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Abstract
Eculizumab is the first drug approved for the treatment of complement-mediated diseases, and current dosage schedules 
result in large interindividual drug concentrations. This review provides insight into the pharmacokinetic and pharmaco-
dynamic properties of eculizumab, both for reported on-label (paroxysmal nocturnal hemoglobinuria, atypical hemolytic 
uremic syndrome, generalized myasthenia gravis) and off-label (hematopoietic stem cell transplantation-associated throm-
botic microangiopathy) indications. Furthermore, we discuss the potential of therapeutic drug monitoring to individualize 
treatment and reduce costs.

 *	 Kioa Lente Wijnsma 
	 Kioa.Wijnsma@Radboudumc.nl

1	 Department of Pediatric Nephrology, Radboud University 
Medical Center, Radboud Institute for Molecular Life 
Sciences, Amalia Children’s Hospital, PO Box 9101, 
6500 HB Nijmegen, The Netherlands

2	 Department of Pharmacy, Radboud University Medical 
Center, Nijmegen, The Netherlands

3	 Department of Pharmacy, Leiden University Medical Center, 
Leiden, The Netherlands

4	 Department of Hematology, Radboud University Medical 
Center, Nijmegen, The Netherlands

5	 Department of Laboratory Medicine, Radboud University 
Medical Center, Nijmegen, The Netherlands

6	 Department of Pediatrics, University Hospital Leuven, 
Leuven, Belgium

7	 Department of Nephrology, Radboud University Medical 
Center, Nijmegen, The Netherlands

Key Points 

To assess the optimal treatment scheme and minimize 
unnecessary use of the highly expensive orphan drug eculi-
zumab, therapeutic drug monitoring should be performed.

Treatment algorithms, based on serum eculizumab levels 
and total complement activity (CH50), should be devel-
oped to guide individual dosing regimens.

1  Introduction

With orphan drug status in 2003 and approval in 2007, ecu-
lizumab (Soliris®) was the first drug targeting the comple-
ment system, specifically complement component C5 [1–3]. 
Since the approval of eculizumab, many trials have been 
conducted and various drugs targeting different proteins of 
the complement system are in the pipeline [4]. Until now, 
marketing authorization for eculizumab has been obtained 
for the treatment of paroxysmal nocturnal hemoglobinuria 
(PNH), atypical hemolytic uremic syndrome (aHUS), and 
refractory generalized myasthenia gravis (gMG) [1, 5, 6]. 
Noteworthy is the off-label use of eculizumab as a broad 
spectrum of other diseases (Table 1) [7].

Like other orphan drugs, costs as high as €500,000 per 
patient per year are associated with eculizumab therapy 
[8]. Consequently, eculizumab is considered one of the 
world’s most expensive drugs. Second, the burden for 
patients is considerable since eculizumab has to be admin-
istrated intravenously every 2 weeks, potentially for a life-
time. Third, there are large interindividual variations in 
pharmacokinetics (PK) [9, 10], and, lastly, treatment is not 
without risks. The most prominent risk is the susceptibility 
to infection with Neisseria meningitidis (meningococcus) 
[11]. Furthermore, evidence is accumulating regarding the 
potential (long-term) adverse effects of eculizumab, such 
as hepatotoxicity [12, 13].
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Taking these factors into consideration, the infinitesimal 
data regarding dose adaptations guided by either measur-
ing drug concentration or efficacy markers (complement 
system) is striking. In this review, we provide insight into 
the PK and pharmacodynamics (PD) of eculizumab, for 
both reported on- and off-label use. Furthermore, PK tar-
gets within different diseases are discussed to optimize 
dosing. To conclude, the possibility, and above all neces-
sity, of dose individualization will be discussed, together 
with the tools to achieve tailored patient care.

1.1 � The Complement System

The complement system is an important part of innate 
immunity and consists of three different pathways, all con-
verging at C3, the central complement component (Fig. 1). 
The classical pathway (CP) and lectin pathway (LP) are, 
respectively, triggered by antibodies (such as the case in 
gMG) and mannose-containing sugars on pathogens. The 
alternative pathway (AP) is unique since spontaneous auto-
activation is always present and can be further triggered by 
bacterial components such as lipopolysaccharide and bac-
terial toxins [14]. Activation of each pathway leads to the 
formation of the C3 convertase (C3bBb) which can cleave 

C3, leading to chemotaxis and opsonization with C3a and 
C3b, respectively. The generation of large amounts of C3b 
results in the formation of C5 convertase (C3bBbC3b). In 
turn, C5 convertase can cleave C5, thereby producing the 
second anaphylatoxin C5a, and C5b, which can bind com-
plement proteins C6, C7, C8 and C9 to form the end product 
of the complement system, the membrane attack complex 
or C5b-C9 (C5b-C9), which causes cell lysis (Fig. 1). Nor-
mally, the complement system is tightly controlled by regu-
latory proteins present in both the fluid phase and on the cell 
surface [14, 15].

1.2 � Pathogenesis of Complement‑Mediated 
Diseases

Together with our growing knowledge of the comple-
ment system and its role in different diseases, evidence has 
emerged for complement blockage with drugs. Eculizumab 
was approved by the European Medicines Agency (EMA) 
and US Food and Drug Administration (FDA) as standard 
treatment for PNH, aHUS and gMG in 2007, 2011, and 
2017, respectively [1, 6, 16, 17]. Eculizumab administration 
is reported in two disease situations: primarily in diseases 
resulting from complement dysregulation (e.g. PNH and 

Table 1   Reported use of eculizumab in light of pharmacokinetic and pharmacodynamic data

HSCT-TMA hematopoietic stem cell transplantation-associated thrombotic microangiopathy, Ig immunoglobulin
a Data on serum eculizumab (trough) levels were considered sufficient for pharmacokinetic data
b Data regarding serum eculizumab levels in relation to complement blockade

Disease Pharmacokinetic 
data availablea

Pharmacodynamic 
data availableb

References

Atypical hemolytic uremic syndrome Yes Yes [6, 9, 10, 52, 53, 56, 60, 
61, 75, 82, 86–92]

Paroxysmal nocturnal hemoglobinuria Yes Yes [1, 2, 16, 32, 42, 57, 59, 
68, 73, 74, 93–98]

Refractory generalized myasthenia gravis Yes Yes [5, 36, 99]
Shiga toxin producing Escherichia coli hemolytic uremic syndrome No No [29, 100]
Multifocal motor neuropathy Yes Yes [62]
Antibody-mediated kidney rejection No No [48, 101]
C3 glomerulopathy (including dense deposit disease) Yes No [22, 26]
Age-related macular degeneration Yes No [28, 102]
AQP4 IgG-positive neuromyelitis optica Yes [45]
Systemic lupus erythematosus Yes Yes [43]
HSCT-TMA Yes Yes [18, 25, 30]
Guillain-Barré No No [103]
Psoriasis Yes No [3]
Rheumatoid arthritis Yes Yes [3, 44, 73]
Dermatomyositis Yes No [46]
Idiopathic membranous glomerulopathy Yes Yes [3, 73]
Demyelinating neuropathy with CD59 p.Cys89Tyr mutation No No [104]
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aHUS) and subsequently in diseases with extensive com-
plement activation with inflammation (e.g. gMG) [18–30]. 
For the purpose of this review, the most prominent diseases 
with reported eculizumab therapy are described, in light of 
sufficient PK and PD data being available.

1.2.1 � Paroxysmal Nocturnal Hemoglobinuria

PNH is a rare form of acquired hemolytic anemia associ-
ated with high mortality and morbidity. It has an estimated 
incidence of one to two cases per million and usually affects 

Fig. 1   The complement sys-
tem, which consists of three 
pathways that all converge 
at C3. The classical pathway 
is depicted in the left upper 
quadrant, the lectin pathway is 
depicted in right upper quad-
rant, and the alternative path-
way is depicted in the middle on 
the right. After activation, C3 
convertases (C2aC4a or C3bBb) 
are formed, and subsequently 
C5 convertases (C2aC4bC3b 
or C3bBbC3b), resulting in the 
formation of the lytic pore and 
end product of the complement 
system (C5b-C9).To prevent 
overactivation, the complement 
system is tightly controlled by 
various complement regula-
tors such as factor H and factor 
I. Eculizumab is a human-
ized (chimeric) monoclonal 
antibody and is able to bind one 
or two C5 molecules, thereby 
preventing the cleavage of C5 
into C5a and C5b, and hence 
blocking formation of C5b-C9. 
Fb factor b, MAC membrane 
attack complex, MBL mannose 
binding lectin
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adult patients [31, 32]. PNH is caused by a non-malignant 
clonal expansion of hematopoietic stem cells containing a 
somatic mutation in a gene located on the X-chromosome 
called phosphatidylinositol glycan complementation class 
A [2]. As a result, affected stem cells are deficient of glyco-
syl phosphatidylinositol anchored proteins. In patients with 
PNH, clonal expansion results in the production of cells, 
such as erythrocytes, granulocytes and platelets, that lack the 
expression of glycosyl phosphatidylinositol anchored com-
plement regulatory proteins CD55 and CD59. Due to the 
absence of complement regulators CD55 and CD59, eryth-
rocytes are susceptible for complement activation on the cell 
surface, in particular causing hemolysis and thrombosis [15]. 
Before the era of eculizumab, thrombosis accounted for up 
to 65% of deaths, with a thrombosis incidence of 29–44% 
[31].

1.2.2 � Atypical Hemolytic Uremic Syndrome

Atypical HUS is a rare and severe form of thrombotic 
microangiopathy (TMA) resulting in mechanical hemolytic 
anemia, thrombocytopenia, and acute kidney injury [33]. 
Atypical HUS results from an uncontrolled overactivation 
of AP due to pathogenic mutations of, or acquired autoan-
tibodies directed against, complement regulatory proteins. 
This complement dysregulation causes endothelial activa-
tion and injury, resulting in platelet aggregation, formation 
of thrombi, and mechanical hemolysis. Atypical HUS has 
an estimated incidence of 0.23–0.42 cases per million and 
affects all ages, with a slightly higher incidence in childhood 
when compared with adults [34]. Although TMA affects pre-
dominantly the renal vasculature, extrarenal involvement is 
reported [33, 35]. Before the implementation of eculizumab, 
mortality was as high as 25% in the acute phase of the dis-
ease and over 50% of patients reached end-state renal disease 
after their first presentation.

1.2.3 � Refractory Generalized Myasthenia Gravis

Generalized MG is a rare and acquired form of neuromus-
cular autoimmune disorder. It occurs in the presence of anti-
bodies, and up to 80% is directed against the acetylcholine 
receptor at the postsynaptic membrane of the neuromus-
cular junction. Antibodies (immunoglobulin [Ig] G1 and 
IgG3 isotypes) are known to activate CP, ultimately leading 
to C5b-C9 deposition on the postsynaptic membrane, and 
consequently disruption of the acetylcholine receptors. Due 
to chemotaxis and cell lysis associated with complement 
activation, the postsynaptic membrane becomes less sen-
sitive to the released acetylcholine, hence nerve impulses 
will be inhibited [36–39]. Generalized MG has an estimated 
incidence of up to 10 per million, and patients experience 

progressive muscle weakness and fatigue. Due to respira-
tory failure, patients are frequently admitted to the intensive 
care unit, and, in the case of delayed intervention, this can 
eventually lead to death [36, 37].

