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The optimal duration of eculizumab treatment in patients with atypical hemolytic uremic
. syndrome (aHUS) remains poorly defined. We conducted a prospective national multi-
® Our prospective study ) . . L . A

shows that in aHUS center open-label study to assess eculizumab discontinuation in children and adults with
patients, eculizumab aHUS. Fifty-five patients (including 19 children) discontinued eculizumab (mean treatment
di5°°"ti“|“ati°" based duration, 16.5 months). Twenty-eight patients (51%) had rare variants in complement
;’zn‘;’i':f ;“::::onable genes, mostly in MCP (n = 12; 22%), CFH (n = 6; 11%), and CFI (n = 6; 10%). At eculizumab
and safe. discontinuation, 17 (30%) and 4 patients (7%) had stage 3 and 4 chronic kidney disease,

respectively. During follow-up, 13 patients (23%; 6 children and 7 adults) experienced
® This discontinuation

strategy improves the
management and complement gene were associated with an increased risk of aHUS relapse, whereas re-
quality of life of many quirement for dialysis during a previous episode of acute aHUS was not. In addition, in-
aHUS patients while
reducing the cost of
treatment.

aHUS relapse. In multivariable analysis, female sex and presence of a rare variant in a
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creased sC5b-9 plasma level at eculizumab discontinuation was associated with a higher
risk of aHUS relapse in all patients and in the subset of carriers with a complement gene
_/ rare variant, both by log-rank test and in multivariable analysis. Of the 13 relapsing pa-

tients, all of whom restarted eculizumab, 11 regained their baseline renal function and
2 had a worsening of their preexisting chronic kidney disease, including 1 patient who progressed to end-stage renal
disease. A strategy of eculizumab discontinuation in aHUS patients based on complement genetics is reasonable and
safe. It improves the management and quality of life of a sizeable proportion of aHUS patients while reducing the cost
of treatment. This trial was registered at www.clinicaltrials.gov as #NCT02574403. (Blood. 2021;137(18):2438-2449)
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Introduction

In recent years, the use of C5 blocker eculizumab in patients with
atypical hemolytic uremic syndrome (aHUS) has been among the
best illustrations of successful translational research.'? The de-
sign of this specific efficient treatment of a devastating disease was
the culmination of decade-long basic and clinical studies, which
established that constitutional and, more rarely, acquired comple-
ment altemative pathway dysregulations are major drivers of aHUS.>7

A vast majority of aHUS patients respond to eculizumab, and
anti-C5 treatment®? has transformed outcomes in aHUS. The risk
of stage 5 chronic kidney disease (CKD) in aHUS patients has
decreased from 60% to 70% originally to ~10% to 15%."'° This
breakthrough has generated in parallel a number of debated
issues, especially regarding the optimal duration of eculizumab
treatment. The risk of infection (meningitis) resulting from com-
plement inhibition, the need for repeated infusions, and the
high cost of treatment have raised the question of under what
circumstances discontinuation may be safe, while concerns about
aHUS relapse and further kidney injury have favored continuation.
Small retrospective series,™"® including mostly adults, have
suggested that eculizumab discontinuation is feasible, although a
significant risk of relapse exists for carriers of rare variants in
complement genes. We conducted a prospective national mul-
ticenter open-label study to assess eculizumab discontinuation
feasibility in children and adults with aHUS.

Materials and methods

This prospective open-label multicenter phase 4 noncontrolled
study was conducted between October 2015 and December
2019 in 22 pediatric and adult nephrology centers in France
(listed in Appendix).

Inclusion criteria were as follows: 1) children and adults (age =18
years) treated with eculizumab for primary aHUS (first episode or
relapse); 2) treatment with eculizumab for at least 6 months
(3 months in patients with an isolated MCP variant; no minimum
duration of treatment was required for patients with anti-FH
antibodies); and 3) aHUS remission (at the time of eculizumab
discontinuation), defined by normal platelet count, absence of
hemolysis, and either estimated glomerular filtration rate (eGFR)
of >60 mL per minute per 1.73 m? using the 2009 Schwartz
formula in children and the Modification of Diet in Renal Disease
formula in adults plus proteinuria/creatininuria ratio of <0.05 g/
mmol or stable kidney function for at least 6 months.

aHUS was defined by at least 2 of the following criteria: throm-
bocytopenia (platelet count <150 X 10%L), mechanical hemo-
lytical anemia (hemoglobin <10 g/dL, lactate dehydrogenase
serum level beyond the upper limit of normal, undetectable
haptoglobin, and presence of schistocytes on blood smear), and
acute kidney injury (serum creatinine and/or proteinuria/
creatininuria ratio beyond the upper limit of normal for age or
increase of >15% compared with baseline).

aHUS was diagnosed after the exclusion of all other causes of
thrombotic microangiopathy (TMA), including infection with Shiga
toxin—producing bacteria, ADAMTS13 deficiency, and disorder/
condition associated with secondary HUS (malignancy, drug use,
autoimmune disease, infection, and cobalamin C deficiency).

ECULIZUMAB DISCONTINUATION IN aHUS

Exclusion criteria were as follows: 1) stage 5 CKD requiring chronic
dialysis, 2) planned or ongoing pregnancy, 3) absence of informed
consent, and 4) patient under protection of judicial authority.

The primary end point was the incidence of aHUS relapse during
2 years of follow-up after eculizumab discontinuation. Diagnosis
of aHUS relapse was made based on the criteria used for the
initial diagnosis of aHUS. Included patients were seen by their
treating nephrologist at least monthly for 3 months and sub-
sequently every 3 months. Serum creatinine, lactate dehydrogenase,
haptoglobin and hemoglobin levels, platelet count, urinary
protein/creatinine ratio, and urine dipstick test were measured
every 2 weeks during the first 6 months and subsequently every
month. Patients also performed an at-home urine dipstick
test (detection of albuminuria and microscopic hematuria/
hemoglobinuria) twice per week. Some data were collected
retrospectively, especially for relapsing patients.

