogenic vari-
ant in the genes for complement factor H (CFH), comple-
ment factor I (CFl), membrane cofactor protein (M CP) or
complement component 3 (C3).”

In the current study, in a large French cohort we ana-
lyzed the clinical, biological and genetic characteristics of
patients with aHUS and HE at onset (HE-aHUS), and
compared the findings with those of aHUS patients with-
out HE (noHE-aHUS). We showed that patients with HE-
aHUS have specific clinico-biological characteristics com-
pared to those of patients without HE.

Methods

Patients

HUS was defined by renal involvement (acute renal failure or
proteinuria) with mechanical hemolytic anemia (including low
hemoglobin, elevated lactate dehydrogenase, and/or the pres-
ence of schistocytes) and/or thrombocytopenia. Between 2000
and 2016, we screened 405 patients with adult-onset HUS and
ADAMTS-13 activity >15% for complement function and
genetic abnormalities. To retrospectively develop this study and
identify patients with or without HE and HUS, the patients’
medical records were reviewed and relevant clinical and biolog-
ical data were collected. Patients without blood pressure data
were excluded from this retrospective study.

For this study, the exclusion criteria were: (i) HUS with co-
existing diseases (such as infection-induced HUS, monoclonal
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gammopathy, solid-organ transplantation, hematopoietic stem
cell transplantation or malignancy) or (ii) lack of reliable blood
pressure data. We adopted the term aHUS to define HUS with-
out co-existing diseases.

HE was defined according to the 2013 European Society of
Hypertension/European Society of Cardiology guidelines (sys-
tolic blood pressure =180 mmHg and/or diastolic blood pressure
>120 mmHg), together with end-organ damage, such as renal,
neurological, cardiac or ophthalmological involvement.® Blood
pressure was measured repeatedly during the initial diagnosis.
Neurological involvement included acute onset severe headache,
confusion, seizures, cerebral infarction/hematoma, and cerebral
magnetic resonance images compatible with posterior reversible
encephalopathy syndrome (PRES). Cardiac involvement included
acute left or right ventricular dysfunction and cardiac arrythmia.

HE-aHUS and noHE-aHUS were defined as aHUS with or
without HE, respectively. This study includes patients previous-
ly reported by van der Born et al.® We retrospectively found that
ten patients published as having aHUS in 2013 had HE-aHUS at
onset.’

Complement analyses

Complement evaluation and genetic analyses were performed
as part of the usual work-up of patients diagnosed with aHUS.
Plasma concentrations of C3, C4, factor B, factor H and factor I,
and MCP expression on granulocytes were quantified as previ-
ously described.” All coding sequences of the CFH, CFI, MCP,
C3, complement factor B (CFB) and thrombomodulin (THBD)
genes were analyzed by direct sequencing as previously
described or by next-generation sequencing.” In our study, we
defined a variant as rare when its minor allele frequency was
below 1% in the general population. Among these rare variants,
we named as pathogenic those for which the genetic change
affects protein function (well-established in vitro functional stud-
ies supportive of a damaging effect on the gene product), and/or
the genetic change was found in a disease-related functional
domain, and/or affects protein expression (nonsense, frameshift,
canonical +/- one or two splice sites variants, well-demonstrated
lack of in wvitro synthesis, or quantitative deficiency in the
patient’s plasma) (definitions adapted from Richards et al.** and
Goodship et al.”). The other variants were classified as variants
of uncertain significance.

All patients gave informed consent for genetic analyses. The
study was approved by the ethics committee of the French
national clinical research projects authority (number
AOMO08198). DNA samples available from 80 healthy blood
donors were also sequenced for the same genes.

Statistical analyses

Data are presented as percentages or mean =+ standard devia-
tion. The Fisher exact test was used to compare qualitative data.
Renal survival was analyzed with Kaplan-Meier estimates and
the log-rank test or by univariate and multivariate Cox propor-
tional hazards regression when indicated. A P value <0.05 was
considered statistically significant.