1.2.4 � Hematopoietic Stem Cell Transplantation‑Associated 
Thrombotic Microangiopathy

Secondary TMA is frequently seen in patients after hemat-
opoietic stem cell transplantation (HSCT) [18]. Mimick-
ing aHUS, the complement system plays a crucial role in 
developing severe HSCT-TMA [18, 25, 40]. Particularly in 
patients presenting with severe HSCT-TMA, the mortality 
rate and severity of chronic sequelae are high. Severe TMA 
affects 20–30% of HSCT recipients and is characterized by 
proteinuria and elevated levels of sC5b-C9, in addition to 
TMA.

2 � Method

A literature search of both the PubMed and Embase elec-
tronic databases was performed in May 2017. The specific 
strings used for both search engines are rendered below. The 
main search terms were ‘eculizumab’, ‘pharmacokinetics’, 
and ‘pharmacodynamics’. In total, 73 and 766 articles were 
found in PubMed and Embase, respectively, and titles were 
screened by KW, followed by screening of the abstract and 
full text. We excluded languages other than English and 
Dutch (35), duplicates (65), case reports that included less 
than four cases (81), articles in which no full-text was avail-
able (19), and articles that did not include PK or PD data 
(526). Furthermore, we choose to focus on a limited number 
of diseases (namely PNH, aHUS, HSCT-TMA, and gMG). 
Miscellaneous articles were added to supply background 
information and additional PK and PD information as sup-
plied to the EMA and FDA.

2.1 � PubMed

((“Eculizumab” [Supplementary Concept]  OR 
eculizumab[tiab] OR soliris[tiab]) AND (“pharmacology” 
[Subheading] OR “Pharmacology, Clinical”[Mesh] OR 
“Pharmacokinetics”[Mesh] OR “Drug Interactions”[Mesh] 
“Dose-Response Relationship, Drug”[Mesh] OR 
Pharmaco*[tiab] OR exposure*[tiab] OR drug 
monitoring[tiab] OR drug concentration*[tiab] OR tar-
get concentration*[tiab] OR clinical pharmacolog*[tiab] 
OR drug interact*[tiab] OR adverse effect*[tiab] OR 
adverse event*[tiab] OR adverse drug event*[tiab] OR 
contraindication*[tiab] OR contra-indication*[tiab] OR 
dose-response[tiab]))
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2.2 � Embase

[Adverse Drug Reaction, Drug Administration, Drug Con-
centration, Drug Dose, Drug Therapy, Drug Toxicity, Intra-
venous Drug Administration, Pharmaceutics, Pharmacoki-
netics, Pharmacology]

(exp eculizumab/ae, ad, cr, do, dt, to, iv, pr, pk, pd) OR 
(Eculizumab OR soliris).ti,ab,kw.

AND exp drug exposure/ or exp drug safety/ or exp phar-
macodynamics/ or exp pharmacokinetics/ or exp clinical 
pharmacology/ or pharmacokinetic*.ti,ab,kw. or pharma-
codynamic*.ti,ab,kw. or drug interact*.ti,ab,kw. or adverse 
effect*.ti,ab,kw. or adverse event*.ti,ab,kw. or adverse drug 
event*.ti,ab,kw. or contraindication*.ti,ab,kw. or contra-
indication*.ti,ab,kw. or dose-response.ti,ab,kw.

3 � Pharmacokinetic (PK) Properties 
of Eculizumab

Eculizumab (Soliris®, Alexion Pharmaceuticals, Inc., New 
Haven, CT, USA) is a humanized chimeric monoclonal 
antibody consisting of a human framework build of IgG2 
and IgG4 composed of variable regions of murine origin 
(Fig. 1). The eculizumab dose depends on the indication 
and weight of the patient (dose adjustment for patients with 
a body weight < 40 kg). The PK of eculizumab in healthy 
subjects have not been studied [41]. In 1999, phase I stud-
ies were performed in rheumatoid arthritis (RA; C97-001-
01) and systemic lupus erythematosus (SLE; C97-002-01) 
patients, followed by phase II multiple-dose studies in 2002 
conducted in patients with RA (C01-004), idiopathic mem-
branous glomerulopathy (IMG, C99-004), and PNH (C02-
001). Pilot studies have also been performed in patients 
with dermatomyositis (C99-007) and psoriasis (C99-007) 
[42–48].

3.1 � Absorption, Distribution, Metabolism, 
and Excretion

The characteristics of eculizumab are similar to other 
monoclonal antibodies. Eculizumab is administered as an 
intravenous infusion in 25–45 min, with a maximum of 2 h 
and 4 h in patients > 12 and < 12 years of age, respectively 
(see Table 2 for different dosage regimens for each disease) 
[41]. After intravenous administration, eculizumab is pri-
marily distributed in blood plasma. Limited distribution in 
cerebrospinal fluid has been described, with concentrations 
5000-fold lower than in plasma [45]. Distribution to other 
tissues has not been described in human studies. In vivo ani-
mal studies and in vitro studies with normal human tissues 

showed intracellular distribution to a wide variety of cells, 
consistent with expected C5 localization.

As described for other monoclonal antibodies, eculi-
zumab is internalized by either pinocytosis or binding to 
the Fcγ receptor, and is subsequently degraded by lysosomes 
to peptides and amino acids. Recycling of eculizumab can 
occur via binding to the neonatal Fc receptor (FcRn). How-
ever, the eculizumab–C5 complex does not dissociate effi-
ciently in the endosome. Hence, eculizumab catabolism is 
mainly driven by target-mediated drug disposition [49]. 
Eculizumab contains no known active metabolites [41, 50, 
51]. Due to its molecular size, eculizumab is not excreted 
in urine, except in patients with heavy proteinuria, where 
eculizumab concentrations as high as 56 µg/ml have been 
detected [52, 53].

3.2 � Eculizumab Population PK Analysis

The eculizumab concentration in serum depends on vari-
ous factors. The dose is based on weight and the underlying 
disease, with the exception of patients with a body weight 
< 40 kg; this group receives a weight-based regimen. To 
identify the optimal dose of eculizumab necessary to block 
complement, six single-dose studies were performed in 
patients with RA (C97-001-01) and SLE (C97-002-01) 
[3]. Patients were infused with a single dose, ranging 
from 0.1 to 8 mg/kg of eculizumab in 30 min (Tables 3, 
4). As reported in the scientific discussion of the EMA, 
these single-dose studies in RA patients yielded a mean 
clearance (CL) of 0.26 ml/kg/h, with a central volume of 
distribution (Vd1) of 15 ml/kg and peripheral volume of 
distribution (Vd2) of 20 ml/kg [42]. The estimated Vd 
at steady state was calculated at 35 ml/kg, and, with this 
Vd, the estimated half-life was 93 h (3.9 days). The area 
under the curve (AUC) was calculated at 24,467.6 µg·h/
ml. A twofold increase in the eculizumab dose from 4 to 
8 mg/kg in RA and SLE yielded an increase of 60% and 
15% in mean maximum concentration (Cmax), respectively 
(Table 3). Furthermore, the AUC increased by 70% and 
103% in RA and SLE, respectively (Table 3). Both distri-
bution and half-life were dose-dependent (Table 3) [3, 42]. 
One highly interesting observation was the presence of a 
second peak after 2 days postdose, which was most likely 
related to drug recycling from the endosome back into the 
bloodstream, as described for other monoclonal antibodies 
[54]. This peak is most often seen in single-dose, phase 
I or II studies due to timing of blood sampling, which is 
more frequent. The concentration of this second peak is 
minimal compared with the first peak and does not impact 
the overall drug exposure or complement inhibition; thus, 
it is presumed not to be therapeutically significant (Alex-
ion, personal correspondence) [54].
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Table 2   Dosage scheme in different patient populations

aHUS atypical hemolytic uremic syndrome, CH50 classical pathway inhibition, gMG generalized myasthenia gravis, HSCT hematopoietic stem 
cell transplantation, PNH paroxysmal nocturnal hemoglobinuria, sC5b-C9 soluble C5b-C9, TMA thrombotic microangiopathy
a Within 72 h when sC5b-C9 is > 244 ng/mL, when CH50 was no longer suppressed, or after 7 days. In case of the remaining complement activ-
ity (CH50 > 10% and elevated sC5b-C9, the dose should be increased by 300 mg/dose to a maximum of 1200 mg/dose [18]

Patient group Induction Maintenance

PNH 600 mg every week for 4 weeks 900 mg in the fifth week, every 14 days thereafter
aHUS-gMG 900 mg every week for 4 weeks 1200 mg in the fifth week, every 14 days thereafter
 Pediatric population PNH and aHUS < 40 kg
  30 to < 40 kg 600 mg every week for 2 weeks 900 mg in the third week, every 14 days thereafter
  20 to < 30 kg 600 mg every week for 2 weeks 600 mg in the third week, every 14 days thereafter
  10 to < 20 kg 300 mg once 300 mg in the second week, every 14 days thereafter
  5 to < 10 kg 300 mg once 300 mg in the second week, every 21 days

HSCT-TMA 900 mg, second dose when:a 1200 mg every 2 weeks, when steady CH50 suppression is achieved and TMA 
parameters, together with sC5b-C9 levels, normalize

 Pediatric population < 40 kg
  30 to < 40 kg 600 mg second dose whena 900 mg every 2 weeks, when steady CH50 suppression is achieved and TMA 

parameters, together with sC5b-C9 levels, normalize
  20 to < 30 kg 600 mg second dose whena 600 mg every 2 weeks, when steady CH50 suppression is achieved and TMA 

parameters, together with sC5b-C9 levels, normalize
  10 to < 20 kg 600 mg second dose whena 300 mg every 2 weeks, when steady CH50 suppression is achieved and TMA 

parameters, together with sC5b-C9 levels, normalize
  5 to < 10 kg 300 mg second dose whena 300 mg every 2 weeks, when steady CH50 suppression is achieved and TMA 

parameters, together with sC5b-C9 levels, normalize

Table 3   Non-compartmental analysis

aHUS atypical hemolytic uremic syndrome, AUC​∞ area uder the curve from time zero to infinity, Cmax maximum concentration, Ctrough trough 
concentration, PT plasmatherapy, RA rheumatoid arthritis, SD standard deviation, SLE systemic lupus erythematosus

Population No. of 
partici-
pants

Eculizumab 
dosage (mg/
kg)

Clearance 
(ml/h) ± SD

Central 
volume of 
distribution 
(ml) ± SD

AUC​∞ (µg·h/
ml) ± SD

Cmax (µg/
ml) ± SD

Ctrough (µg/
ml) ± SD

Half-life 
(h) ± SD

References

RA (C97-
001)

6 4 16.2 ± 7.2 7500 ± 4700 22,200 ± 13,700 111 ± 53 Unknown 281 ± 298 [3]

RA (C97-
001)

6 8 20.3 ± 7.2 5000 ± 3600 37,800 ± 5900 182 ± 19 Unknown 197 ± 198 [3]

SLE (C97-
002)

3 4 19.3 ± 5.2 4200 ± 1500 15,600 ± 5000 139 ± 25 Unknown 162 ± 88 [3]

SLE (C97-
002)

3 8 19.1 ± 8.1 3900 ± 1800 31,600 ± 9100 160 ± 10 Unknown 141 ± 6 [3]

aHUS 
patients 
with PT 
(C08-003, 
C09-001r)

48 See Table 2 3660 Unknown Unknown Unknown Unknown 1.26 [56, 61]

Pediatric 
aHUS 
patients 
(C10-003)

22 See Table 2 10.4 5230 Median 
141,741.4 
(range 
43,652.9–
261,814.4)

515.4 (range 
264.7–
1094.4)

256.7 (range 
50.2–
531.1)

290 [60]
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Multiple-dose studies were conducted in three patient 
groups with RA (C01-004), IMG (C99-004), and PNH (C02-
001). With the use of a two-compartment model, PK param-
eters were calculated (see Table 4). At therapeutic doses, 
eculizumab shows linear PK, indicating saturation of the 
drug target [42].