Before inclusion in the study, all patients underwent, in their
routine clinical management, screening for variants and complex
rearrangements in complement factor H (CFH), complement
factor | (CFI), membrane-cofactor protein (MCP), C3 factor B (CFB),
thrombomodulin (THMD), and diacyl glycerol kinase & (DGKe)
genes using next-generation sequencing and multiplex ligation-
dependent probe amplification, as previously described.™ Plasma
expressions of C3, C4, CH50, factors H and |, sC5b-9, and CD46
were assessed at baseline (<14 days after the last eculizumab
infusion)and at 1, 3, 6, 9, 12, 18, and 24 months after inclusion, as
previously decribed.'

The research protocol was approved by the Comité de Protection
des Personnes, Ouest Il (Angers, France) and by the Agence
Nationale de la Sécurité du Médicaments et des Produits de
Santé. All participants gave written informed consent. F.F. and
V.F.-B. analyzed the data with the assistance of the Direction de la
Recherche at Centre Hospitalier Universitaire de Nantes.

Quialitative characteristics are described as numbers and per-
centages and were compared using the x? or Fisher's exact test
as appropriate. Quantitative variables are expressed as means
with ranges and were compared using the Student t or Wilcoxon
Mann-Whitney test as appropriate. Factors associated with aHUS
relapse were analyzed in logistic regression. Factors associated
with aHUS relapse at P < .15 were considered for multivariable
analysis. Probability of survival without aHUS relapse was esti-
mated using the Kaplan-Meier method and was compared using
log-rank analysis. Statistical analyses were performed with SAS
software (version 9.4; SAS Institute), and figures were drawn
using GraphPad Prism (version 8).

Results

Fifty-seven patients (19 children and 38 adults) were recruited
(30 patients were recruited among 52 patients with a new di-
agnosis of aHUS during the inclusion period). One child was
included twice after 2 distinct periods of treatment with eculi-
zumab. Data during follow-up were not available for 2 adult
patients who were excluded from the analysis. The main char-
acteristics of the 55 remaining patients are listed in Table 1
(individual details are shown in supplemental Figure 1 (available
on the Blood Web site)). Nine patients (16%) had experienced
>1 aHUS episode before their inclusion in the study. Twenty-four
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Table 1. Characteristics of 19 children and 36 adult patients with aHUS who discontinued eculizumab and were included

in study
n (%)
Age <18y (n = 19)* Age 218 y (n = 36) All (n = 55)
Sex
Female 7 (37) 17 (47) 24 (44)
Male 12 (63) 19 (53) 31 (56)
Complement gene variants 8 (42) 20 (55) 28 (51)
CFH 1(5) 5(14) 6 (11)
MCP 5 (26)t 7(19) 12 (22)
CFI 0 (0) 6 (17) 6(11)
C3 0 (0) 2 (6) 2 (5)
Combined 2(11) 0 (3) 2 (4)
No variant/positive anti-factor H antibodies 4 (21) 0 (0) 4(7)
No variant /no anti—factor H antibodies 7 (37) 16 (44) 23 (42)
>1 aHUS episode before inclusion in studyt 4 (21) 4 (11) 9 (16)
At aHUS onset§
Serum creatinine, wmol/L
Mean 3611 4549 421
Range 54-1920 91-1660 54-1920]
Requirement for dialysis 8 (42l 16 (44%)l 24 (43%)
Extrarenal manifestation 10 (52) 14 (40) 24 (43%)#
Neurological manifestation 4 (21) 7 (20) 11 (20)
Cardiac manifestation 6 (31.5) 4(11) 10 (18.5)
Other 6 (31.5)** 8 (23%)tt 14 (25)
At eculizumab discontinuation (inclusion)
Duration of eculizumab treatment, mo
Mean 13.9 17.9 16.5
Range 0.95-57.4 4.2-59.3 0.95-59
Serum creatinine, wmol/L
Mean 50 124 97
Range 26-134 61-305 26-305
eGFR, mL/min/1.73 m?
Mean 112 62 80
Range 55-169 19-129 19-169
eGFR, 30-60 mL/min/1.73 m? 1 (5%) 16 (44) 17 (30)
eGFR, 15-29 mL/min/1.73 m? 0 4(11) 4 (7)
Urinary protein/creatinine ratio, g/mmol
Mean 0.18 0.06# 0.10
Range 0-3 0-0.38 0-3
Plasma C3 level <660 mg/L 0 5/35 (14)ll 5/53 (9)
sC5b-9 =300 ng/mL 11/18 (1)l 23/35 (66) 34/54 (63)

Normal values: urinary protein/creatinine ratio, <0.05 g/mmol; plasma C3, 660-1250 mg/L; sC5b-9, <300 ng/mL.

*One child was included twice in the study during 2 distinct periods of eculizumab treatment.

TTwo patients (including child with familial aHUS) had persistently low CD46 expression on granulocytes without genetic molecular mechanism identified.
FaHUS episode outside a period of eculizmab treatment.

§At onset of the last aHUS episode before eculizumab discontinuation.

lIData missing for 1 patient.

fIData missing for 3 patients.

#Data missing for 2 patients.

**Six patients had 7 extrarenal manifestations: digestive (n = 4), cutaneous (n = 2), and vascular (n = 1).

ttEight patients had 13 extrarenal manifestations: digestive (n = 6), cutaneous (n = 3), vascular (n = 2), hepatic (n = 1), and hematological (n = 1).