Results

Clinical and biological characteristics of atypical
hemolytic uremic syndrome patients with or without
hypertensive emergency

Of 405 HUS patients, 142 were excluded because of co-
existing disease, and 126 had no blood pressure data.
Thus, 137 patients with aHUS were enrolled in this study.
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Of these, 76 (54%) had concomitant HE (HE-aHUS), and
61 did not have HE (noHE-aHUS) (Figure 1). A total of
7/44 noHE-aHUS females, and 1/32 HE-aHUS females
were diagnosed after pregnancy. Eculizumab was used in
18/76 (17%) HE-aHUS and 17/61 (28%) noHE-aHUS
patients. The median follow-up was 39.9 months, and 57
patients presented with definitive end-stage renal disease
at onset. Follow-up was not available for two patients
with HE-aHUS.

The patients’ clinical and biological characteristics are
presented in Table 1. The male/female ratio of the 76
patients with HE-aHUS was 44/32 (male 58%). The
patients’ mean age was 37 years, and their mean sys-
tolic/diastolic blood pressure was 214/128 mmHg. The
mean hemoglobin concentration was 8.5 g/dL and throm-
bocytopenia was profound [mean 104 x 10°/L; platelet
count <100 x 10°/L in 42% (32 patients)]. Acute kidney
injury was severe with 81% patients requiring dialysis at
onset. Twelve of the 76 patients (16%) presented with a
diagnosis of long-lasting high blood pressure or left ven-
tricular hypertrophy. Kidney biopsy, performed in 24 HE-
aHUS patients (32%), showed typical features of throm-
botic microangiopathy with arteriolar thromboses,
except in one patient with only glomerular retraction sug-
gestive of glomerular ischemia. The patients with HE-
aHUS had a severe prognosis, since 1-year and 5-year
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renal survival rates were 36% and 23%, respectively, in
patients not treated with eculizumab (Figure 2).

Compared to patients with noHE-aHUS (Table 1), HE-
aHUS patients were more frequently males (58% vs.
28%, P<0.01) with a significantly higher frequency of
neurological involvement and higher hemoglobin levels
(8.5 vs. 7.5 g/dL, P=0.01). No significant difference was
observed in age, cardiac involvement, platelet count, pres-
ence of elevated lactate dehydrogenase, schistocyte fre-
quency or dialysis requirement at onset between the two
groups (Table 1).

Four deaths occurred among the 76 HE-aHUS patients
during follow-up, whereas there were five deaths among
the 61 noHE-aHUS patients (5.2% vs. 8.2% respectively,
P=0.5). The deaths were related to sepsis (3 patients), a
cardiac etiology (2 patients), cancer (1 patient), cerebral
hematoma (1 patient), and to an unknown cause (2
patients). Five of these nine patients already had end-
stage renal disease before death. Without eculizumab
treatment, the prognosis of HE-aHUS (n=61) and noHE-
aHUS (n=44) patients was similar, since 1-year and 5-year
renal survival rates were 36% vs. 45%, and 23% vs. 40%
in the HE-aHUS and noHE-aHUS patients, respectively
(P=0.1) (Figure 2). However, in the whole cohort includ-
ing patients treated with eculizumab, those with HE-
aHUS had a worse renal prognosis than those with noHE-

French HUS registry

405 patients were screened for rare
genetic variants in complement

genes

126 patients: lack of
reported blood
pressure data

142 patients: co-existing disease
(infection, malignancy, monoclonal
gammopathy, solid organ transplantation,
immune diseases)

Total cohort (n=137)

HE-aHUS, n=76

4L

noHE-aHUS, n=61

Figure 1. Study flow chart. Flow chart for the inclusion criteria of patients within the adult population of the French HUS registry screened for genetic abnormalities
(n=405). A total of 137 patients were eligible for enroliment in the study. HUS: hemolytic uremic syndrome; HE: hypertensive emergency; aHUS: atypical hemolytic

uremic syndrome.
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aHUS (1-year and 5-year renal survival rates 42% vs. 62%
and 27% vs. 56%, respectively, P=0.002) (Ounline
Supplementary Figure S1). Similar results were obtained
when analyzing death-censored renal survival (Online
Supplementary Figure S2A-F).