The population PK of eculizumab in PNH patients have 
previously been described using a one-compartment model 
(Table 4). CL was estimated to be 0.3 ml/kg/h, with a Vd of 
110.3 ml/kg, which was slightly larger than the estimated 
serum volume of patients [3]. The elimination rate (K) was 
0.0028 l/h, which resulted in a half-life of approximately 
271.7 h (11.3 days). Of note, in the study by de Latour et al., 
trough concentration (Ctrough) varied from 18 to 643 µg/ml 
and half-life was highly variable, ranging from 4 to 21 days 
[55]. In PNH, eculizumab Ctrough measured at week 26 was 
97 ± 60 µg/ml. Ctrough levels remained stable during the 
maintenance phase (see Table 2 for the dosing regimen) [3, 

56]. During the follow-up of patients in both pivotal trials 
(extension study, E05-001), Ctrough concentrations < 35 µg/ml 
were repeatedly observed in 10% of patients; this correlated 
with rapid eculizumab CL > 0.4 ml/kg/h or a shorter half-
life < 130 h. In half of the patients, breakthrough hemoly-
sis was successfully treated by decreasing the eculizumab 
dosing interval. Overall, 10% of patients needed frequent 
changes in dosing interval to sustain remission [57].

In the group of aHUS patients, PK were best described 
using a one-compartment model. In total, 57 patients from 
C08-002A/B, C08-003 A/B, and C09-001r were included 
in the analysis (see Tables 3 and 4). CL was estimated at 
0.2 ml/kg/h and Vd was 87.7 ml/kg. Ctrough concentrations 
measured at week 26 in aHUS were 242 ± 101 µg/ml, with 
an estimated half-life of 291 h (12.1 days) [56]. PK data of 
both prospective trials (C08-002 A/B and C08-003 A/B) 
showed Ctrough levels of 93 and 113 µg/ml, respectively, in 
adults, and 104 and 109 µg/ml, respectively, in adolescent 

Table 4   Population pharmacokinetic analyses

aHUS atypical hemolytic uremic syndrome, CI confidence interval, gMG generalized myasthenia gravis, HSCT-TMA hematopoietic stem cell 
transplantation-associated thrombotic microangiopathy, IMG idiopathic membranous glomerulopathy, NA not applicable, PNH paroxysmal noc-
turnal hemoglobinuria, RA rheumatoid arthritis, RSE relative standard error, SD standard deviation, SLE systemic lupus erythematosus, Vd vol-
ume of distribution

Population No. of 
partici-
pants

Clear-
ance (ml/
kg/h ± SD)

Central 
volume of 
distribution 
(ml/kg ± SD)

Peripheral 
volume of 
distribution 
(ml/kg ± SD)

Intercom-
partmental 
clearance 
(ml/kg/h)

Elimination 
constant (1/h)

Half-life 
(h) ± SD

Effect of 
weight 
on Vd

References

RA (C97-
001)

10 0.262 15.04 20 Unknown Unknown 92.9 NA [42]

RA (C97-
001)

121 0.3 ± 0.12 12.7 ± 8.54 42.3 ± 9.7 0.54 ± 0.16 Unknown Unknown NA [73]

SLE (C97-
002)

6 0.3 ± 0.11 18.7 ± 4.8 20.6 ± 10.84 0.59 ± 0.56 Unknown Unknown NA [73]

RA (C01-
004)

111 0.230 12.5 44.4 Unknown Unknown 131.33 NA [42]

IMG (C99-
004)

71 0.41 ± 0.14 64.9 ± 31.5 149.5 ± 44.92 0.21 ± 0.17 Unknown Unknown NA [73]

PNH (C02-
001)

11 0.25 ± 0.069 32.5 ± 16.5 26.5 ± 7.37 0.21 ± 0.06 Unknown Unknown NA [73]

PNH (C04-
001)

40 0.311 ± 0.13 110.3 ± 17.9 NA NA 0.0028 ± 0.0008 271.7 ± 81.6 NA [73]

gMG (ECU-
MG-301, 
C08-001)

75 7.37 ml/kg 
[95% CI 
6.62–8.2]

2210 ml 
[95% CI 
1940–
2530]

2400 ml 
[95% CI 
2040–2820]

182 ml/h 
[95% CI 
73.3–454]

Unknown Unknown 0.634 
[95% 
CI 
0.494–
0.774]

[5]

aHUS 
(C08-002, 
C08-003, 
C09-001r)

57 0.208 87.7 NA NA Unknown 291 NA [56, 61]

HSCT-TMA 18 1.4 (RSE of 
9%)

81.7 (RSE of 
21%)

NA NA Unknown Unknown NA [18]
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patients. The AUC during the maintenance phase in both 
trials was 77,693 µg·h/ml and 104,228 µg·h/ml, respectively, 
in adults, and 104,228 µg·h/ml and 99,956 µg·h/ml, respec-
tively, in adolescents. The observed Cmax was up to 431 µg/
ml [56].

The PK properties of eculizumab in gMG were best 
described using a two-compartment model (see Table 4) 
[5, 38, 58]. Data from two studies were combined to best 
describe the PK. Fourteen participants from a double-blind, 
placebo-controlled, randomized, crossover trial (C08-001) 
and 126 participants from a double-blind, placebo-con-
trolled, randomized trial (ECU-MG-301) were included in 
the analysis. CL was estimated at 0.09 ml/kg/h, with a Vd1 
of 27.6 ml/kg and Vd2 of 30 ml/kg (median weight of 80 kg 
in the eculizumab arm). Eculizumab Ctrough concentrations 
were approximately twofold different at steady state when 
comparing both studies. Following a maintenance dose of 
1200 mg, Cmax and Ctrough levels reported at week 26 were 
738 ± 288 µg/ml and 341 ± 172 µg/ml. Interindividual vari-
ability was high, and CL and Vd were up to 42% and 24%, 
respectively [5, 58].

Finally, another study assessed the PK properties of 
eculizumab in patients with HSCT-TMA. Eculizumab CL 
ranged from 0.23 to 3.39 mL/kg/h during the induction 
phase. Important to note is the high number of erythrocyte 
and platelet transfusions due to severe and persistent gastro-
intestinal bleeding, which explains the high CL rate. At the 
fifth week, CL decreased to a mean CL (± standard devia-
tion [SD]) of 0.35 ml/kg/h (± 0.25). PK modeling with a 
one-compartment model of eculizumab therapy in HSCT 
recipients showed a high variability of eculizumab CL of 
1.4 ml/kg/h (relative standard error 9%), especially within 
the first weeks of treatment [18].

3.3 � Factors Influencing Eculizumab Concentrations

Several covariates have been identified to impact the PK of 
eculizumab, including age, weight, C5 concentrations, C5b-
C9 concentrations, human anti-human antibodies (HAHAs), 
plasma exchange therapy, and pregnancy. The impact of 
these covariates will be discussed in the next paragraphs.

3.3.1 � Effect of Age and Weight

The most important covariate is body weight of the patient, 
especially in the pediatric population [9]. Consequently, in 
patients with a body weight < 40 kg, the eculizumab dose 
scheme is adjusted. Eculizumab PK in children have been 
investigated in two open-label studies, in both PNH (n = 7) 
and aHUS (n = 22) patients [59, 60].

In the open-label, phase I/II study (M07-005) conducted in 
seven PNH patients ranging in age from 11 to 17 years, patients 
received eculizumab according to the standard protocol 

(600 mg weekly for 4 weeks, followed by 900 mg at week 
5 and every 14 days thereafter). Eculizumab concentrations 
reached a plateau after 4 weeks. After 12 weeks, the median 
Ctrough concentrations were 192.5 µg/ml (range 124.2–321.1), 
with a median Cmax of 425.4 µg/ml (220.5–556.1) [59]. No 
data regarding CL and Vd were described.

Based on population PK analysis of the three pivotal 
trials of aHUS (C08-002, C08-003, and C09-001r), CL 
(± SD) per weight category (> 40, 30–40, 20–30, 10–20, 
and 5–10 kg) was estimated at 15.1 (± 6.5), 7.6, 6 (± 1.46), 
5.49 (± 0.24), and 3.6 (± 1.3) ml/h, respectively, resulting 
from an allometric relationship between weight and CL 
[56]. Furthermore, in the prospective, open-label, non-
randomized, single-arm C10-003 trial, 22 pediatric aHUS 
patients > 1 month of age and a body weight of 4.9 kg were 
included [60]. Median weight was 20 kg (range 7–95 kg). 
Patients received different doses of eculizumab, with an 
interval of 14–21 days based on weight, as described in the 
summary of product characteristics [61]. CL and Vd were 
0.54 ml/kg/h and 261.5 ml/kg (based on a median weight 
of 20 kg), respectively [60]. Overall, patients had a Cmax of 
515.4 µg/ml (range 264.7–1094.4) and Ctrough of 256.7 µg/
ml (range 50.2–531.1), which is higher than in the adult 
population. The elimination half-life was 290 h (12 days). 
Overall, patients had a median AUC of 141,741.4 µg.h/ml 
(range 43,652.9–261,814.4) at steady state. The power func-
tion of body weight on CL and Vd was estimated at 0.796 
(95% confidence interval [CI] 06–0.99) and 0.715 (95% CI 
0.59–0.84), respectively. Eculizumab appeared safe and 
effective in pediatric patients [41, 60].

3.3.2 � C5 Concentration

One eculizumab molecule can bind two C5 molecules. Since 
eculizumab–C5 complexes are not recycled via FcRn, C5 
levels influence the target-mediated drug disposition of 
eculizumab. C5 levels are approximately 80–110 µg/ml in 
healthy controls, but are highly variable per individual and 
per time point depending on the underlying disease and the 
amount of complement activation [10].