$1Child included twice experienced 2 aHUS relapses.
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Table 1. (continued)

Age <18 y (n = 19)*

n (%)

Age 218 y (n = 36) All (n = 55)

During follow-up
Duration of follow-up after eculizumab
discontinuation, mo
Mean 19.5 20 19.8
Range 5.4-24 1.6-24 5.4-24
Patients with aHUS relapse 6 (30)ft 7 (19) 13 (23)
Time between eculizumab discontinuation and
aHUS relapse, mo
Mean 12.3 8.1 10.2
Range 5.4-20.6 1.6-22.1 1.6-22.1
At last follow-up
Serum creatinine, pumol/L
Mean 52 147 113
Range 25-144 58-881 25-881
eGFR, mL/min/1.73 m?
Mean 123 58 81
Range 43-199 6-128 6-199
eGFR, 30-60 mL/min/1.73 m? 1 (5%) 17 (47%) 18 (32%)
eGFR, 15-29 mL/min/1.73 m? 0 4 (11%) 4 (7%)
eGFR, <15 mL/min/1.73 m? 0 1 (3%) 12%)
Urinary protein/creatinine ratio, g/mmol
Mean 0.10 0.05 0.07
Range 0-1.60 0-0.44 0-1.60

Normal values: urinary protein/creatinine ratio, <0.05 g/mmol; plasma C3, 660-1250 mg/L; sC5b-9, <300 ng/mL.

*One child was included twice in the study during 2 distinct periods of eculizumab treatment.

1Two patients (including child with familial aHUS) had persistently low CD46 expression on granulocytes without genetic molecular mechanism identified.

FaHUS episode outside a period of eculizmab treatment.

§At onset of the last aHUS episode before eculizumab discontinuation.
lIData missing for 1 patient.

fIData missing for 3 patients.

#Data missing for 2 patients.

**Six patients had 7 extrarenal manifestations: digestive (n = 4), cutaneous (n = 2), and vascular (n = 1).

T1Eight patients had 13 extrarenal manifestations: digestive (n = 6), cutaneous (n = 3), vascular (n = 2), hepatic (n = 1), and hematological (n = 1).

F$Child included twice experienced 2 aHUS relapses.

patients (43%) had required dialysis during their last episode of
aHUS (before eculizumab use and subsequent discontinuation),
and 24 (43%) presented with extrarenal manifestations, mainly
neurological (n = 11; 20%) and cardiac (n = 10; 18.5%). Three
kidney transplant recipients (stage 5 CKD resulting from aHUS)
were included (supplemental Figure 1). Two were carriers of
variants in the CFl gene and received prophylactic eculizumab for
6 and 7 months, respectively. The remaining patient had no de-
tected variant and received prophylactic eculizumab for only
4 months after kidney transplantation, before inclusion in the study.

Among the 55 patients, 28 (51%) had a rare variant in at least 1
complement gene: MCP (n = 12; 22%), CFH (n = 6; 11%) CFI
(n = 6;10%), C3 gene (n = 2; 4%), and combined variants (n = 2;
4%; C3/CFl, n = 1 and MCP/CFI, n = 1). The clinical charac-
teristics of patients with or without detected rare complement
gene variants are listed in supplemental Table 1. Among the 26
identified variants, 22 were classified as pathogenic and 4 as of
undetermined significance (supplemental Table 2). In 4 addi-
tional patients, anti-CFH antibodies had been present at aHUS

ECULIZUMAB DISCONTINUATION IN aHUS

diagnosis at high titer (9000-60000 arbitrary units), but at in-
clusion, antibody titer had decreased to 473 to 1500 arbitrary
units after immunosuppressive treatments (characteristics sum-
marized in supplemental Table 3).

Mean duration of eculizumab treatment was 16.5 months (range,
0.95-59 months). One child with anti-CFH antibodies was in-
cluded after 1 month of eculizumab treatment. At eculizumab
discontinuation, 17 patients (30%; including 1 child) had stage 3
CKD and 4 (7%) had stage 4 CKD. Five patients (9%; all adults)
had decreased plasma C3 levels, and 32 (58%) had elevated
sC5b-9 levels.

During follow-up, 13 patients (23%; 6 [31%)] of 19 children and
7 [19%)] of 36 adults) had aHUS relapse (Tables 1 and 2). The risk
of relapse did not differ between children and adults (Figure 1).
The total number of relapses was 14 (1 child, included twice, ex-
perienced 2 relapses); 11 relapses (79%) were precipitated by
infection (mostly viral), and 1 occurred in the setting of acute
pancreatitis resulting from alcohol abuse (Table 2). During all

€ blood® 6 MAY 2021 | VOLUME 137, NUMBER 18 2441

20z aunr zo uo 3senb Aq jpd’08Z600020ZPIGPO0Iq/6259081/8E¥Z/8L/LE L /Pd-ajole/po0|qAau suonedlgndyse//:djy woly papeojumoq



Downloaded from http://ashpublications.net/blood/article-pdf/137/18/2438/1806529/bloodbld2020009280.pdf by guest on 02 June 2024

‘Juened uonejue|dsue. Aoupiy# ‘uonejuedsuen Asupny Jusmispun Ajusnbasgns pue aseasip
|euas aBeis-pus paypealjusiied| ‘asdejaiiaie ow ¢ 1e ereq|| ‘Apnis sy jo uona|dwiod seye Aousidyep €| S1AVAY Aieupaisy yim pasouBelp semjusied§ ‘asdejal salye ow | > 1e eleqs 'SNHE JO Wioy [eljiwe) e pey juaied | Apnis sy ul 921m) papn|oul semuaied,

‘ones sulunean,/uloid Aieuun UD/dn ‘euluneasd wniss 1DS e|eie|d 14 ‘a|gejieae Jou ‘YN

*UBJP|IYD Ul BNULIOY ZUEMUDS YL PUE S)NPE Ul B|NULIO} 8seasi(] [BUSY Ul 131(] JO UONEILIPOIA dy) Buisn pauiuialap ¥y40o

¥0°0 (62) 0°L9L 80l L00 (62) 089L | 920 GEZ zee (44 = 200 (zs) Lol | ([dasglzLbavd) H4D | 95 ‘4 €l

700 (68) 079 1Lz VvN (28) 069 SZ'0 0¢ 208 L€ sieaidued 100 (68) 0'v9 (elv0goid'd) (4D | #€S '4 zl

120 | b©)oLss 80l 910 (L) 09zy | 920 evl 1207 9¢ — GL0 (L2) 0'sve (+2SAN) dOW | v ' Ll
(¢+2SA)