Complement evaluation

Results of the complement work-up in HE-aHUS and
noHE-aHUS patients are presented in Tables 1 and 2. Low
C3 levels were reported less frequently in patients with
HE-aHUS than in those with noHE-aHUS (12/76 vs.
19/58, P=0.02). CFH autoantibodies with homozygous
complement factor H-related protein 1 (CFHR1) deletion
were detected in 2/76 patients with HE-aHUS (2/76) and
1/61 patients with noHE-aHUS.

At the individual level, a rare variant in the candidate
genes was detected in 39/76 (51.3%) HE-aHUS patients,
which was a slightly lower incidence that in noHE-aHUS
patients (41/61, 67%, P=0.06), but significantly higher
than in healthy donors (13.7%, P<0.0001). The distribu-

tion of each rare variant did not differ between HE-aHUS
and noHE-aHUS patients: CFH 22% vs. 34% (P=ns), MCP
2.6% vs. 5% (P=ns), CFI 11.9% vs. 8.2% (P=ns), C3 5.3%
vs. 11.5% (P=ns), CFB 1.3% vs. 3% (P=ns), THBD 1.3%
vs. 0% (P=ns) and more than one variant 6.6% vs. 5%
(P=ns), respectively (Table 2). We found genomic
rearrangements involving CFH-CFHR1 in four HE-aHUS
(5%) patients and two noHE-aHUS (8%) patients. To
investigate the consequences of the rare variants on pro-
tein expression and function, we analyzed the variant
pathogenicity. Among the 45 rare variants identified in
HE-aHUS patients, a total of 30/45 (66%) variants were
pathogenic, and located in the coding regions of CFH
(n=16), MCP (n=2), CFI (n=9) and C3 (n=3) (Figure 3 and
Online Supplementary Tables S1-4).

In HE-aHUS patients, 30/76 (39.4%) carried at least one
pathogenic variant, a frequency lower than that in noHE-
aHUS patients (38/61, 62%; P=0.008) but higher than in
controls (2/80, 2.5%; P<0.0001) (Table 2).

The frequencies of the homozygous at-risk AMCP

Table 1. Clinical, biological and genetic characteristics of patients with atypical hemolytic uremic syndrome with or without hypertensive emer-

gency.
Whole cohort HE-aHUS noHE-aHUS P-value
Number 137 76 61
Male gender, n (%) 61(45) 44(58) 17(28) 0.003
At diagnosis
SBP/DBP, mean, mmHg 1907112 214/128 154/90 <0.0001
Age, mean (SD), years 371(12) 37(11) 36(13) 0.2
eGFR at onset, mean ( SD), mL/min/1.73 m* 14(14) 12.9(12) 15.5(17) 0.3609
Hemoglobin, mean (SD), g/dL 8(1.9) 85(2) 7.5(1.5) 0.0112
Platelets, mean (SD), x10°/L 97 (5) 104(5.5) 88(8.4) 0.11
Elevated LDH, n (%) 67/79(84) 34/42(93) 33/37(95) 04
Presence of schistocytes, n (%) 80/96(83) 41/53(T7) 39/42(92) 0.11
Neurologic impairment, n (%) 44/102(43) 32/50(64) 12/52(23) <0.0001
Cardiac dysfunction, n (%) 22/113(19) 16/61(26) 6/52(12) 0.059
Dialysis at onset n(%) 98/126(78) 57/10(81) 41/56(73) 0.28
At last follow up
Death 9 4 5 0.5
Dialysis n (%) 97/126(77) 48/71(81) 40/56(71) 0.01
Age at dialysis, mean (SD), years 31.7(12) 31.3(12) 37.9(12) 0.84
Time until ESRD, mean (SD), m 21(51) 13(31) 36(75) 0.07
Complement component assessment
C3 (660 to 1250 mg/L), median (Q1,Q3) 817 (676;941) 841(692;976) 768 (655;891) 0.04
Low C3 (<660mg/L) n (%) 31/134 (23) 12/76 (15.7) 19/58 (31) 0.02
C4 (93 to 380 mg/L) 253 (206 :312) 263 (215;314) 246 (170 ;299) 0.05
Low factor H (<338 mg/L) n (%) 24/134 (18) 11776 (14,5) 13/58 (21.6) 0.2
Low factor I (<42 mg/L) n (%) 16/134 (12) 8/76 (10.5) 7/58 (11.6) 08
Low CD46 (<12 MFT) n (%) 4134 2.9) 1776 (1.3) 3/58 (5) 0.2
Positive anti-factor H Ab, n (%) 3123 (2.4) 2/76 (2.6) 1/47 (2) 0.8
Rare variants in complement genes n (%) 80 (58.4) 39 (51.3) 41 (67) 0.06