3.3.3 � Soluble C5b‑9 Levels

Three articles were recently published suggesting that 
soluble C5b-9 (sC5b-C9) levels may impact eculizumab 
exposure [10, 18, 52]. Since eculizumab is capable of not 
only binding C5 but also sC5b-C9 with lower affinity, it is 
physiologically plausible that increased levels of sC5b-C9 
at the initiation of therapy correlate with lower eculizumab 
concentrations. Jodele et al. even showed that pretreatment-
measured sC5b-C9 levels correlated with eculizumab CL 
[18].
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3.3.4 � Intravenous Administration of Immunoglobulins

Monoclonal antibodies can be cleared via non-specific 
endocytosis and uptake via Fcγ receptors on phagocytes; 
however, they are protected intracellularly from degradation 
by the FcRn. In case of saturation of this FcRn, due to, for 
example, a high load of immunoglobulins, increased elimi-
nation of monoclonal antibodies can occur [50]. A study 
performed in patients with multifocal motor neuropathy, 
who were treated with eculizumab according to PNH proto-
col, and concomitant intravenous immunoglobulins (IVIgs), 
showed a significantly lower eculizumab Ctrough. Eculizumab 
concentrations were measured in patients who received IVIg 
therapy, and a median of 79 µg/ml (interquartile range [IQR] 
55–108) was reported, versus 120 µg/ml (IQR 96–147) in 
patients who did not receive IVIg [62]. No statistical sig-
nificance was observed in hemolytic complement activity, 
although more patients with IVIg had detectable total com-
plement activity > 20% [62].

3.3.5 � Human Anti‑human Antibodies

As with any humanized antibody therapy, the risk of devel-
oping (neutralizing) HAHAs is present. Analysis of a cohort 
of 75 PNH patients with a median of 7.5 years of eculizumab 
therapy revealed no HAHAs [63]. In the TRIUMPH trial, 
one patient developed HAHAs, however this did not seem 
to affect eculizumab therapy [1]. One aHUS patient aged 
30 months was reported as developing HAHAs; this patient 
had inadequate Ctrough (17.1 µg/ml), ongoing hemolytic 
activity, and non-responsive TMA after the start of treat-
ment [60].

3.3.6 � Plasma Infusion and Exchange

As expected, plasma exchange and plasma infusion have a 
clear influence on the CL of eculizumab, and subsequently 
led to a marked reduction in half-life (see Table 3). CL 
was measured in aHUS patients with plasma exchange and 
increased from 14.6 to 3660 ml/h, with an estimated half-life 
of 1.26 h. Therefore, it is recommended to supplement an 
extra dose of eculizumab (600 mg, unless the patient only 
received 300 mg in the maintenance phase, and then only 
300 mg of supplementation) within 60 min after plasma 
exchange. In case of infusion of fresh frozen plasma, it is 
recommended to administer 300 mg, in addition to the nor-
mal dose, 60 min prior to infusion [41, 58].

3.3.7 � Effect of Pregnancy

No formal PK studies have been performed for pregnant 
women receiving eculizumab. Different articles and case 
reports describe the use of eculizumab in pregnant women 

with either PNH or aHUS [64–70]. Kelly et al. reported 
therapeutic concentrations of eculizumab measured in two 
of three PNH patients, without detectable eculizumab in 
cord blood and breast milk [68]. Furthermore, Servais et al. 
described five pregnancies in three aHUS patients receiv-
ing eculizumab, and, as similarly reported by Kelly et al., 
no eculizumab was detected in cord and neonatal blood; 
however, the eculizumab dose had to be increased in two 
patients, as high as 1800 mg every 2 weeks, to maintain 
complement blockage. Both patients showed signs of partial 
blockage in the first trimester [69]. In contrast to the pre-
viously discussed studies in a cohort of 61 pregnant PNH 
patients, in 35% of the cord blood samples eculizumab con-
centrations were detectable, ranging from 11.8 to 21.2 µg/
mL, which is in contrast to the breast milk samples where 
eculizumab was not detectable [70]. Moreover, pregnancy 
was associated with lower, and even inadequate, Ctrough lev-
els of eculizumab. Of the 61 patients evaluated, half needed 
an increased dose of eculizumab [70].

4 � Pharmacodynamic (PD) Properties 
of Eculizumab

Formal dose and concentration response studies were not 
performed in any of the patient groups reported below. Data 
from various clinical trials were used to assess the efficacy 
and exposure–response of eculizumab; however, only 
the data published regarding PD in relation to PK will be 
described in this review.

4.1 � Monitoring of Eculizumab Therapy

In all trials conducted by the pharmaceutical company, 
hemolytic activity was used to determine the PD properties 
of eculizumab [6, 60]. Hemolytic activity reflects total com-
plement activity (reported as CH50) by testing the capacity 
of patient serum to lyse sheep or chicken erythrocytes coated 
with antibodies. In case of a functional complement system, 
the CP will be activated, subsequently leading to C5b-C9 
deposition on the erythrocytes and thus causing hemolysis. 
CH50 levels correlated with eculizumab serum trough lev-
els, and a completely blocked complement (no hemolytic 
activity measured) was the aim of treatment.

It is important to realize that besides the classical hemo-
lytic assay based on lysis of erythrocytes, various other 
assays have been introduced to measure CH50. Further-
more, C5 function and AP activity (AP50) are also reported 
as a marker of eculizumab effectiveness [71]. In case of 
eculizumab levels > 100 µg/ml, undetectable CH50, AP50, 
and normal C5 levels with inhibited C5 function have been 
reported [71]. There are different (commercial) assays 
available to measure these markers, of which the so called 
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‘Wieslab’ ELISA is quite commonly used. However, more 
studies are needed to explore the relation between AP50 and 
eculizumab trough levels since AP50 levels are not totally 
suppressed despite high eculizumab levels [71, 72].

4.2 � Exposure–Effect Relationship of Eculizumab

The exposure–effect relationship in the phase I and II trials 
in RA, SLE, and IMG patients was mainly evaluated using 
the serum hemolytic activity to assess complement inhibi-
tion [3]. The results of the single-dose studies in RA (C97-
001) and SLE (C97-002) showed a concentration-dependent 
inhibition of hemolytic activity, with an inverse relation-
ship between eculizumab concentration and C5 comple-
ment blockade. Hemolytic activity was completely blocked 
within 15 min in almost all patients who received a 2.0 mg/
kg dose, but hemolytic activity reappeared within 2 days. 
By increasing the dose to 4 or 8 mg/kg, complement activ-
ity was completely suppressed for 7–14 and 11–21 days, 
respectively. Complete blockade of complement hemolytic 
activity was measured at eculizumab concentrations as low 
as 29–55 µg/ml and 11–35 µg/ml in RA and SLE patients, 
respectively [3].

The maximum PD effect was modeled using a maximum 
effect (Emax) model using the above-described data from RA 
patients pooled with data of IMG and PNH patients, with 
a half maximal effective concentration (EC50) of 43 µg/ml 
(95% CI 39.04–47.78) [3]. Since eculizumab concentrations 
are reported in both the bound to C5 and unbound propor-
tion of eculizumab, this could indicate an overestimation 
of the required eculizumab concentration for complement 
blockade [73]. The EMA scientific report using pooled data 
from all single- and multiple-dose studies (performed in 
various patient populations) suggested that an eculizumab 
serum concentration of 35 µg/ml is sufficient to completely 
block complement activation. Hence, the dosing schedule 
of 600 mg in the initiation phase, followed by 900 mg every 
2 weeks, was selected as the most optimal dosing regimen to 
suppress complement inhibition in almost all PNH patients 
(Table 2) [3, 42].

Nonetheless, based on a meta-analysis of data from 177 
PNH patients, a higher target exposure was recommended 
for patients with aHUS. In this cohort of PNH patients, some 
patients (up to 10%) had remaining complement activity [16, 
57]. It was expected that this residual activity could result in 
clinical manifestations in the aHUS patient group. The main 
expected clinical manifestations reported were the potential 
rapid loss of kidney function in case of insufficient block-
age, with ongoing active TMA [61]. In the FDA approval 
package, an analysis is shown that describes the necessity of 
a minimal eculizumab concentration of 50 µg/ml to achieve 
a > 90% decrease in free C5 [56]. Hence, in aHUS patients, 

higher eculizumab concentrations of 50–100 µg/ml for com-
plete complement blockade are recommended (Table 2).

4.2.1 � Paroxysmal Nocturnal Hemoglobinuria

Different trials, i.e. C02-001 (n = 11), TRIUMPH (n = 43) 
and SHEPHERD (n = 97), as well as the extension trial 
comprising all previously reported patients (E05-001), 
reported efficacy of eculizumab in PNH [1, 2, 74]. To assess 
PD properties, serum hemolytic activity was evaluated. 
Unfortunately, both the TRIUMPH and SHEPHERD trials 
mentioned the use of the serum hemolytic assay, however 
no values were reported [1, 16]. Eculizumab concentra-
tions in relation to hemolytic activity were only described 
in the extension trial. In total, 43 patients from the TRI-
UMPH trial and 97 patients from the SHEPHERD trial 
were included. Overall, 36% of patients had eculizumab 
concentrations < 35 µg/ml after the first infusion of eculi-
zumab [57], of whom 36% and 74% exhibited hemolytic 
activity (> 20%). During the follow-up period, Ctrough con-
centrations < 35 µg/ml were repeatedly observed in 14 (10%) 
patients. In half of these patients, complement activity was 
blocked by decreasing the interval between administrations. 
In total, 21 patients from the entire population experienced 
a median of 22 decreases in dosing interval [57].

Reiss et al. described the results of a phase I/II study in 
seven pediatric PNH patients, all > 11 years of age. Eculi-
zumab concentrations > 124 µg/ml correlated with complete 
complement blockade. The Cmax and Ctrough concentration, 
together with the AUC of eculizumab, were associated with 
a change in lactate dehydrogenase (LDH) [59].

de Latour et al. assessed the efficacy of eculizumab in 22 
PNH patients [55]. The association between CH50 and LDH 
was assessed using a linear mixed model with intercept and 
slope for therapy duration. The association between CH50 
and eculizumab was analyzed using generalized linear models 
with logistic link function. Suboptimal eculizumab concentra-
tions (< 35 µg/ml) were reported in 5% of the samples. Fur-
thermore, CH50 measured in these patients (median follow-up 
of 13 months, with a minimum of 6 months of treatment) 
showed a CH50 > 10% in 49% of patients prior to the next 
eculizumab administration. Complete blockade of comple-
ment (CH50 < 10%) was associated with lower LDH levels 
(longitudinal Tobit regression model). An increase in CH50 
by 1.4% per 100 U/L (95% CI 0.03–2.7) increase of LDH was 
observed. All patients with eculizumab serum levels > 150 µg/
ml did not experience breakthrough hemolysis [55].

