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Abstract

Background Atypical hemolytic uremic syndrome (aHUS) is characterized by platelet consumption, hemolysis, and renal
injury. Eculizumab, a humanized antibody that blocks complement activity, has been successfully used in aHUS, but the
best treatment schedule has not yet been clearly defined.

Methods Herein we report our experience with eculizumab maintenance treatment, in which the interval between subsequent
doses was adjusted based on classical complement pathway (CCP) activity, targeted to < 30% for the prevention of relapses.
Trough circulating levels of free eculizumab were determined by an immunoenzymatic method. Genetic and serologic
characteristics of the patients were also assessed.

Results We report on 38 patients with aHUS with a median age of 25.0 years (range 0.5-60.0 years) treated with eculizumab.
Once stable disease remission was obtained, the interval between eculizumab doses was extended based on target CCP activ-
ity. With this approach, presently, 22 patients regularly receive eculizumab infusion every 28 days and 16 receive it every
21. During a median observation period of 32.3 months (range 4.0-92.4 months) and a cumulative period of 1295 months,
no patient relapsed. An inverse correlation between CCP activity and eculizumab circulating levels was present (r=— 0.690,
p=0.0001), with CCP activity being inhibited as long as free eculizumab was measurable in serum.

Conclusions In patients with aHUS on eculizumab maintenance treatment, complement activity measurement can be used
as a proxy for circulating levels of the drug. Monitoring complement activity allows for safe tailoring of the frequency of
eculizumab administration, thus avoiding excessive drug exposure while keeping the disease in remission.
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Graphical Abstract

Eculizumab treatment in atypical hemolytic uremic syndrome: correlation
between functional complement tests and drug levels

Thirty-eight patients with atypical hemolytic uremic syndrome on eculizumab maintenance treatment were followed for a
cumulative period of 1295 months. Classical complement pathway activity and trough eculizumab serum levels were evaluated.

Eculizumab dose intervals were adjusted based on classical complement pathway activity targeted to <30% and no patient

relapsed during the observation period.
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Introduction

Atypical hemolytic uremic syndrome (aHUS) is a severe,
systemic thrombotic microangiopathy (TMA) often
related to mutations in genes encoding complement
regulatory proteins [1, 2] or to the presence of autoanti-
bodies directed against the complement inhibitory pro-
tein factor H (CFH) [3, 4]. Since 2009, eculizumab, a
humanized recombinant monoclonal IgG antibody that
blocks complement component 5 (C5), has been suc-
cessfully used in the treatment of patients with aHUS [5,
6]. The standard maintenance treatment suggests eculi-
zumab administration every 2 weeks life-long, but the
best treatment schedule has not been defined yet. Recent
investigations have explored the possibility that deter-
mining global complement activity might be useful for
better individualizing eculizumab treatment, with the
aim of increasing the interval between subsequent doses
thus minimizing the heavy costs of the treatment while
improving the patient’s quality of life [7—10]. In addi-
tion to this pharmacodynamic approach, a pharmacoki-
netic one has been proposed, in which eculizumab treat-
ment is tailored by maintaining trough concentrations
of the drug within a fixed interval, known to inhibit
the complement system [11, 12]. Finally, an algorithm
that combines pharmacodynamics and pharmacokinet-
ics has been proposed by Jodele et al. by measuring
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CHS50, plasma levels of sC5b-9 and serum levels of
eculizumab [13]. The safety and efficacy of eculizumab
maintenance treatment tailored to global complement
activity has been proven by the lack of relapses in large
series [7-10], but whether global complement activity is
a real proxy for eculizumab concentration to be used to
optimize drug exposure without impacting on efficacy
has not been established. With this as background, we
analyzed the relationship between eculizumab trough
concentration (pharmacokinetics) and the effect of the
drug on complement activity (pharmacodynamics) in our
(case list of) patients with aHUS on eculizumab main-
tenance treatment, to whom the drug was administered
according to serum complement activity.