HE: hypertensive emergency; aHUS: atypical hemolytic uremic syndrome; SBP: systolic blood pressure; DBP: diastolic blood pressure; SD: standard deviation; eGFR: estimated
glomerular filtration rate; LDH: lactate dehydrogenase; ESRD: end-stage renal disease; Ab: antibodies. .
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ggaaac and CFH tgtgt haplotypes were significantly high-
er in HE-aHUS patients than in controls (MCP ggaac 27 %
vs. 6.2%; CFH tgtgt 16% vs. 3.7%) (Table 2). Notably,
8/74 (11%) HE-aHUS patients were homozygous for
both at-risk haplotypes, whereas none of the control pop-
ulation was.

Among HE-aHUS patients, three rare variants were
identified in six Afro-Caribbean patients, compared to 37
variants in 70 patients of other ethnic origin, defining a
similar frequency of rare complement variants in both
ethnic groups (50% vs. 53%, respectively). Only one of
the six Afro-Caribbean patients was homozygote for the
at-risk ApoL1 haplotype, a similar frequency as that in the
general Afro-Caribbean population.'

Treatment of atypical hemolytic uremic syndrome
with or without hypertensive emergency

All HE-aHUS patients were initially treated with anti-
hypertensive therapy. Plasma infusion or plasma
exchange (PLEX) was used in 39/57 HE-aHUS patients vs.
47/52 noHE-aHUS patients (68% vs. 90%; P=0.009).
However, no difference was observed in prognosis
according to PLEX treatment (Online Supplementary Tables
S5 and S6, Online Supplementary Figure S3).

Eculizumab was used in 13/76 (17%) HE-aHUS
patients and 17/61 (28%) noHE-aHUS patients. In HE-
aHUS patients, eculizumab was usually proposed after
failure of PLEX and anti-hypertensive therapy (median

Hypertensive emergency and hemolytic uremic syndrome -

Overall, eculizumab provided a significant benefit in the
whole cohort (HE-aHUS and noHE-aHUS patients), with
a 5-year renal survival of 79% vs. 30% in patients treated
or not with eculizumab, respectively (P<0.001) (Figure
4A, Ounline Supplementary Table S5A,B). Notably,

+ noHE-aHUS
— HE-aHUS

100+

80+

Renal survival (%)

. . Months
Patients at risk

noHE-aHUS 44
HE-aHUS 61

22
22

20
17

18
15

14
13

12 12
10 8

Figure 2. Renal survival in patients with atypical hemolytic uremic syndrome,
with or without hypertensive emergency, not treated with eculizumab. Analysis
of renal survival without end-stage renal disease or death in patients not treated
with eculizumab. Log-rank test, P=0.1. Follow-up was not available for two
patients with hypertensive emergency and atypical hemolytic uremic syndrome.

time between diagnosis and ecuhzumab’ 10 days). HE: hypertensive emergency; aHUS: atypical hemolytic uremic syndrome.