4.2.2 � Atypical Hemolytic Uremic Syndrome

To analyze the efficacy of eculizumab in aHUS, free C5 is 
used as a read-out. In both prospective studies (C08-002 and 
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C08-003), a median reduction of 50 and 62%, respectively, 
was observed in C5 activity, and eculizumab Ctrough levels 
> 50 µg/ml correlated with a decrease in free C5 by > 90% 
[56]. CH50 levels were either reduced or were undetect-
able after 7 days of therapy [56]. After 24 weeks, complete 
inhibition of complement activity was reported in all partici-
pants; however, no specific values were reported regarding 
complement activation and eculizumab concentrations [6, 
75]. A prospective study in pediatric aHUS patients (C10-
003) did not report complement inhibition data, only that all 
patients showed signs indicative of complement inhibition 
after 24 h [60].

Gatault et al. described a concentration–effect relationship 
in seven aHUS patients and two PNH patients treated with 
eculizumab. With the regression technique (A = 20.6 × exp 
(−0.083 × C), the relation between hemolytic activity and 
PK was described. No lysis was detected when Ctrough levels 
were > 20 µg/ml, using a CH50 SPAPLUS kit that measures 
liposome lysis. However, Gatault et al. state that this assay 
is less sensitive and is hence not recommended. They also 
used an ELISA kit to measure C9, to detect low to moderate 
depression of complement activity that corresponds with 
CH50. Complement activity was detected with this assay 
when Ctrough levels were < 59 µg/ml [9].

4.2.3 � Other Populations

Jodele et al. described the correlation–effect relationship 
between eculizumab concentrations and CH50 levels in 
365 paired samples of 18 patients with HSCT-TMA [18]. 
The eculizumab concentration necessary to fully block 
complement activation (CH50 < 10%) was determined with 
a receiver operating characteristic (ROC) curve to maximize 
the Youden’s Index (specificity + sensitivity − 1). Eculi-
zumab levels > 99 µg/ml were associated with a suppressed 
CH50 [18]. PD data are sporadically reported for gMG. An 
EMA assessment report describes the population PK/PD 
analysis, with free C5 as the target engagement and hemo-
lytic activity for proof of pharmacology [5].

5 � Covariates for Eculizumab PD

In some patients with PNH or aHUS, a suboptimal (defined as 
persistent disease activity) response to eculizumab is described 
despite adequate eculizumab concentrations and suppression 
of CH50. Various potential mechanisms have been proposed 
to explain this phenomenon. Although CH50 is suppressed, 
sC5b-C9 levels can remain elevated, indicating ongoing com-
plement activation. Another possibility could be the decreased 
CL of sC5b-C9 complexes due to the binding of eculizumab 
to C5b [71].

In patients with PNH, long-term studies revealed break-
through hemolysis during maintenance therapy, and half of 
all patients had insufficient blockage of complement prior to 
the next infusion [55]. Different etiologies could be the cause 
of this ongoing hemolysis. The most prominent etiologies are 
considered to be C3 opsonization of erythrocytes, making 
them more vulnerable to hemolysis, and insufficient C5 block-
age by either inadequate Ctrough levels or in case of strong com-
plement activation [76, 77]. Multiple studies have described 
ex vivo detection of hemolytic activity, indicating ongoing 
complement activation, despite eculizumab treatment with 
adequate Ctrough levels. Besides discordant results between dif-
ferent assays used in the clinics, remaining hemolytic activity 
could persist in light of strong complement activation [76]. 
Careful characterization and monitoring of these patients is 
necessary to understand this mechanism [76].

Nishimura et al. described 11 PNH patients (3.2% of the 
PNH population receiving eculizumab) with a poor response 
to eculizumab [78]. Despite adequate Cmax and Ctrough concen-
trations, patients had ongoing hemolysis, and all had a single 
missense C5 heterozygous sequence variant c.2654G → A, 
which corresponds to the polymorphism p.Arg885His. This 
genetic variant prohibits the binding of eculizumab to C5, and 
subsequently C5 capacity to form the lytic C5b-C9 remains 
present. Further screening revealed the same prevalence of 
this variant among healthy controls in Japan [78]. Separately, 
an Asian PNH patient with poor response to eculizumab had 
a c.2653C → T mutation in C5, which predicts p.Arg885Cys. 
Both mutations were not found in a cohort of 220 Chinese 
PNH patients and 259 healthy controls [79]. Schatz-Jakobsen 
et al. investigated the structural changes in C5 as a conse-
quence of these mutations. Due to the replacement of argi-
nine by histidine or cysteine, the arginine-binding pocket is too 
small and hence eculizumab cannot bind to C5 [80].

5.1 � Incremental Value of Therapeutic Drug 
Monitoring of Eculizumab Therapy

We have reviewed the basic pharmacology of eculizumab in 
all diseases for which this drug is currently licensed. Next, 
we described the PK and PK–PD relations, as well as covari-
ates that impact both the PK and PD. Striking is the high 
interindividual variation. We advocate for an individualized 
approach to provide the best tailored care.

We hypothesize that by performing therapeutic drug 
monitoring (TDM), one could adjust the dose and/or dos-
ing intervals and thereby maximize treatment response and 
reduce treatment costs. As an illustration, we performed 
a simulation study of the effect of TDM of eculizumab 
in PNH patients. We simulated a population of 1000 vir-
tual adult patients based on the population PK and PD of 
eculizumab in PNH patients as described by the pharma-
ceutical company, with an average body weight of 70 kg 
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(20% variation) [73]. After simulation of the virtual indi-
viduals, the individual PK parameters for each individual 
were used to predict the steady-state exposure after dose 
adaptation. We simulated the PK of eculizumab at steady 
state (after 8 weeks of standard treatment, including the 
induction phase) and applied a protocol for TDM based on 
the measurement of the steady state Ctrough, using the fol-
lowing algorithm: the absolute dose at each administration 
(900 mg) remained the same, but the dosing interval was 
adjusted, based on the measured Ctrough levels. When Ctrough 
levels were below the target of 30 µg/ml, we decreased 
the dosing interval from 2 weeks to 1 week. When the 
Ctrough was between 30 and 90 µg/ml, the usual 2-week 
interval was maintained. At higher exposure, the dosing 
intervals were extended: a Ctrough of 90–120 resulted in a 
3-week dosing interval, a Ctrough between 120 and 210 µg/
ml resulted in a 4-week interval, and a Ctrough > 210 µg/ml 
resulted in an interval of 5 weeks. The results of the simu-
lation are presented in Fig. 2, where the predicted Ctrough 
and associated inhibition of C5 activity are shown before 
and after the TDM intervention. Without TDM, large inter-
individual variation in predicted exposure can be observed, 
with a median Ctrough level of 76 µg/ml (range 4–362) when 
using the standard dose regimen. By using TDM, median 
Ctrough levels decrease to 58 µg/ml (range 30–131) [Fig. 2a]. 
Furthermore, simultaneously with decreasing the range 
of Ctrough levels, a decrease in the variation of C5 inhibi-
tion could be observed, with more patients reaching target 

attainment (Fig. 2b). Moreover, with our TDM regimen, an 
overall cost reduction of 11% in 1000 simulated patients 
was achieved by diminishing eculizumab administrations. 
We calculated the costs of eculizumab administrations 
alone per patient for 1 year of treatment and compared this 
with standard treatment (patients who are treated for 1 year 
according to the treatment scheme described in Table 2). 
Every patient received 8 weeks of standard therapy, after 
which TDM was applied with adjustment of the interval 
between eculizumab administrations. Costs largely depend 
on the cumulative dose per patient, ranging from €211,618 
per patient per year with a 5-weekly interval, to €726,524 
per patient per year with a 1-weekly interval.

Of note, studies reporting TDM in patients with aHUS 
and HSCT-TMA have increased substantially [9, 10, 18, 
52]. However, remarkable is the lack of studies regarding 
TDM in patients with PNH. Future studies should give more 
insight into the possibility and potential risks of TDM in 
patients with PNH.

In conclusion, we would like to stress the potential of 
TDM for the use of eculizumab in various diseases. To fully 
determine the efficacy of therapy, we advise monitoring 
both eculizumab serum levels and complement blockade by 
CH50. One could argue that eculizumab levels alone would 
be sufficient since there seems to be a clear correlation 
between Ctrough and complement blockade. In our opinion, 
CH50 is especially important in the case of clinical deterio-
ration despite adequate exposure.

A B

Fig. 2   Effect of TDM in PNH. TDM can guide therapy adjustments. 
We simulated 1000 PNH patients and assessed the pharmacokinet-
ics of eculizumab at steady state (after 8  weeks of standard treat-
ment, including the induction phase) and applied a protocol for TDM 
based on the measurement of the steady-state Ctrough, using the fol-
lowing algorithm: the absolute dose at each administration (900 mg) 
remained the same, but the dosing interval was adjusted, based on the 
measured Ctrough levels. When Ctrough levels were below the target of 
30 µg/ml, we decreased the dosing interval from 2 weeks to 1 week. 
When the Ctrough was between 30 and 90  µg/ml, the usual 2-week 
interval was maintained. At higher exposure, the dosing intervals 
were extended: a Ctrough of 90–120 resulted in a 3-week dosing inter-

val, a Ctrough between 120 and 210 µg/ml resulted in a 4-week inter-
val, and a Ctrough > 210 µg/ml resulted in an interval of 5 weeks. Large 
variations are observed in Ctrough levels when simulated in 1000 PNH 
patients according to the compartment model, as described by the 
pharmaceutical company. (a) A substantial number of patients do not 
reach the target of 35 µg/ml (red dotted line), and, in contrast, some 
patients reach Ctrough levels up to 362 µg/ml. (b) By applying TDM, 
the distribution can be largely diminished, with almost all patients 
reaching target attainment and adequate inhibition of C5 activity, as 
measured by serum complement hemolytic activity. TDM therapeutic 
drug monitoring, PNH paroxysmal nocturnal hemoglobinuria, Ctrough 
trough concentration
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6 � Discussion

Eculizumab is known to be one of the most expensive 
orphan drugs worldwide. Despite multiple studies in various 
patient populations, little is known regarding the potential 
for TDM in patients receiving eculizumab. In this review, we 
extensively discussed the PK and PD parameters in various 
patient populations treated with eculizumab (PNH, aHUS, 
gMG, and HSCT-TMA). Furthermore, strategies to target 
optimal Ctrough levels via TDM by preserving adequate com-
plement blockade are discussed.

Although CH50 is used as a PD outcome in most of the 
articles, one should realize the high diversity in the assays 
used. Taken together with the uncertain concentration of 
both the bound and unbound proportion of eculizumab 
measured in the assay, we would advocate setting up a close 
collaboration with a national reference laboratory in each 
country. Furthermore, the potential influence of high solu-
ble C5b-C9 levels on eculizumab levels should be further 
evaluated.