Patients and methods
Patients

We studied 38 patients (21 females and 17 males;
median age 25 years [range 0.5-60 years]) with aHUS
on maintenance eculizumab treatment for the preven-
tion of relapse. Thirteen patients were treated to prevent
the disease in kidney graft. Patients with aHUS in sta-
ble clinical remission during eculizumab treatment at
our Center had the opportunity to increase the interval
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between subsequent doses. This was done on a routine
basis with all patients. In detail, patients were addressed
to a progressive extension of the interval between eculi-
zumab doses from the standard 2 weeks to 3 or 4 weeks
based on a global complement functional test for the
classical complement pathway (CCP) activity. Comple-
ment activity was routinely determined before each ecu-
lizumab administration and the interval between doses
was adjusted with the aim of maintaining a level of CCP
activity < 30%. Strict monitoring of disease reactivation
indicators (haptoglobin, lactate dehydrogenase, platelet
count, serum creatinine, proteinuria, microalbuminu-
ria and hematuria/hemoglobinuria) was regularly per-
formed at each eculizumab administration. Relapses
were defined as the concomitant detection of platelet
consumption, hemolysis and signs of renal damage or
worsening of renal function if already impaired (increase
in serum creatinine or proteinuria). As long as target
complement activity was completely suppressed (CCP
activity < 10%) and the markers of disease activity docu-
mented TMA remission, the interval between adminis-
trations was extended by 1 week; in contrast, if CCP
activity was > 30%, showing insufficient complement
suppression, the interval between doses was short-
ened. If CCP activity was 10-30% the current interval
was confirmed for the subsequent eculizumab admin-
istration. Additional methodological details are exten-
sively provided in the original paper and in its update
published elsewhere [7, 9].

The present retrospective study was approved by the
local review board and was conducted according to the
ethical principles contained in the 2013 revision of the
Declaration of Helsinki and the code of Good Clini-
cal Practice. All adult patients or parents of pediatric
patients gave informed consent for the use of their data
in an anonymous form for research purposes.
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Fig. 1 Classical complement pathway activity in 787 determinations
from 38 patients with atypical hemolytic uremic syndrome at baseline
and during maintenance treatment with eculizumab at different time
intervals between doses

Methods
Genetic studies

Genomic DNA was extracted from whole peripheral blood
on an automated QIAsymphonySP platform (Qiagen
GmbH, Hilden, Germany). Detection of nucleotide varia-
tions was assessed by next generation sequencing (NGS)
on the MiSeq platform (Illumina) by using the “targeted
sequencing” technique (HaloPlex Kit; Agilent Technolo-
gies) on a multiple gene custom panel comprising CFH
(NM_000186.3), MCP/CD46 (NM_002389.4), CFI
(NM_000204.4), C3 (NM_000064.3), CFB (NM_001710.5),
THBD (NM_000361.2), DGKE (NM_003647.2), CFHRI1
(NM_002113.2), CFHR3 (NM_021023.5), and CFHRS5
(NM_030787.3) at 100X coverage. Bioinformatic analysis
of NGS data with filtering to identify putative causative
variants was performed with the SureCall application. All
variants identified by NGS analysis were then confirmed by
the standard Sanger sequencing method. More details are
reported elsewhere [4].

Functional immuno-enzymatic assay
for the classical complement pathway

The functional test for the classical complement pathway was
performed using the Wieslab Coplement System kit (Euro-
Diagnostica, Malmo, Sweden), following the manufacturer’s
instructions. The wells of the microtiter strips were coated
with a specific activator of the classical complement path-
way, and serum samples were diluted in a buffer containing
specific blockers of the other two complement pathways in
order to ensure that only the classical pathway was activated
during incubation. The wells were then washed, and C5b-9
was detected with a specific alkaline phosphatase-labeled
antibody against the neoantigen expressed on C9 during
C5b-9 formation. After a further washing step, the specific
antibodies were detected by means of incubation with the
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Fig.2 Serum levels of eculizumab in 787 determinations from 38
patients with atypical hemolytic uremic syndrome at baseline and
during maintenance treatment at different time intervals between
doses
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alkaline phosphatase substrate solution. As the amount of
complement activation correlates with color intensity and
is measured in terms of absorbance, results are expressed as
percentages of the activity of a standard sample (i.e., normal
pooled serum fixed at 100%). This method allows evaluation
of complement activity detected in serum through classical
pathway activation using the terminal complement complex
C5b-9 as the detection system [7].