Table 2. Genetic characteristics of patients with atypical hemolytic uremic syndrome with or without hypertensive emergency, and of French controls.

HE- aHUS noHE-aHUS  French controls P (HE-aHUS vs. P (noHE-aHUS vs. P (HE-aHUS vs.
n=76 n=61 n=80 French controls)  French controls)  no HE-aHUS)

Individuals with rare variant 39 (51.3) 41 (67) 11 (13.7) <0.0001 <0.0001 0.06
Individuals with at least one pathogenic variant 30 (39.4) 38 (62) 2 (2.5) <0.0001 <0.0001 0.008
CFH rare variant, n (%) 17 (22.4) 21 (34.4) 2(25) 0.0001 0.0003 0.12
Pathogenic variant, n (% of CFH rare variants) 15 (88) 20 (95) 0 (0)
MCP rare variant, n (%) 2(2.6) 3(5) 0 0.2 0.07 0.6
Pathogenic variant, n (% of MCP rare variants) 2 (100) 3 (100) 0 (0)
CFI rare variant, n (%) 9 (11.9) 5(8.2) 2(25) 0.04 0.07 04
Pathogenic variant, n (% of CF/ rare variants) 7(78) 4 (80) 0 (0)
(C3 rare variant, n (%) 4 (5.3) 7(115) 4 (5) 0.9 0.17 0.5
Pathogenic variant, n (% of C3 rare variants) 2 (50) 6 (85) 0 (0)
CFB rare variant, n (%) 1(1.3) 2(3) 0 0.5 0.2 0.6
Pathogenic variant, n (% of C3 rare variants) 0 2 (100) 0 (0)
THBD rare variant, n (%) 1(1.3) 0(0) 1(1.25) 0.5 0.6 04
Pathogenic variant, n (% of THBD rare variants) 0 0 1 (100)
Two rare variants n (%) 5 (6.6) 30) 2(2.5) 02 045 04
Patients with at least one Pathogenic variant, n
(% of patients with 2 rare variants) 4 (80) 3 (100) 1(50)
Anti-CFH antibodies n (%) 2(2.6) 1(2) 0 02 0.2 0.3
At-risk homozygous CFH tgtgt haplotype n (%) 12/74 (16) 6/56 (10.7) 3/80 (3.7) 0.02 0.1 0.3
At-risk homozygous MCP ggaac haplotype n (%) 2074 (27) 15/50 (30) 5/80 (6,25) 0.002 0.001 0.9
Both haplotypes n (%) 8/14 (11) 2/50 (4) 0 0.04 0.2 0.2

HE: hypertensive emergency; aHUS: atypical hemolytic uremic syndrome; n: number of individuals; CFB: complement factor B; CFH: complement factor H; CFI: complement factor I; MCP:
membrane cofactor protein; THBD: thrombomodulin. None of the patients carry two rare variants in the DGKE gene.
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eculizumab had a major beneficial effect in noHE-aHUS
patients, since their 5-year renal survival was 100% vs.
40% in those treated or not with eculizumab, respective-
ly (P<0.001) (Figure 4B). Conversely, in HE-aHUS
patients, we did not observe a significant improvement in
prognosis with eculizumab (5-year renal survival 46% vs.
23% in HE-aHUS patients treated or not with eculizum-
ab, respectively; P=0.18) (Figure 4C, Online Supplementary
Table S6). The presence of rare complement variants was
associated with a trend to improved prognosis after
eculizumab treatment, since the 1-year renal survival was
85% vs. 50% in HE-aHUS patients with or without rare
complement variants, respectively (P=0.06) (Online
Supplementary Figure S4).

Multivariate analysis demonstrated that eculizumab
treatment and dialysis at onset were independently asso-

ciated with renal prognosis in the whole cohort, but not
in HE-aHUS patients (Online Supplementary Tables S5 and
S6).