Eculizumab was first approved for PNH patients, with a 
set Ctrough target level of 35 µg/ml based on multiple-dose 
studies performed in PNH patients. On the other hand, the 
determined Ctrough target level of 50–100 µg/ml in aHUS 
patients is based on assumptions rather than on PK mod-
eling. Taking into account the breakthrough hemolysis in 
PNH patients with a Ctrough of 35 µg/ml, and the risks of 
ongoing TMA in aHUS patients, the Ctrough target was set 
at 50–100 µg/ml. Especially in patients with aHUS, the 
duration of eculizumab treatment is a highly debated topic. 
Important to note is the trend towards the withdrawal of 
eculizumab in patients with aHUS and to only reinitiate 
treatment at the recurrence of disease [34, 81, 82]. Of note, 
most studies focused on complete complement blockade to 
prevent ongoing disease activity; however, it is unknown if 
complete blockage is necessary to prevent disease progres-
sion in the acute and/or remission phase. Ardissino et al. 
recently described eculizumab treatment in aHUS patients 
with impaired instead of fully blocked complement activity 
[83]. With CH50 < 30% instead of completely suppressed, 
no recurrences were observed.

Eculizumab has only recently been approved for the 
treatment of gMG. Striking is the lack of data correlating 
complement inhibition to clinical deterioration in patients 
with gMG. Furthermore, no relation between eculizumab 
concentration and the primary efficacy endpoint was seen; 
hence, monitoring complement inhibition while receiving 
eculizumab therapy needs to be evaluated. Future (exten-
sion) studies should provide more data regarding eculi-
zumab treatment in gMG. Since IVIgs are used as therapy 
in gMG, one should realize that eculizumab Ctrough levels 

could therefore be influenced. During trials, patients had a 
washout period before receiving eculizumab.

Since the introduction of eculizumab as a first comple-
ment inhibitor, many trials have been conducted to study 
the effect of improved and alternative complement inhibi-
tors. Phase III trials are currently being conducted to study 
the long-acting variant of eculizumab—ravulizumab—in 
patients with PNH and aHUS [84, 85]. In addition to drugs 
targeting C5, many other components of the complement 
system have been proposed as a target to halter complement 
activation. Various complement-targeted drugs have reached 
late-stage clinical trial development [4], however until now, 
eculizumab remains the gold-standard treatment for patients 
with PNH and aHUS.

7 � Conclusions

To minimize unnecessary use of the highly expensive 
orphan drug eculizumab, and to assess the optimal treat-
ment scheme, TDM may be performed using eculizumab 
Ctrough levels. Furthermore, disease activity should be moni-
tored to look for possibilities to taper treatment. Treatment 
algorithms should be developed to explore the possibility 
of individual dosing regimens based on set Ctrough levels, 
together with CH50.

Compliance with Ethical Standards 

Funding  This work was supported by grants from ZonMw ‘Goed 
Gebruik Geneesmiddelen’ (Project number 836031008) and the Dutch 
Kidney Foundation (13OI116). These organizations did not have any 
role in drafting this manuscript or the decision to submit the manuscript 
for publication.

Conflicts of interest  Dr. Nicole C.A.J. van de Kar and Prof. Dr. Jack 
F.M. Wetzels are both members of the international advisory board of 
Alexion, and Prof. Dr. Jack F.M. Wetzels also received a grant from 
Alexion. Roger J. Brüggemann has served as a consultant to Astellas 
Pharma, Inc., F2G, Gilead Sciences, Merck Sharpe and Dome Corp., 
and Pfizer, Inc., and has received unrestricted research grants from As-
tellas Pharma, Inc., Gilead Sciences, Merck Sharpe and Dome Corp., 
and Pfizer, Inc. All contracts were through Radboud University Medi-
cal Center (Radboudumc) and all payments were invoiced by Radbou-
dumc. Kioa L. Wijnsma, Rob ter Heine, Dirk Jan A.R Moes, Saskia 
Langemeijer, Saskia E.M. Schols, Elena B. Volokhina and Lambertus 
P. van den Heuvel have no conflict of interest.

OpenAccess  This article is distributed under the terms of the Crea-
tive Commons Attribution-NonCommercial 4.0 International License 
(http://creativecommons.org/licenses/by-nc/4.0/), which permits any 
noncommercial use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons license, and indicate 
if changes were made.



872	 K. L. Wijnsma et al.

References

	 1.	 Hillmen P, Young NS, Schubert J, Brodsky RA, Socie G, Muus P, 
et al. The complement inhibitor eculizumab in paroxysmal noc-
turnal hemoglobinuria. N Engl J Med. 2006;355(12):1233–43.

	 2.	 Hillmen P, Hall C, Marsh JCW, Elebute M, Bombara MP, Petro 
BE, et al. Effect of eculizumab on hemolysis and transfusion 
requirements in patients with paroxysmal nocturnal hemoglobi-
nuria. N Engl J Med. 2004;350(6):552–9.

	 3.	 US Food and Drug Administration (FDA). Clinical pharmacol-
ogy and biopharmaceutics review. Silver Spring: US FDA; 2007.

	 4.	 Ricklin D, Mastellos DC, Reis ES, Lambris JD. The renais-
sance of complement therapeutics. Nat Rev Nephrol. 
2018;14(1):26–47.

	 5.	 European Medicines Ageny (EMA). CHMP extension of indica-
tion variation assessment report. London: EMA; 2017.

	 6.	 Legendre CM, Licht C, Muus P, Greenbaum LA, Babu S, 
Bedrosian C, et  al. Terminal complement inhibitor eculi-
zumab in atypical hemolytic-uremic syndrome. N Engl J Med. 
2013;368(23):2169–81.

	 7.	 Castaneda-Sanabria J, Hajage D, Le Jouan M, Perozziello A, 
Tubach F. Off-label use of the expensive orphan drug eculizumab 
in France 2009-2013 and the impact of literature: focus on the 
transplantation field. Eur J Clin Pharmacol. 2016;72(6):737–46.

	 8.	 Coyle D, Cheung MC, Evans GA. Opportunity cost of fund-
ing drugs for rare diseases: the cost-effectiveness of eculizumab 
in paroxysmal nocturnal hemoglobinuria. Med Decis Mak. 
2014;34(8):1016–29.

	 9.	 Gatault P, Brachet G, Ternant D, Degenne D, Recipon G, Barbet 
C, et al. Therapeutic drug monitoring of eculizumab: rationale for 
an individualized dosing schedule. MAbs. 2015;7(6):1205–11.

	 10.	 Volokhina E, Wijnsma K, van der Molen R, Roeleveld N, van der 
Velden T, Goertz J, et al. Eculizumab dosing regimen in atypical 
HUS: Possibilities for individualized treatment. Clin Pharmacol 
Ther. 2017;102(4):671–8.

	 11.	 Alashkar F, Vance C, Herich-Terhurne D, Preising N, Duhrsen 
U, Roth A. Serologic response to meningococcal vaccination 
in patients with paroxysmal nocturnal hemoglobinuria (PNH) 
chronically treated with the terminal complement inhibitor ecu-
lizumab. Ann Hematol. 2017;96(4):589–96.

	 12.	 Hayes W, Tschumi S, Ling SC, Feber J, Kirschfink M, Licht C. 
Eculizumab hepatotoxicity in pediatric aHUS. Pediatr Nephrol. 
2015;30(5):775–81.

	 13.	 Oruc A, Ayar Y, Vuruskan BA, Yildiz A, Aktas N, Yavuz 
M, et  al. Hepatotoxicity associated with eculizumab in a 
patient with atypical hemolytic uremic syndrome. Nefrologia. 
2018;38(4):448–50.

	 14.	 Liszewski MK, Java A, Schramm EC, Atkinson JP. Complement 
dysregulation and disease: insights from contemporary genetics. 
Annu Rev Pathol. 2017;12:25–52.

	 15.	 Baines AC, Brodsky RA. Complementopathies. Blood Rev. 
2017;31(4):213–23.

	 16.	 Brodsky RA, Young NS, Antonioli E, Risitano AM, Schrezen-
meier H, Schubert J, et  al. Multicenter phase 3 study of 
the complement inhibitor eculizumab for the treatment of 
patients with paroxysmal nocturnal hemoglobinuria. Blood. 
2008;111(4):1840–7.

	 17.	 European Medicines Ageny (EMA). Summary of product char-
acteristcs. London: EMA; 2017.

	 18.	 Jodele S, Fukuda T, Mizuno K, Vinks AA, Laskin BL, Goebel 
J, et al. Variable eculizumab clearance requires pharmacody-
namic monitoring to optimize therapy for thrombotic micro-
angiopathy after hematopoietic stem cell transplantation. Biol 
Blood Marrow Transplant. 2016;22(2):307–15.

	 19.	 Zuber J, Fakhouri F, Roumenina LT, Loirat C, Fremeaux-
Bacchi V. Use of eculizumab for atypical haemolytic urae-
mic syndrome and C3 glomerulopathies. Nat Rev Nephrol. 
2012;8(11):643–57.

	 20.	 Le Quintrec M, Lionet A, Kandel C, Bourdon F, Gnemmi V, 
Colombat M, et al. Eculizumab for treatment of rapidly progres-
sive C3 glomerulopathy. Am J Kidney Dis. 2015;65(3):484–9.

	 21.	 Barbour TD, Ruseva MM, Pickering MC. Update on C3 glomeru-
lopathy. Nephrol Dial Transplant. 2016;31(5):717–25.

	 22.	 Oosterveld MJ, Garrelfs MR, Hoppe B, Florquin S, Roelofs JJ, 
van den Heuvel LP, et al. Eculizumab in pediatric dense deposit 
disease. Clin J Am Soc Nephrol. 2015;10(10):1773–82.

	 23.	 Sciascia S, Radin M, Yazdany J, Tektonidou M, Cecchi I, Rocca-
tello D, et al. Expanding the therapeutic options for renal involve-
ment in lupus: eculizumab, available evidence. Rheumatol Int. 
2017;37(8):1249–55.

	 24.	 Goodship TH, Cook HT, Fakhouri F, Fervenza FC, Fremeaux-
Bacchi V, Kavanagh D, et al. Atypical hemolytic uremic syn-
drome and C3 glomerulopathy: conclusions from a “kidney 
disease: improving global outcomes” (KDIGO) Controversies 
Conference. Kidney Int. 2017;91(3):539–51.

	 25.	 Jodele S, Fukuda T, Vinks A, Mizuno K, Laskin BL, Goebel J, 
et al. Eculizumab therapy in children with severe hematopoietic 
stem cell transplantation-associated thrombotic microangiopathy. 
Biol Blood Marrow Transplant. 2014;20(4):518–25.

	 26.	 Bomback AS, Smith RJ, Barile GR, Zhang Y, Heher EC, Herlitz 
L, et al. Eculizumab for dense deposit disease and C3 glomeru-
lonephritis. Clin J Am Soc Nephrol. 2012;7(5):748–56.

	 27.	 Vivarelli M, Pasini A, Emma F. Eculizumab for the treatment of 
dense-deposit disease. N Engl J Med. 2012;366(12):1163–5.

	 28.	 De Amorim Garcia Filho CA, Yehoshua Z, Gregori G, Nunes 
RP, Penha FM, Moshfeghi AA, et al. Change in Drusen volume 
as a novel clinical trial endpoint for the study of complement 
inhibition in age-related macular degeneration. Ophthalmic Surg 
Lasers Imaging. 2014;45(1):18–31.