800 (y) ozel 602 500 (L) o'swl | LEO el €91 4 SI||ISUOY [edIA 220 Ov) 0Lzl | JOW/Z+2SA) dOW | 8€ 'd ol

S0°0 (L) 8LL L'€2 1’0 (99) €68 9¢€°0 VAS] 8l 9l eayuelg €10 (€9) 0c6 | (doaszLLIALd) do | vE ‘4 6

900 (€¥) 0621 99 €00 (S¥) 0'SZL | 900 602 S91 00z siayoel| €00 (v oLzl | (nesslleydd) H4D | vE ‘4 8

1’0 | (L&) S8yl S8l SL°0 (wy) O'LEL | 820 8¢el L6l 4 siisnuig 80°0 () 09¢L pesyeolenyd) £ | og ‘4 L

L00 | (8¥L) O'LY 0'sl VN l8olL) 9% VN 29 St r4A} si||isuo | 100 | (60l) O'S¥ SUON 6'IN §9
(¢+2SA)

SO0 | (66l) 9'SE L8 S0°0 (012) 8°2¢ Lzl ZL (%4 el snususoNseD 0€ | (69L) L'6E | dDW/(C+ZSA)dON | 6 'IN S
(siHegdsyd) oW

200 | (svL)oze 8¢ 200 (S¥L) 0Ze 99°G 95 88l §0Z siususoNseD 100 | (evl) 0vE /(siHeedsyd) O | 84 1%
(1I9A3] 9ydD Mo|

6000 (58) 0°€S LYl 100 $(8/) 0S5 80'€ 76 S0l 66 ssau||l a1|-n|4 800°0 (62) 0'2S Apuassisiad) oW | £ '4 1e

800 | (921) 08¢ €8l €00 (£21) 0'9€ 90°L 9zZL 69 '8 ssau||l a1|-n|4 €00 | (LzL) ove L4

¥0'0 | (0EL) O°€E ze ¥0°0 (ogL) 0°€e 8Z'L €9 z6 SlL ssau||l a3j1|-n|4 €00 | (8ZL) 0ZE | (AiLLsLLieSd)HID | 94 xZ
(usvege Lyl d) €D

ZL00 | (S8) 09r 08l 100 (£01) OvE 700 G6 29 'S uonosul [eusldeg [ 8L0°0 | (POL) O'vE /Asv19zADd) 14D | v 'IN L

Joww (;w gL ow Joww  (;w I Joww 7,0l 1 w asdejou Joww (;wg/L juelien auab jusned
/6D Juiwu/qu ‘uoneang /64y Juiwqu /B UD  x 3d  /jowr  ‘uopenunuodsip  gnHejoJopey /6 4y Julw/qw juawsajdwo)
/dNn "¥499) /dNn "4499°) 1 /dn 43S getinzijnog Buneydpalrd  /dn '4499)
Jow Jlown “1Dg woJy swij 7/jown
108 43S

dn-mojjoy 1se] 3 Mejsal qewnzinde asdejals snHe v uonenunRuodsIp
pue asdejai snHe qewnzinds 3y
Jo)e ow ¢ 1y

uonienuiuodSIp qewnzinde Jaye asdejas gnHe pasuaadxa oym synpe / pue uaJpjiyd 9 Jo sdisLIddRIRYD [BNPIAIPU]| *Z 3|qel

FAKHOURI et al

€ blood® 6 MAY 2021 | VOLUME 137, NUMBER 18

2442



= 100 4

ey

g

o 751

(%)

]

p

s 501

>

S

=

:§ o5 ] ==- Adults

= =« = Children

=

= —_ All

(/37 0 T T T T T T T T
0 3 6 9 12 15 18 21 24

Time to relapse (months)
Number at risk

Adults 36 33 31 30 30 29 29 28 22
Children 19 19 18 18 16 15 14 12 10
All 55 52 49 48 46 44 43 41 32

Figure 1. Probability of survival without aHUS relapse after eculizumab dis-
continuation according to age at eculizumab discontinuation. Risk of relapse was
not statistically significant different between children and adults (P = .39 by log-rank
test).

relapses (except 1), acute kidney injury occurred (mean serum
creatinine, 221 pmol/L; range, 45-802 pmol/L). One patient
(patient 12; Table 2) required dialysis in the setting of severe
acute pancreatitis. Thrombocytopenia was present during 12
relapses (85%).

Characteristics of relapsing and nonrelapsing patients after
eculizumab discontinuation are listed in Table 3 and supple-
mental Table 4. In univariate analysis, female sex (69% vs
36%; P = .03), history of >1 previous aHUS episode (38% vs
7%; P = .01), detection of a complement gene variant (92% vs
25%; P = .0009), and increased sC5b-9 at inclusion (92% vs 55%;
P = .02) were more frequent in relapsing than in nonrelapsing
patients. In contrast, requirement for dialysis during the last aHUS
episode was more frequent in nonrelapsing compared with re-
lapsing patients (52% vs 15%; P = .02). At last follow-up, urinary
protein/creatinine ratio was higher in relapsing compared with
nonrelapsing adults (0.12 vs 0.04 g/mmol; P = .004).