Characteristics and outcome according to clinical
factors and rare complement variants

The patients’ characteristics were studied according to
the presence or absence of HE and rare complement vari-
ants (Table 3A, B). Among HE-aHUS patients, only slight
differences in age and platelet count were observed
between patients with or without rare complement vari-
ants. However, low C3 was significantly more frequent in
cases with rare complement variants (11/41 vs. 1/35;
P=0.004).

After exclusion of patients treated with eculizumab, a
comparison of outcome according to the presence of HE
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*
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Figure 3. Distribution of rare complement variants observed in the whole cohort. Rare complement genetic variants found in patients with atypical hemolytic uremic
syndrome are presented above and below the schematic gene representation for those with or without hypertensive emergency, respectively. The nucleotide and
amino acid numbering refer to the translation start site (A in ATG is +1), as recommended by the Human Genome Variation Society. Bold characters indicate muta-
tions identified in two or more unrelated patients, suggesting that they may represent mutational hot spots. CFH: complement factor H; MCP: membrane cofactor
protein; CFl: complement factor I; CFB: complement factor B; C3: complement component 3: THBD: thrombomodulin.
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or a rare complement variant disclosed major differences a complement variant at last follow-up were 75 uM and
in renal survival: patients without either HE or comple- 82 mL/min/1.73 m’, respectively. No difference in out-
ment variants had a significantly better outcome than all come was observed according to the type of complement
other groups (with HE, and/or rare complement variants)  variant (data not shown). Similar results were obtained
(Figure 5A). Five-year renal survival rates were 77% (no  when analyzing the whole cohort, including patients
HE and no complement variant), 22% (HE without a treated with eculizumab, since 5-year renal survival rates
complement variant), 25% (complement variant without were 84% (no HE and no complement variant), 21% (HE
HE) and 23% (HE with a complement variant) (P=0.02) without a complement variant), 44% (complement vari-
(Figure 5A). The median serum creatinine and estimated —ant without HE) and 34% (HE with a complement vari-
glomerular filtration rate of patients without either HE or  ant) (P=0.001) (Figure 5B).
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Table 3. Characteristics and outcome of patients with atypical hemolytic uremic syndrome according to the presence or absence of hypertensive

emergency and rare complement variants.

A. Whole cohort

Categories HE-aHUS/V HE-aHUS/noV noHE-aHUS/V noHE-aHUS/noV P
HE-aHUS/V
vs. HE-aHUS/noV

Number 41 35 42 19

Male gender n (%) 24(58.5) 20(57.1) 12(28.6) 5(26.3) 0.006 >(.9
Age, mean (SD), years 40.2(12.19) 33.7(10.11) 34.2(11.35) 41.1(16.8) 0.02 0.01
Hemoglobin, mean (SD) g/L 8.359(1.937) 8.53(2.367) 7.033(1.471) 8.394(1.27) 0.01 0.7
Platelets, mean(SD) x10%L 89.631(46.550) 109.520(38.888) 98.828(56.834) 62.188 (45.140) 0.02 0.05
Elevated LDH, n (%) 20(87) 14(74) 23(92) 10(83) 04 04
Presence of schistocytes,n (%)  23(82.1) 18(72) 26(93) 13(87) 0.23 0.5
Low C3, n (%) 11 (20) 13) 18 (40) 1(0) <0.0001 0.004
Neurological impairment, n (%) 15(65) 17(65) 7(20) 5(28) 0.0002 >0.9
Cardiac dysfunction, n (%) 9(24) 7(29) 5(15) 1(6) 0.19 0.8
Dialysis at onset, n (%) 33(85) 24(80) 31(82) 10(53) 0.04 0.75

B. Patients without hypertensive emergency and without rare complement variant vs. whole cohort excluding those without hyper-

tensive emergency and without rare complement variants.