	 29.	 Delmas Y, Vendrely B, Clouzeau B, Bachir H, Bui HN, Lacraz A, 
et al. Outbreak of Escherichia coli O104:H4 haemolytic uraemic 
syndrome in France: outcome with eculizumab. Nephrol Dial 
Transplant. 2014;29(3):565–72.

	 30.	 De Fontbrune FS, Galambrun C, Sirvent A, Huynh A, Faguer S, 
Nguyen S, et al. Use of eculizumab in patients with allogeneic 
stem cell transplant-associated thrombotic microangiopathy: a 
study from the SFGM-TC. Transplantation. 2015;99(9):1953–9.

	 31.	 Griffin M, Munir T. Management of thrombosis in paroxysmal 
nocturnal hemoglobinuria: a clinician’s guide. Ther Adv Hema-
tol. 2017;8(3):119–26.

	 32.	 Hillmen P, Elebute M, Kelly R, Urbano-Ispizua A, Hill A, Rother 
RP, et al. Long-term effect of the complement inhibitor eculi-
zumab on kidney function in patients with paroxysmal nocturnal 
hemoglobinuria. Am J Hematol. 2010;85(8):553–9.

	 33.	 Nester CM, Barbour T, de Cordoba SR, Dragon-Durey MA, 
Fremeaux-Bacchi V, Goodship TH, et al. Atypical aHUS: state 
of the art. Mol Immunol. 2015;67(1):31–42.

	 34.	 Fakhouri F, Zuber J, Fremeaux-Bacchi V, Loirat C. Haemolytic 
uraemic syndrome. Lancet. 2017;390(10095):681–96.

	 35.	 Mele C, Remuzzi G, Noris M. Hemolytic uremic syndrome. 
Semin Immunopathol. 2014;36(4):399–420.

	 36.	 Howard JF Jr, Barohn RJ, Cutter GR, Freimer M, Juel VC, 
Mozaffar T, et al. A randomized, double-blind, placebo-con-
trolled phase II study of eculizumab in patients with refractory 
generalized myasthenia gravis. Muscle Nerve. 2013;48(1):76–84.

	 37.	 Schubert J, Menne J. Eculizumab for the treatment of hemolytic 
paroxysmal nocturnal hemoglobinuria, atypical hemolytic uremic 
syndrome and refractory myasthenia gravis. Expert Opin Orphan 
Drugs. 2017;5(4):375–9.



873Pharmacology of Eculizumab and the Potential for Therapeutic Drug Monitoring

	 38.	 Dhillon S. Eculizumab: a review in generalized myasthenia 
gravis. Drugs. 2018;78(3):367–76.

	 39.	 Howard JF Jr. Myasthenia gravis: the role of comple-
ment at the neuromuscular junction. Ann N Y Acad Sci. 
2018;1412(1):113–28.

	 40.	 Jodele S, Davies SM, Lane A, Khoury J, Dandoy C, Goebel J, 
et al. Diagnostic and risk criteria for HSCT-associated throm-
botic microangiopathy: a study in children and young adults. 
Blood. 2014;124(4):645–53.

	 41.	 European Medicines Agency (EMA). Assessment report eculi-
zumab. London: EMA; 2013.

	 42.	 European Medicines Agency (EMA). Soliris: EPAR—scientific 
discussion. London: EMA; 2007.

	 43.	 Furie R, Matis L, Rollins S, et al. A single dose, placebo-con-
trolled, double blind, phase I study of the humanized anti-C5 
antibody hbG1.1 in patients with systemic lupus erythematosus. 
Abstract presented at the 64th annual scientific meeting of the 
American College of Rheumatology, Philadelphia, PA.

	 44.	 Jain RI, Moreland LW, Caldwell JR, Rollins SA, Mojcik CF. A 
single dose, placebo controlled, double blind, phase I study of the 
humanized anti-C5 antibody h5G1.1 in patients with rheumatoid 
arthritis. Arthritis Rheum. 1999;42:S77.

	 45.	 Pittock SJ, Lennon VA, McKeon A, Mandrekar J, Weinshenker 
BG, Lucchinetti CF, et al. Eculizumab in AQP4-IgG-positive 
relapsing neuromyelitis optica spectrum disorders: an open-label 
pilot study. Lancet Neurol. 2013;12(6):554–62.

	 46.	 Takada K, Bookbinders S, Furie R. A pilot study of eculi-
zumab in patients with dermatomyositis. Arthritis Rheum. 
2002;46(S489).

	 47.	 Schubert J, Hillmen P, Roth A, Young NS, Elebute MO, Szer J, 
et al. Eculizumab, a terminal complement inhibitor, improves 
anaemia in patients with paroxysmal nocturnal haemoglobinuria. 
Br J Haematol. 2008;142(2):263–72.

	 48.	 Yelken B, Arpali E, Gorcin S, Kocak B, Karatas C, Demiralp E, 
et al. Eculizumab for treatment of refractory antibody-mediated 
rejection in kidney transplant patients: a single-center experi-
ence. Transplant Proc. 2015;47(6):1754–9.

	 49.	 Sheridan D, Yu ZX, Zhang Y, Patel R, Sun F, Lasaro MA, et al. 
Design and preclinical characterization of ALXN1210: a novel 
anti-C5 antibody with extended duration of action. PloS one. 
2018;13(4):e0195909.

	 50.	 Keizer RJ, Huitema ADR, Schellens JHM, Beijnen JH. Clinical 
pharmacokinetics of therapeutic monoclonal antibodies. Clin 
Pharmacokinet. 2010;49(8):493–507.

	 51.	 Dmytrijuk A, Robie-Suh K, Cohen MH, Rieves D, Weiss K, 
Pazdur R. FDA report: eculizumab (Soliris) for the treatment of 
patients with paroxysmal nocturnal hemoglobinuria. Oncologist. 
2008;13(9):993–1000.

	 52.	 Wehling C, Amon O, Bommer M, Hoppe B, Kentouche K, 
Schalk G, et al. Monitoring of complement activation biomarkers 
and eculizumab in complement-mediated renal disorders. Clin 
Exp Immunol. 2017;187(2):304–15.

	 53.	 Volokhina EB, van de Kar NC, Bergseth G, van der Velden 
TJ, Westra D, Wetzels JF, et al. Sensitive, reliable and easy-
performed laboratory monitoring of eculizumab therapy 
in atypical hemolytic uremic syndrome. Clin Immunol. 
2015;160(2):237–43.

	 54.	 Yuan D, Rode F, Cao Y. A minimal physiologically based phar-
macokinetic model with a nested endosome compartment for 
novel engineered antibodies. AAPS J. 2018;20(3):48.

	 55.	 De Latour RP, Fremeaux-Bacchi V, Porcher R, Xhaard A, 
Rosain J, Castaneda DC, et al. Assessing complement blockade 
in patients with paroxysmal nocturnal hemoglobinuria receiving 
eculizumab. Blood. 2015;125(5):775–83.

	 56.	 US Food and Drug Administration (FDA). Approval package 
aHUS. US FDA: Silver Spring; 2011.

	 57.	 Hillmen P, Muus P, Roth A, Elebute MO, Risitano AM, 
Schrezenmeier H, et al. Long-term safety and efficacy of sus-
tained eculizumab treatment in patients with paroxysmal noc-
turnal haemoglobinuria. Br J Haematol. 2013;162(1):62–73.

	 58.	 US Food and Drug Administration (FDA). Prescribing infor-
mation. Silver Spring: US FDA; 2017.

	 59.	 Reiss UM, Schwartz J, Sakamoto KM, Puthenveetil G, Ogawa 
M, Bedrosian CL, et al. Efficacy and safety of eculizumab in 
children and adolescents with paroxysmal nocturnal hemoglo-
binuria. Pediatr Blood Cancer. 2014;61(9):1544–50.

	 60.	 Greenbaum LA, Fila M, Ardissino G, Al-Akash SI, Evans J, 
Henning P, et al. Eculizumab is a safe and effective treatment 
in pediatric patients with atypical hemolytic uremic syndrome. 
Kidney Int. 2016;89(3):701–11.

	 61.	 European Medicines Agency (EMA). CHMP variation assess-
ment report Type II variation. EMEA/H/C/000791/II/0027. 
London: EMA; 2011.

	 62.	 Fitzpatrick AM, Mann CA, Barry S, Brennan K, Overell JR, 
Willison HJ. An open label clinical trial of complement inhi-
bition in multifocal motor neuropathy. J Peripher Nerv Syst. 
2011;16(2):84–91.

	 63.	 Hillmen P, Muus P, Szer J, Hill A, Hochsmann B, Kulasekara-
raj A, et al. Assessment of human antihuman antibodies to ecu-
lizumab after long-term treatment in patients with paroxysmal 
nocturnal hemoglobinuria. Am J Hematol. 2016;91(3):E16–7.

	 64.	 Vekemans MC, Lambert C, Ferrant A, Saussoy P, Havelange 
V, Debieve F, et al. Management of pregnancy in paroxysmal 
nocturnal hemoglobinuria on long-term eculizumab. Blood 
Coagul Fibrinol. 2015;26(4):464–6.

	 65.	 Sharma R, Keyzner A, Liu J, Bradley T, Allen SL. Successful 
pregnancy outcome in paroxysmal nocturnal hemoglobinuria 
(PNH) following escalated eculizumab dosing to control break-
through hemolysis. Leuk Res Rep. 2015;4(1):36–8.

	 66.	 Gately R, San A, Kurtkoti J, Parnham A. Life-threatening 
pregnancy-associated atypical haemolytic uraemic syn-
drome and its response to eculizumab. Nephrology (Carlton). 
2017;22(Suppl 1):32–5.

	 67.	 Ardissino G, Ossola MW, Baffero GM, Rigotti A, Cugno M. 
Eculizumab for atypical hemolytic uremic syndrome in preg-
nancy. Obstet Gynecol. 2013;122(2 Part 2):487–9.

	 68.	 Kelly R, Arnold L, Richards S, Hill A, Bomken C, Hanley J, 
et al. The management of pregnancy in paroxysmal nocturnal 
haemoglobinuria on long term eculizumab. Br J Haematol. 
2010;149(3):446–50.

	 69.	 Servais A, Devillard N, Fremeaux-Bacchi V, Hummel A, Salo-
mon L, Contin-Bordes C, et al. Atypical haemolytic uraemic 
syndrome and pregnancy: outcome with ongoing eculizumab. 
Nephrol Dial Transplant. 2016;31(12):2122–30.

	 70.	 Kelly RJ, Hochsmann B, Szer J, Kulasekararaj A, de Guib-
ert S, Roth A, et al. Eculizumab in pregnant patients with 
paroxysmal nocturnal hemoglobinuria. N Engl J Med. 
2015;373(11):1032–9.

	 71.	 Willrich MAV, Andreguetto BD, Sridharan M, Fervenza FC, 
Tostrud LJ, Ladwig PM, et al. The impact of eculizumab on rou-
tine complement assays. J Immunol Methods. 2018;460:63–71.