The risk of aHUS relapse after eculizumab discontinuation was
higher in patients with complement gene variants than in those
without, regardless of age (Figures 2 and 3). The risk of relapse
was highest in carriers of variants in CFH (3 [50%)] of 6) and MCP
genes (6 [50%] of 12) and lowest in patients without detected
variants (1 [4%] of 23; supplemental Table 5; Figure 4). All re-
lapsing patients, except 1, had a rare variant detected in a
complement gene, mostly MCP (n = 6; Table 2). After com-
pletion of the study, an additional genetic workup in the re-
lapsing patient (Table 2) with no detected variant in a complement,
THMD, and DGKe gene revealed the presence of 2 pathogenic
variants in the ADAMTS13 gene. At age 6 years, this male pa-
tient had a first TMA episode preceded by Shiga toxin—negative
diarrhea and characterized by mild acute kidney injury (serum
creatinine, 54 pmol/L), heavy proteinuria (urinary protein/
creatinine ratio, 0.23 g/mmol), profound thrombocytopenia
(13 g/L), and acute pancreatitis. TMA spontaneously resolved.
He experienced a TMA relapse at age 8 years, in the setting of
influenza A infection, with mild acute kidney injury (serum cre-
atinine, 62 pmol/L) and profound thrombocytopenia (12 g/L).
aHUS was diagnosed. Eculizumab was started, TMA rapidly

ECULIZUMAB DISCONTINUATION IN aHUS

resolved (<5 days), and treatment was continued for 25 months.
Eighteen months after eculizumab discontinuation (and inclusion
in the study), TMA recurred (serum creatinine, 45 pmol/L;
proteinuria, 4+ on dipstick; platelet count, 62 X 10°/L) and
completely resolved 14 days after restart of eculizumab. His
ADAMTS13 activity, initially reported as detectable, was sub-
sequently controlled at <5% without detected autoantibodies.

In the first multivariable analysis, presence of a rare variant in a
complement gene (odds ratio [OR], 16.20; 95% confidence in-
terval [Cl], 1.78-147.73) was associated with increased risk of
aHUS relapse. Female sex (OR, 4.21; 95% Cl, 0.85-20.75) tended
to be associated with increased risk of aHUS relapse, whereas
requirement for dialysis during the last aHUS episode before
eculizumab discontinuation (OR, 0.17; 95% ClI, 0.03-1.02) ten-
ded to be associated with decreased risk, without reaching
statistical significance (Table 4). Because of the small sample
size, this multivariable analysis could not take into account si-
multaneously presence of a complement gene variant and in-
creased sC5b-9 level (no patient without a complement gene
variant and with available sC5b-9 level had experienced aHUS
relapse after eculizumab discontinuation).

However, increased sC5b-9 plasma level at eculizumab dis-
continuation was associated with higher risk of aHUS relapse in
the entire cohort (Figure 5) and in the subpopulation of carriers of
rare variants in complement genes (Figure 6) by log-rank test.
Therefore, we performed a second multivariable analysis that
included level of sC5b-9 and all other parameters, except
presence of a complement gene variant. In this analysis, plasma
sC5b-9 =300 ng/mL at inclusion was independently associated
with aHUS relapse after treatment discontinuation (OR, 20.96;
95% Cl, 1.76-250.12; Table 4).

Eculizumab was resumed in all relapsing patients within 7 days of
relapse, except in patient 13 (Table 2), in whom serum creatinine
and urinary protein/creatinine ratio gradually increased over
3 months before eculizumab was restarted. At last follow-up,
serum creatinine levels and eGFRs did not differ between re-
lapsing and nonrelapsing patients (Table 3). Urinary protein/
creatinine ratio at last follow-up was higher in relapsing com-
pared with nonrelapsing adults (0.12 vs 0.04 g/mmol; P = .004),
but this ratio tended to be higher at eculizumab discontinuation
in the first group compared with the second (Table 3). In paired
analysis, eGFR and urinary protein/creatinine ratio at eculizumab
discontinuation and at last follow-up did not significantly differ
between relapsing and nonrelapsing patients (P = .87 and .71 by
Wilcoxon paired test, respectively).

Among the 13 patients who relapsed and restarted eculizumab,
11 regained their baseline serum creatinine level and eGFR as
early as 3 months after the restart (Table 2). The 2 remaining
patients had a worsening of their preexisting CKD. The first patient
was a 44-year-old man (patient 11; Table 2); he carried a path-
ogenic variant in the MCP gene and had stage 4 CKD (eGFR,
27 mL/min/1.73 m?) after 2 previous aHUS episodes treated with
eculizumab (for 3 and 5 months, respectively). Three months after
eculizumab discontinuation, he experienced aHUS relapse; ecu-
lizumab was resumed for 3 months, but eGFR decreased to
19 mL per minute per 1.73 m?. Subsequently, he progressed to
stage 5 CKD and underwent successful kidney transplantation
without eculizumab prophylaxis. aHUS did not recur after a
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Table 3. Characteristics at inclusion and during follow-up | Table 3. (continued)
of 13 patients who relapsed and 42 patients who did not
relapse after eculizumab discontinuation n (%)
Relapsing Nonrelapsing
patients patients
Relapsing 0 bsing (n = 13)* (n = 42)
X P . CKD stage 3 4(30) 13 (31) 9
CKD stage 4 1(@7) 3(7) 1
Age, <18y 6 (46) 13 (31) 34 Urina'ry protein/creatinine
ratio, g/mmol
Sex .03 Al 10
Female 9 (69) 15 (36) Mean 0.27 0.04%
Male 4 (31) 27 (64) Range 0.01-3 0-0.38
Children .39
>1 aHUS episode before 5(38) 3(7) .01 Mean 0.45 0.03
faEtsicnNal=HIEE Range 0.01-3.00 0.00-0.14
Requirement for dialysis 2 (15) 22 (52) .02 Adults 07
during last aHUS episode Mean 0.10 0.05
before eculizumab Range 0.01-0.22 0.00-0.38
discontinuation Plasma C3 level 2/12 (17) 3/41 (7) 31
<660 mg/L
Extrarenal manifestation 3(23) 21 (53)f .06 % indusien
Pl factor H level 1/10 (10; 2/40 (5 49
Duration of eculizumab .28 a;s;n;%a; (ijr:clusieg: (o ©l
treat t,
reatment, mo sC5b-9 =300 ng/mlat | 11/1292 |  23/41 (56)I 04
Mean 23.3 14 inalusten
Range 3.3-59.3 0.95-57.4 €559 &0 fndlusian 03
Complement gene 12 92) 16 (25) 0009 Mean 418 325
variants Range 363-499 234-428
CFH 3(23) 3(7) A
At last follow-
MCP 6 (46) 6 (14) 02 ast toflow-up
Duration of follow-up, mo
CFI 1(8) 4(9) 1
Before relapse
C3 1(8) 2 (5) .5 Al <0001
Combined 1(8) 1(2) 4 ’
. . Mean 9.3 23
No variant/positive 0(0) 4 (9) 85
anti-factor H antibodies Bange 1.6-22.1 6.7-24
No variant/no anti-factor 1(7)8 22 (53) .004 Children <.0001
H antibodies Mean 10.9 23.1
Range 5.4-17.2 18.1-24
No. of relapses after 14 — Adults <.0001
eculizumab
discontinuation Mean 8 22.9
Range 1.6-22.1 6.7-24
At eculizumab After relapse
discontinuation All —
(inclusion) Mean 13.2
Serum creatinine, pmol/L Range 27.237
Al 12 Children —
Mean 82 102 Mean 10.9
Range 32-245 26-305 Range 28-18.3
Children 15 Adults _
Mean 39 56 Mean 14.9
Range 32-52 26-134 Range 27.23.7
Adults 96 Serum creatinine, wmol/L
Mean 126 123 All 21
Range 64-245 61-305 Mean 135 107
eGFR, mL/min/1.73 m? Range 32.881 25.287
Al = Children 19
Mean 87 78 Mean 41 59
Range 27-169 19-130 Range 32.53 25144
Children 19
e 123 106 *One child was included twice in study during 2 distinct periods of eculizumab treatment
Range 79-169 55-124 and experienced 2 relapses.
Adults .25 taHUS episode outside period of eculizmab treatment.
Mean 52 65 $Data missing for 2 patients.
Range 27-89 19-130 §Patient was diagnosed with hereditary ADAMTS13 deficiency after completion of
the study.
lIData missing for 1 patient.
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Table 3. (continued)