Categories noHE-aHUS/noV Whole cohort excluding noHE-aHUS /noV P
Number 19 118

Male gender, n(%) 5(26.3) 56(48) 0.0863
Age, mean (SD), years 41.1(16.8) 36(11) 0.1065
Hemoglobin, mean (SD) g/L 8.394(1.27) 8,0(2) 0.490
Platelets, mean (SD) x10%L 62188(45140) 70059 0.0391
Elevated LDH, n (%) 10(83) 57(85) >0.9
Presence of schistocytes, n (%) 13(87) 67(82,5) >0.9
Low C3, n (%) 0(0) 24(21) 0,02
Neurological impairment, n(%) 5(28) 39(46) 0.19
Cardiac dysfunction, n (%) 1(6) 21(22) 0.19
Dialysis at onset, n (%) 10(53) 88(82) 0.01

HE/V: patients with hypertensive emergency (HE) and atypical hemolytic uremic syndrome (aHUS) with rare complement variants; HE/noV: patients with HE-aHUS without
rare complement variants; noHE/V: patients with noHEaHUS with rare complement variants; noHE/noV: patients with noHE-aHUS and no rare complement variants; SD: stan-

dard deviation; LDH: lactate dehydrogenase

Discussion

Here, we describe the first series of patients with HE-
aHUS using the new definition of HE® and compared vari-
ant frequencies and clinical outcome in aHUS cases with
and without HE. This study showed that a genetic predis-
position accounts for half of the patients in both groups
and provided data showing that response to treatment
and long-term outcome are predicted by HE phenotype at
onset and individual gene abnormalities.

In light of the recent advances in the understanding of
the pathophysiology of HUS*" pathogenic variants in
complement genes are the hallmark of complement-
mediated HUS, and have been found in 40-60% of
patients classified as having aHUS." Currently, there are
few data addressing individual susceptibility to aHUS
with hypertensive crisis/HE.” In this study, we performed
extensive complement genetic screening to identify rare
variants and at-risk haplotypes identified as the aHUS
genetic background.” We identified rare variants in one or

two complement genes in 51.3% of HE-aHUS patients.
This frequency is similar to that recently reported in 8/17
patients with ‘hypertension-associated thrombotic
microangiopathy’ and complement variant.” The variant
frequency in each gene was not significantly different
between HE-aHUS and noHE-aHUS patients. The rare
variants identified in noHE-aHUS (91%) and in HE-aHUS
(66.6%) patients lead to quantitative or functional defi-
ciency which impairs the protection of endothelial cells
from complement damage and are, therefore,
pathogenic.” Interestingly, the frequency of individuals
carrying at least one pathogenic variant was significantly
higher in HE-aHUS patients than in controls, but signifi-
cantly lower than in noHE-aHUS patients (control 2.5%,
HE-aHUS 39%, noHE-aHUS 62%; P<0.001). We also
observed a slightly increased frequency of the homozy-
gous CFH at-risk haplotype in HE-aHUS patients com-
pared to that in controls, but did not find any significant
difference between controls and noHE-aHUS patients.
This observation needs to be confirmed in larger cohorts
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Figure 5. Renal survival of patients with atypical hemolytic uremic syndrome according to the presence or absence of rare complement variants and hypertensive
emergency. (A) Analysis of renal survival without end-stage renal disease or death in patients not treated with eculizumab, log-rank test, P=0.02. (B) Analysis of
renal survival in the whole cohort, log-rank test, P=0.001. Follow-up was not available for two patients with hypertensive emergency and atypical hemolytic uremic
syndrome. HE: hypertensive emergency; aHUS: atypical hemolytic uremic syndrome; C: complement.

but may suggest that the H3 haplotype in the CFH gene
confers an increased risk of HUS only in patients with
hypertensive crisis. Altogether, we showed that geneti-
cally impaired regulation of complement activation is
present in a substantial proportion of patients with HE-
aHUS. However, whether a hypertensive crisis acts as a
disease trigger in variant carriers or whether complement-
mediated endothelium damage induces a secondary HE
phenotype remains to be studied.”