Measurement of eculizumab serum levels

Eculizumab concentration was measured in serum by an
ELISA that used complement component 5 (C5) for the
capture of eculizumab and anti-human IgG for its detec-
tion. Purified human C5 (Quidel, San Diego, CA, USA) at
a concentration of 5 pg/mL in phosphate-buffered saline,
pH 7.4 was coated overnight onto microtitration plates and,
after washing, the wells were over-coated with bovine serum
albumin to avoid non-specific binding. After further washes,
a 1:20 dilution of serum samples was added and incubated
at room temperature for 45 min. After washing, C5-bound
eculizumab was identified by means of a peroxidase-con-
jugated goat polyclonal anti-human IgG (Sigma Aldrich,
St Louis, MO, USA), which was revealed with orthophe-
nylenediamine. Absorbance was read at 490 nm. The results
were expressed as pg/mL, referred to an eculizumab stand-
ard curve.

Statistical analyses

Continuous variables are reported as median and range
(min-max), while categorical variables are reported as
number and percentage. The Spearman correlation coeffi-
cient was calculated to assess relationships between comple-
ment activity and eculizumab serum levels. The data were
analyzed using the SPSS PC statistical package, version 26
(IBM SPSS Inc., Chicago, IL).
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Fig.3 Correlation between classical complement pathway activity
and eculizumab serum levels in 787 determinations from 38 patients
with atypical hemolytic uremic syndrome during maintenance treat-
ment with eculizumab at different time intervals between doses
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Fig.4 Classical complement pathway activity according to eculi-
zumab dose per kilogram per days of interval between doses

Results

Demographic characteristics of patients along with HUS
etiology and time on eculizumab treatment are reported in
table S1. Thirty-three of 38 patients (86.8%) had an identi-
fied complement regulatory gene abnormality: 23 had CFH
and related large genomic rearrangement (3 with anti-factor
H autoantibodies), 3 had CFI, 2 had C3, 2 had MCP, and
3 involving multiple genes. Presently, following the algo-
rithm described in the Methods section, 22 patients regu-
larly receive eculizumab infusion every 28 days, 16 every
21 days and none every 14 days. Patients were observed
on tailored eculizumab maintenance treatment for a median
of 32.3 months (range 4.0-92.4 months) with a cumulative
observation period of 1295 months, during which no patient
relapsed.

Out of 787 determinations throughout the entire cumu-
lative observation period on tailored eculizumab mainte-
nance treatment, 586 (74.5%) showed complete suppres-
sion of CCP activity with a value of <10%, and 59 (6.7%)
showed partial suppression with values between 11 and
30%. The remaining determinations were distributed as fol-
lows: 79 (10.0%) had CCP activity between 31 and 70%, and
66 (8.4%) were within the normal range with CCP activ-
ity >70% (see Fig. 1). In the 787 samples, obtained before
the subsequent drug administration, eculizumab concentra-
tion was also determined (trough level) and the results are
shown in Fig. 2. Ninety-eight eculizumab determinations
(12.4%) were < 10 pg/ml, 295 (37.5%) were between 10 and
50 pg/ml, 284 (36.1%) were between 50 and 100 pg/ml and
110 (14.0%) were > 100 pg/ml.

The relationship between eculizumab circulating levels and
complement inhibition is shown in Fig. 3. An inverse correla-
tion was present between eculizumab levels and CCP activity
(r=-0.690, p=0.0001), and CCP activity was inhibited as
long as free eculizumab was measurable in serum and was
completely suppressed even for eculizumab levels as low as
5 pg/ml. Very similar correlations between eculizumab levels
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and CCP activity were observed both in adult and pediatric
patients (r=— 0.679 and r=— 0.713, respectively).

Given that eculizumab trough levels depend on adminis-
tered dose, body weight and interval (days) since last infu-
sion, in Fig. 4 we explored the effect of all these variables on
CCP, by expressing eculizumab dose as mg of eculizumab
per kg of body weight per days of interval. The median ecu-
lizamab dose per kg of body weight per days of interval was
0.75 mg/kg/days of interval (range 0.40-2.69). The lowest
dose of eculizumab that minimizes both the amount of drug
used and the observations with uninhibited complement
activity was thus identified at 0.62 mg/kg/days of interval.