n (%)
Relapsing Nonrelapsing
patients patients
(n = 13)* (n = 42)
Adults .57
Mean 229 128
Range 64-881 58-287
eGFR, mL/min/1.73 m?
All .70
Mean 89 79
Range 6-199 21-194
Children .48
Mean 131 118
Range 84-199 43-194
Adults 17
Mean 46 61
Range 6-89 21-128
eGFR, <30 mL/min/
1.73 m?
All 2(14) 3(7) .59
Children 0 0 —
Adults 2 (29) 3 (10) 24

Urinary protein/creatinine
ratio, g/mmol

All .004
Mean 0.07 0.07
Range 0.01-0.26 0.00-1.60

Children .15
Mean 0.03 0.14
Range 0.01-0.09 0.00-1.60

Adults .004
Mean 0.12 0.04
Range 0.05-0.26 0.00-0.44

*One child was included twice in study during 2 distinct periods of eculizumab treatment
and experienced 2 relapses.

taHUS episode outside period of eculizmab treatment.
$Data missing for 2 patients.

§Patient was diagnosed with hereditary ADAMTS13 deficiency after completion of
the study.

lIData missing for 1 patient.

2-year follow-up. The second patient was a 56-year-old woman
(patient 13; Table 2); she carried a pathogenic CFH variant and
had stage 3a CKD at inclusion in the study. Twenty-two months
after eculizumab discontinuation, she had a gradual increase over
3 months in serum creatinine (from 101-130 to 232 wmol/L) and
urinary protein/creatinine ratio (from 0.02 to 1.06 g/mmol), before
eculizumab was restarted. At last follow-up, her eGFR was 29 mL
per minute per 1.73 m2,

During the study, included children and adults did not require
eculizumab treatment for a median time of 23.6 months (range,
5.4-24 months) and 24 months (range, 1.6-24 months), respectively.
The total saved cost of medication (excluding infusion-related
costs) was estimated at ~32.000.000 euros.

Discussion

This prospective study, the first reported in children and adults
with aHUS, shows that the risk of aHUS relapse after eculizumab
discontinuation is predominantly determined by presence or
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Figure 2. Probability of survival without aHUS relapse after eculizumab dis-
continuation in children according to presence or absence of detected com-
plement gene variant. Risk of relapse was higher in children with complement gene
variants compared with those without variants (P = .03 by log-rank test). Ab, antibody.

absence of a rare variant in a complement gene. It clearly in-
dicates that eculizumab discontinuation is feasible and safe in
children and adults with aHUS and no detected complement
gene variant. In this subset of patients, the risk of aHUS relapse
after treatment cessation was <5%. This finding confirms, from a
prospective perspective, previously reported data from small
retrospective series,'?'>"7 which included a proportion of pa-
tients with HUS and associated conditions (Table 5). Therefore, in
a patient with no detected variant, aHUS relapse should prompt a
reassessment of complement genetic results and even of aHUS
diagnosis, because the single relapsing patient from the present
study with no complement gene variant was subsequently di-
agnosed with hereditary ADAMTS13 deficiency. If this patient is
excluded, the risk of relapse in patients with no complement
gene variant is O in this prospective studly.

In contrast, in carriers of complement gene variants, the risk of
aHUS relapse is significant and estimated at ~50% in patients
with the most frequently encountered variants, in the CFH and
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Figure 3. Probability of survival without aHUS relapse after eculizumab dis-
continuation in adults according to presence or absence of detected comple-
ment gene variant. Risk of relapse was higher in adults with complement gene
variants compared with those without variants (P = .009 by log-rank test).
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Figure 4. Probability of survival without aHUS relapse after eculizumab dis-
continuation in children and adults according to type of detected complement
gene variant. Risk of relapse was higher in patients with variants in CFH and MCP
genes compared with those without variants (P = .002 by log-rank test).

MCP genes. This is in keeping with previous results from small
retrospective studies (Table 5). Of note, the proportion of pa-
tients with CFH variants included in the present study was rather
low (11%) compared with previous cohorts of aHUS patients.**18
This may be due to the reluctance of clinicians and patients to
discontinue treatment, based on the high risk of relapse re-
ported in previous published retrospective series (Table 5).
Nevertheless, the decision of whether to discontinue eculizumab
in patients with complement gene variants should be discussed
with each patient individually following a shared decision model.
However, the present study identifies several features, in addition
to complement genetics, that may help in decision making.