The cause of the disease remained undetermined in
60% (46/76) HE-aHUS and 32% (20/61) of noHE-aHUS
patients. Notably, we identified no DGKE mutation in
the 76 HE-aHUS patients. Moreover, the absence of effect
of complement variants in the renal prognosis of HE-

aHUS patients, contrary to patients with noHE-aHUS,
suggests the involvement of superimposed factors other
than complement in HE-aHUS. A major involvement of
the renin-angiotensin system during HE-aHUS has been
demonstrated in the stroke prone spontaneously hyper-
tensive rat model.” Interestingly, C3 is involved in the
phenotype of this model,” and renin has been shown to
cleave C3, an effect inhibited by a direct renin
inhibitor.”* Renin-angiotensin system activation is also
correlated with hemolysis in HE patients.” Increased
chronic renin-angiotensin system activation could have a
deleterious role in the long-term kidney prognosis of HE-
aHUS patients.” Overall, our results suggest that HE-
aHUS has a complex pathophysiology involving comple-
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ment regulation but also superimposed complement-
independent vascular injury.

Interestingly, 12/76 (16%) HE-aHUS patients present-
ed with a medical history of long-lasting hypertension or
left ventricular hypertrophy suggesting previously undi-
agnosed high blood pressure. Among these 12 patients,
seven had rare complement genetic variants. Thus, even
in the presence of a history of hypertension, patients
with HE-aHUS should be studied for rare complement
genetic variants. Among HE-aHUS patients, only slight
differences in age and platelet count were observed
between those with or without rare complement vari-
ants. However, low C3 was significantly more frequent
in cases with rare complement variant. Thus, patients
with HE-aHUS and low C3 levels should be strongly sus-
pected of having an underlying complement-mediated
disease.

Our results showed that a diagnosis of HE-aHUS is rel-
evant from a prognostic standpoint. For the first time, we
identified HE at onset as a new clinical factor which could
be associated with long-term prognosis. The renal prog-
nosis was dramatically better in patients without either
HE or complement variants than in all other groups, even
in the absence of eculizumab treatment. Similarly, a
recent study showed that discontinuation of eculizumab
after 6-12 months of treatment seems safe in patients
with no documented complement variants.” Notably,
HE-aHUS patients had a severe renal prognosis even in
the absence of a rare complement variant, contrary to that
of noHE-aHUS patients, in whom renal prognosis was
associated with rare complement variants. Furthermore,
the dramatic therapeutic effect of eculizumab in noHE-
aHUS patients was not observed in HE-aHUS patients,
despite a trend to improved prognosis in HE-aHUS
patients with a complement variant treated with
eculizumab. Overall, our data allow stratification of
patients with highly different prognoses according to the
presence or absence of HE or rare complement variants:
(i) noHE-aHUS patients without rare complement vari-
ants have a favorable prognosis even without eculizumab

treatment; (ii) HE-aHUS and noHE-aHUS patients with
rare complement variants have a good therapeutic
response to eculizumab; and (iii) HE-aHUS patients with
no complement variant have a severe prognosis and
unclear benefit from eculizumab treatment.

Our study has several limitations. First, our analysis
was based on retrospective data. Of greatest concern may
be the lack of blood pressure data in 31 % of patients from
the aHUS registry, who were therefore excluded from
this study. Second, major changes in the management of
aHUS occurred during the recruitment period. Only
patients diagnosed after 2011 were treated with
eculizumab and thus were compared to patients diag-
nosed before the era of anti-complement therapy. A
prospective study is therefore essential in order to evalu-
ate the effectiveness of the treatment. Finally, the scope
of the current study did not include cases in which the cli-
nicians considered patients as having HE only or HUS as
a direct consequence of high blood pressure. In these
cases, clinicians did not perform complement assessment
and patients were not enrolled in this study.

In conclusion, our results show that 40% of patients
with HE-aHUS have complement dysregulation with
pathogenic rare complement variants. HE and comple-
ment genetics allow stratification of patients with highly
different renal prognoses and suggest new pathophysio-
logical pathways involved in HUS.
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