Discussion

Treatment of aHUS with the C5 inhibitor eculizumab has
led to an impressive improvement in disease outcome.
However, being this treatment relatively new, its optimal
schedule has not yet been clearly defined. At least 30% of
patients relapse if eculizumab is discontinued, thus these
patients may require life-long treatment [14, 15]. The cost
of maintenance treatment is as impressive as the drug effi-
cacy: 0.4 million Euro per patient per year. As such, it
represents a heavy financial burden that many countries
cannot afford and others might not be able to sustain over
time, given the increasing prevalence of treated patients.

Back in 2014, we proposed a treatment schedule for main-
tenance treatment with eculizumab being tailored to global
complement activity (namely CCP activity) that, besides
halving the costs, improves the patient’s quality of life by
minimizing the need for drug administration [7-9]. Initially,
we used CCP activity <10% as the threshold of comple-
ment suppression. Later on, we realized that many patients
remained in stable remission even without complete suppres-
sion of complement activity and then raised the threshold to
up to 30%. The lack of relapses in our case list on the tailored
regimen over a long observation period (1295 months) sup-
ports the efficacy and safety of our approach. At that time,
we did not explore whether complement activity could be
an effective proxy for eculizumab concentration. This would
allow its use to minimize drug exposure without impacting
on efficacy. In addition, it would simplify clinical monitoring
as not all hospitals are equipped with sophisticated methods
for therapeutic drug monitoring, but can easily measure CCP
activity [16].

The present study provides evidence of the correlation
between eculizumab downstream levels and complement
activity to the extent that the measurement of complement
activity by a simple and inexpensive method can be used as
a reliable proxy to monitor the adequacy of C5 inhibition.
Notably, CCP activity was completely suppressed even for
eculizumab levels as low as 5 mg/ml. This can be explained

by considering that our method can only detect free eculi-
zumab that is captured by means of immobilized C5; there-
fore, the possibly considerable amount of the drug bound to
C5 in the circulating blood goes undetected. It can be argued
that children may have different pharmacokinetics compared
with adults. However, the correlation between eculizumab
levels and CCP activity (pharmacodynamics) was almost
the same in adults and children, thus the two groups can be
combined.

Our data show that, even in a setting of minimal effective
dose, 14% of patients were clearly over-treated, with circu-
lating levels of eculizumab higher than 100 pg/ml (therapeu-
tic range 10-50 pg/ml).

The relationship between CCP activity and eculizumab
dose (expressed in mg per kg of body weight per days of
interval) was constant to the point that an empirical for-
mula can be derived to anticipate the interval of efficacy of
a given amount of drug: eculizumab administered in mg/
body weight in kg/0.62. Only 5.5% of the observations are
not covered by the algorithm.

The derived formula leads to the best compromise
between the desired complement inhibition and the mini-
mal drug dose. The limitation in using the identified
constant to calculate the interval in days is that it will be
reliable in no more than 94.5% of cases; therefore, the
theoretical interval needs to be double checked by meas-
uring CCP activity. The flexibility of the between-dose
interval is particularly relevant given that eculizumab vials
contain 300 mg, therefore the administered dose can only
be a multiple of that amount.

To the best of our knowledge, our study is the first to
analyze the correlation between in vivo pharmacokinetics
and pharmacodynamics of eculizumab in aHUS patients
during maintenance treatment, albeit other investigators
[10-13], including our own group [7-9], previously ana-
lyzed some of these aspects. Our group and Volokhina
et al. analyzed pharmacodynamics [7-10], Jodele et al.
mainly focused on induction treatment [13], Passot et al.
considered pharmacokinetics [12] while Gatault et al. per-
formed a pharmacokinetic study in vivo but pharmakody-
namics was only evaluated in vitro [11].

In conclusion, eculizumab maintenance treatment in
patients with aHUS can be monitored by the measure-
ment of complement activity inhibition used as a proxy
for drug circulating levels. This approach, which needs
to be confirmed by prospective randomized studies, may
allow for safe tailoring of the frequency of eculizumab
administration, avoiding excessive drug exposure while
keeping the disease in remission. The same strategy may
also be applied to the new C5 inhibitors, including long-
acting agents.
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Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40620-021-01187-8.
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