First, female patients seemed be at increased risk of relapse
compared with male patients. There is no clear explanation for this
finding, and none of the relapses during this study were pre-
cipitated by pregnancy, a recognized high-risk period for aHUS."?
Second, elevated sC5b-9 level at eculizumab discontinuation
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50 1
25 1
=—— sC5b-9 < 300 ng/mL
=+ = sC5b-9 >300 ng/mL
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0 3 6 9 12 15 18 21 24
Time to relapse (months)
Number at risk
sC5b-9 > 300 ng/ml 34 29 28 27 26 26 23 23 23
sC5b-9 < 300 ng/ml 20 20 20 19 19 19 19 19 19

Figure 5. Probability of survival without aHUS relapse after eculizumab dis-
continuation according to level of sC5b-9 at inclusion in the entire cohort. Risk of
relapse was higher in patients with elevated sC5b-9 at inclusion compared with those
with normal sC5b-9 levels (P = .02 by log-rank test).
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Table 4. Factors associated with aHUS relapse after
eculizumab discontinuation in multivariable analysis

OR 95%Cl P
Analysis including presence of
complement gene variant as
parameter
Requirement for dialysis during last | 0.17 | 0.03-1.02 .0560
aHUS episode before eculizumab
discontinuation
Female sex 4.210.85-20.75 .0777
Presence of rare variant in 16.20 | 1.78-147.73 | .0135
complement gene
Analysis including sC5b-9 level as
parameter
Requirement for dialysis during last | 0.07 | 0.01-0.53 .0101
aHUS episode before eculizumab
discontinuation
Female sex 10.06 | 1.53-66.19 .0163
Plasma sC5b-9 =300 ng/mL at 20.96 | 1.76-250.12 | .0162
inclusion

Multivariable analysis could not take into account simultaneously presence of a complement
gene variant and increased sC5b-9 level, because of the small sample size (no patient
without complement gene variant and with available sC5b-9 level had experienced aHUS
relapse after eculizumab discontinuation). Therefore, 2 multivariable analyses were
performed. The first included all parameters except for plasma level of sC5b-9 at
eculizumab discontinuation. The second included all parameters except for presence of
rare variant in complement gene.

was independently associated with risk of aHUS relapse in
multivariable analysis. This biomarker should prove helpful in the
assessment of aHUS relapse risk, particularly in the subset of
patients with complement gene variants (Table 4). sC5b-9 has
been shown to remain detectable in a significant proportion of
patients despite optimal C5 blockade, for unclear reasons that
may involve cleavage of C5 via C5 convertase-independent
pathways.222 Similarly, there is no clear explanation for the
persistence of not only detectable but also increased sC5b-9
plasma levels with eculizumab in a significant proportion of
included patients. Nevertheless, the present study provides the
first evidence of the relevance of a simple biomarker, sC5b-9, in
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= =« = 5C5b-9 > 300 ng/mL
A 0 —
0 3 6 9 12 15 18 21 24
Time to relapse (months)
Number at risk
sC5b-9 > 300 ng/ml 9 16 13 12 11 10 10 8 7
sC5b-9 < 300 ng/ml 9 9 9 9 8 8 8 8 5

Figure 6. Probability of survival without aHUS relapse after eculizumab dis-
continuation according to the level of sC5b-9 at inclusion in patients with de-
tected rare variants in complement genes. Risk of relapse was higher in patients
with elevated sC5b-9 at inclusion compared with those with normal sC5b-9 levels
(P = .02 by log-rank test).
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Table 5. Rate of aHUS relapse after eculizumab discontinuation in 4 previously published retrospective series from
Europe and the United States and in Present Prospective Study

n (%)
Ardissino et al'' Fakhouri et al'> Wijnsma et al’*  Merrill et al'” Present
(2014) (2016) (2017) (2017) study
Patients with complement 16 38 18* 131 55 140
gene screening
Adults 8 29 14 13 36 100
Children 8 9 4 0 19 40
Duration of follow-upt NS
Median 13.1 mo 22 mo 239 d 19.8 mo§
Range 0.4-40 5-43 0-1390 5.4-24
Patients with no variant and no 5 16 4 8ll 23 56
anti-factor H Ab
Relapse rate 0 0 0 1(13) 1(4) 2 (3.5)1
Patients with rare variants 7 21 13 5 28 74
(MAF <0.1%)
Relapse rate 3 (43) 12 (57) 5(38) 2 (40) 12 (43) 34 (46)
Patients with rare pathogenic 4 18 9 2 26 59
variant
Relapse rate 3 (75) 10 (56) 3(33) 2 (100) 10 (38) 28 (47)
Patients with CFH rare variant 2 11 7 2 6 28
P/LP 2 9 4 1 6 22
VUS 0 2 3 1 0 6
Relapse rate 2 (100) 8 (72) 4 (57) 1 (50) 3 (50) 18 (64)
P/LP 2 7 2 1 3 15
VUS 0 1 2 0 0 3
Patients with MCP rare variant 2 8 0 2 12 24
P/LP 1 7 1 12 21
VUS 1 1 1 0 3
Relapse rate 0 3(37) — 0 6 (50) 9 (37)
P/LP 3 6 9
VUS 0 0 0
Patients with CFI rare variant 3 2 1 0 7 13
P/LP 1 2 0 6 9
VUS 2 0 1 1 4
Relapse rate 1(33) 0 0 — 2 (29) 3(23)
P/LP 1 0 1 2
VUS 0 0 1 1

Complement gene variants were classified as pathogenic, likely pathogenic, or of unknown significance according to recommendations published by Richards et al.?
Ab, antibody; MAF, minor allele frequency; NS, not specified; P/LP, pathogenic/likely pathogenic; VUS, variant of unknown significance.
*Including 4 renal transplant recipients.

1The study included 6 patients with HUS and coexisting diseases/conditions: liver transplantation (n = 1), quinine use (n = 1), possible scleroderma (n = 1), inflammatory bowel disease
(n = 1), and polymyositis-scleroderma overlap (n = 1). Two additional patients had malignant hypertension, including 1 with TMA attributed to accelerated primary hypertension. The 3 HUS
relapses after eculizumab discontinuation occurred in the settings of active inflammatory bowel disease (n = 1), malignant hypertension with nonadherence to antihypertensive treatment
(n = 1), and liver transplantation with medication nonadherence (n = 1).

$Time to relapse or last follow-up.
§Mean.
IITwo patients had heterozygous ADAMTS13 variants (1 relapsed), and another had heterozygous DGKe variant.

fIThe 2 HUS relapses after eculizumab discontinuation in patients without identified rare variants occurred in the settings of liver transplantation with medication nonadherence (n = 1) and late
discovery of complete ADAMTS13 deficiency (n = 1).

#One patient with anti-factor H antibodies carried CFH gene variant. Titer of the autoantibodies was not specified.
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Table 5. (continued)

n (%)
Ardissino et al'' Fakhouri et al’? Wijnsma et al'*  Merrill et al'? Present
(2014) (2016) (2017) (2017) study Total
Patients with C3 rare variant 0 1 4 0 2 7
P/LP 0 4 2 6
VUS 1 0 0 1
Relapse rate 0 1(25) — 0 1(14)
P/LP 1 1
VUS 0 0
Patients with CFB rare variant 0 0 1 1 0 2
P/LP 1 0 1
VUS 0 1 1
Relapse rate — — 0 1 (100) 1 (50)
P/LP 0 0
VUS 1 1
Patients with anti-factor H Ab 44 1 1 0 4 10
Relapse rate 2 (50) 0 0 0 2 (20)

Complement gene variants were classified as pathogenic, likely pathogenic, or of unknown significance according to recommendations published by Richards et al.?*

Ab, antibody; MAF, minor allele frequency; NS, not specified; P/LP, pathogenic/likely pathogenic; VUS, variant of unknown significance.

*Including 4 renal transplant recipients.

1The study included 6 patients with HUS and coexisting diseases/conditions: liver transplantation (n = 1), quinine use (n = 1), possible scleroderma (n = 1), inflammatory bowel disease
(n = 1), and polymyositis-scleroderma overlap (n = 1). Two additional patients had malignant hypertension, including 1 with TMA attributed to accelerated primary hypertension. The 3 HUS
relapses after eculizumab discontinuation occurred in the settings of active inflammatory bowel disease (n = 1), malignant hypertension with nonadherence to antihypertensive treatment

(n = 1), and liver transplantation with medication nonadherence (n = 1).
$Time to relapse or last follow-up.
§Mean.

ITwo patients had heterozygous ADAMTS13 variants (1 relapsed), and another had heterozygous DGKe variant.

IThe 2 HUS relapses after eculizumab discontinuation in patients without identified rare variants occurred in the settings of liver transplantation with medication nonadherence (n = 1) and late

discovery of complete ADAMTS13 deficiency (n = 1).

#One patient with anti-factor H antibodies carried CFH gene variant. Titer of the autoantibodies was not specified.

the assessment of the risk of aHUS relapse after treatment
cessation in patients with constitutional complement dysregu-
lation. However, these results should be interpreted with caution
because of the limited number of patients included, and the
predictive value of this biomarker warrants further assessment in
larger cohorts of aHUS patients.

Furthermore, although in the present study the severity of acute
aHUS (dialysis requirement, extrarenal manifestations) was not
associated with increased risk of aHUS relapse after treatment
cessation, significant residual CKD (including proteinuria without
decrease in eGFR) in an eculizumab-treated aHUS patient should
encourage caution in treatment discontinuation. It remains un-
clear whether kidney vascular damage after an initial aHUS flare
increases the risk of additional relapses. Nevertheless, after
aHUS relapse in a patient with significant CKD, even an early
restart of eculizumab does not guarantee optimal recovery of
kidney function. This is particularly true for adults in whom renal
function recovery with eculizumab is less optimal compared with
children, as exemplified by the present as well as previous
reports.?? Indeed, 2 adult patients in our study with residual
significant CKD did not recover their baseline kidney function
after relapse, including the 1 patient who progressed to stage 5
CKD. In the other patient, restart of eculizumab treatment was
delayed by 3 months, because the initial presentation of aHUS
relapse was isolated proteinuria, and this delay most probably
contributed to the nonoptimal recovery of renal function. In all
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remaining relapsing patients, there was no additional significant
kidney damage after recovery from aHUS relapse.

However, it needs to be stressed that patients from the present
study, except 1, had received eculizumab treatment for at least 3
to 6 months and achieved maximal kidney function recovery
before inclusion. They were closely monitored after treatment
cessation throughout follow-up (particularly during infectious
episodes), and of note, some patients experienced aHUS relapse
>18 months after treatment cessation. Eculizumab was restarted
in all but 1 patient within a week of aHUS relapse diagnosis. A
patient’s strict adhesion to monitoring and the guarantee of an
early restart of treatment in the case of a complete or incomplete
picture of aHUS relapse are absolute prerequisites for eculizu-
mab discontinuation. Furthermore, relapsing patients were fol-
lowed for a relatively limited period, and the long-term impact of
(repeated) relapses on kidney function remains to be assessed.
This applies particularly to carriers of MCP variants, who are
assumed to have rather good long-term renal outcomes and
thus are usually treated with eculizumab for a limited period
(3 months) at each relapse.

In conclusion, this prospective study indicates that a strategy of
eculizumab discontinuation in aHUS patients based on com-
plement genetics is reasonable and safe. Such a strategy un-
doubtedly will improve the management and quality of life of
a sizeable proportion of aHUS patients. It also allows for a
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significant reduction in health costs (32 million euros over 2 years
in the present study) and optimal use of an innovative and ex-
pensive treatment.
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