	 72.	 Puissant-Lubrano B, Puissochet S, Congy-Jolivet N, Chauveau 
D, Decramer S, Garnier A, et al. Alternative complement path-
way hemolytic assays reveal incomplete complement blockade in 
patients treated with eculizumab. Clin Immunol. 2017;183:1–7.

	 73.	 US Food and Drug Administration (FDA). Pharmacometrics 
review. Silver Spring: US FDA; 2007.

	 74.	 Hill A, Rother RP, Wang X, Morris SM Jr, Quinn-Senger K, 
Kelly R, et al. Effect of eculizumab on haemolysis-associated 
nitric oxide depletion, dyspnoea, and measures of pulmonary 
hypertension in patients with paroxysmal nocturnal haemoglo-
binuria. Br J Haematol. 2010;149(3):414–25.



874	 K. L. Wijnsma et al.

	 75.	 Licht C, Greenbaum LA, Muus P, Babu S, Bedrosian CL, Cohen 
DJ, et al. Efficacy and safety of eculizumab in atypical hemolytic 
uremic syndrome from 2-year extensions of phase 2 studies. Kid-
ney Int. 2015;87(5):1061–73.

	 76.	 Harder MJ, Kuhn N, Schrezenmeier H, Hochsmann B, Von Zab-
ern I, Weinstock C, et al. Incomplete inhibition by eculizumab: 
Mechanistic evidence for residual C5 activity during strong com-
plement activation. Blood. 2017;129(8):970–80.

	 77.	 Sica M, Rondelli T, Ricci P, De Angioletti M, Risitano AM, 
Notaro R. Eculizumab treatment: stochastic occurrence of C3 
binding to individual PNH erythrocytes. J Hematol Oncol. 
2017;10(1):126.

	 78.	 Nishimura JI, Yamamoto M, Hayashi S, Ohyashiki K, Ando K, 
Brodsky AL, et al. Genetic variants in C5 and poor response to 
eculizumab. N Engl J Med. 2014;370(7):632–9.

	 79.	 Du Y, Zhang Q, Han B. Genetic variants of C5 and polymor-
phisms of C3 in Chinese patients with paroxysmal nocturnal 
hemoglobinuria. Int J Lab Hematol. 2016;38(4):e84–5.

	 80.	 Schatz-Jakobsen JA, Zhang Y, Johnson K, Neill A, Sheridan 
D, Andersen GR. Structural basis for eculizumab-mediated 
inhibition of the complement terminal pathway. J Immunol. 
2016;197(1):337–44.

	 81.	 Wijnsma KL, Duineveld C, Volokhina EB, van den Heuvel LP, 
van de Kar N, Wetzels JFM. Safety and effectiveness of restric-
tive eculizumab treatment in atypical haemolytic uremic syn-
drome. Nephrol Dial Transplant. 2017. https​://doi.org/10.1093/
ndt/gfx19​6 (Epub 4 Jul 2017).

	 82.	 Ardissino G, Possenti I, Tel F, Testa S, Salardi S, Ladisa V. Dis-
continuation of eculizumab treatment in atypical hemolytic ure-
mic syndrome: an update. Am J Kidney Dis. 2015;66(1):172–3.

	 83.	 Ardissino G, Tel F, Sgarbanti M, Cresseri D, Giussani A, Griffini 
S, et al. Complement functional tests for monitoring eculizumab 
treatment in patients with atypical hemolytic uremic syndrome: 
an update. Pediatr Nephrol. 2018;33(3):457–61.

	 84.	 Kulasekararaj AG, Hill A, Rottinghaus ST, Langemeijer S, Wells 
R, Gonzalez-Fernandez FA, et al. Ravulizumab (ALXN1210) 
vs eculizumab in C5-inhibitor-experienced adult patients with 
PNH: the 302 study. Blood. 2018. https​://doi.org/10.1182/blood​
-2018-09-87680​5 (Epub 3 Dec 2018).

	 85.	 Lee JW, de Sicre de Fontbrune F, Lee LWL, Pessoa V, Gualandro 
S, Fureder W, et al. Ravulizumab (ALXN1210) vs eculizumab 
in adult patients with PNH naive to complement inhibitors: the 
301 study. Blood. 2018. https​://doi.org/10.1182/blood​-2018-09-
87613​6 (Epub 3 Dec 2018).

	 86.	 Mallett A, Hughes P, Szer J, Tuckfield A, Van Eps C, Cam-
bell SB, et al. Atypical haemolytic uraemic syndrome treated 
with the complement inhibitor eculizumab: the experience 
of the Australian compassionate access cohort. Intern Med J. 
2015;45(10):1054–65.

	 87.	 Fakhouri F, Fila M, Provot F, Delmas Y, Barbet C, Chatelet V, 
et al. Pathogenic variants in complement genes and risk of atypi-
cal hemolytic uremic syndrome relapse after eculizumab discon-
tinuation. Clin J Am Soc Nephrol. 2017;12(1):50–9. https​://doi.
org/10.2215/CJN.06440​616.

	 88.	 Gediz F, Payzin BK, Ecemis S, Guler N, Yilmaz AF, Topcugil 
F, et al. Efficacy and safety of eculizumab in adult patients with 
atypical hemolytic uremic syndrome: A single center experience 
from Turkey. Transfus Apher Sci. 2016;55(3):357–62.

	 89.	 Ito N, Hataya H, Saida K, Amano Y, Hidaka Y, Motoyoshi Y, 
et al. Efficacy and safety of eculizumab in childhood atypi-
cal hemolytic uremic syndrome in Japan. Clin Exp Nephrol. 
2016;20(2):265–72.

	 90.	 Walle JV, Delmas Y, Ardissino G, Wang J, Kincaid JF, Haller 
H. Improved renal recovery in patients with atypical hemolytic 

uremic syndrome following rapid initiation of eculizumab treat-
ment. J Nephrol. 2017;30(1):127–34.

	 91.	 Cugno M, Tedeschi S, Ardissino G. Tailored eculizumab regimen 
for patients with atypical hemolytic uremic syndrome: require-
ment for comprehensive complement analysis: comment. J 
Thromb Haemost. 2015;13(3):485–6.

	 92.	 Wehling C, Kirschfink M. Tailored eculizumab regimen for 
patients with atypical hemolytic uremic syndrome: requirement 
for comprehensive complement analysis. J Thromb Haemost. 
2014;12(9):1437–9.

	 93.	 Hillmen P, Muus P, Duhrsen U, Risitano AM, Schubert J, Luz-
zatto L, et al. Effect of the complement inhibitor eculizumab on 
thromboembolism in patients with paroxysmal nocturnal hemo-
globinuria. Blood. 2007;110(12):4123–8.

	 94.	 Hill A, Hillmen P, Richards SJ, Elebute D, Marsh JC, Chan 
J, et  al. Sustained response and long-term safety of eculi-
zumab in paroxysmal nocturnal hemoglobinuria. Blood. 
2005;106(7):2559–65.

	 95.	 Kelly RJ, Hill A, Arnold LM, Brooksbank GL, Richards SJ, Cul-
len M, et al. Long-term treatment with eculizumab in paroxysmal 
nocturnal hemoglobinuria: Sustained efficacy and improved sur-
vival. Blood. 2011;117(25):6786–92.

	 96.	 Roth A, Hock C, Konik A, Christoph S, Duhrsen U. Chronic 
treatment of paroxysmal nocturnal hemoglobinuria patients with 
eculizumab: Safety, efficacy, and unexpected laboratory phenom-
ena. Int J Hematol. 2011;93(6):704–14.

	 97.	 Ninomiya H, Obara N, Chiba S, Usuki K, Nishiwaki K, Mat-
sumura I, et al. Interim analysis of post-marketing surveillance of 
eculizumab for paroxysmal nocturnal hemoglobinuria in Japan. 
Int J Hematol. 2016;104(5):548–58.

	 98.	 US Food and Drug Administration (FDA). Pharmacology and 
toxicology review and evaluation. Silver Spring: US FDA; 2006.

	 99.	 Howard JF Jr, Utsugisawa K, Benatar M, Murai H, Barohn 
RJ, Illa I, et al. Safety and efficacy of eculizumab in anti-ace-
tylcholine receptor antibody-positive refractory generalised 
myasthenia gravis (REGAIN): a phase 3, randomised, double-
blind, placebo-controlled, multicentre study. Lancet Neurol. 
2017;16(12):976–86.

	100.	 Kielstein JT, Beutel G, Fleig S, Steinhoff J, Meyer TN, Hafer 
C, et al. Best supportive care and therapeutic plasma exchange 
with or without eculizumab in Shiga-toxin-producing E. coli 
O104:H4 induced haemolytic-uraemic syndrome: an analysis 
of the German STEC-HUS registry. Nephrol Dial Transplant. 
2012;27(10):3807–15.

	101.	 Stegall MD, Diwan T, Raghavaiah S, Cornell LD, Burns J, Dean 
PG, et al. Terminal complement inhibition decreases antibody-
mediated rejection in sensitized renal transplant recipients. Am 
J Transplant. 2011;11(11):2405–13.

	102.	 Yehoshua Z, de Amorim Garcia Filho CA, Nunes RP, Gregori 
G, Penha FM, Moshfeghi AA, et al. Systemic complement inhi-
bition with eculizumab for geographic atrophy in age-related 
macular degeneration: the COMPLETE study. Ophthalmology. 
2014;121(3):693–701.

	103.	 Davidson AI, Halstead SK, Goodfellow JA, Chavada G, Mal-
lik A, Overell J, et al. Inhibition of complement in Guillain-
Barre syndrome: the ICA-GBS study. J Peripher Nerv Syst. 
2017;22(1):4–12.

	104.	 Mevorach D, Reiner I, Grau A, Ilan U, Berkun Y, Ta-Shma 
A, et  al. Therapy with eculizumab for patients with CD59 
p.Cys89Tyr mutation. Ann Neurol. 2016;80(5):708–17.

https://doi.org/10.1093/ndt/gfx196
https://doi.org/10.1093/ndt/gfx196
https://doi.org/10.1182/blood-2018-09-876805
https://doi.org/10.1182/blood-2018-09-876805
https://doi.org/10.1182/blood-2018-09-876136
https://doi.org/10.1182/blood-2018-09-876136
https://doi.org/10.2215/CJN.06440616
https://doi.org/10.2215/CJN.06440616

	Pharmacology, Pharmacokinetics and Pharmacodynamics of Eculizumab, and Possibilities for an Individualized Approach to Eculizumab
	Abstract
	1 Introduction
	1.1 The Complement System
	1.2 Pathogenesis of Complement-Mediated Diseases
	1.2.1 Paroxysmal Nocturnal Hemoglobinuria
	1.2.2 Atypical Hemolytic Uremic Syndrome
	1.2.3 Refractory Generalized Myasthenia Gravis
	1.2.4 Hematopoietic Stem Cell Transplantation-Associated Thrombotic Microangiopathy


	2 Method
	2.1 PubMed
	2.2 Embase

	3 Pharmacokinetic (PK) Properties of Eculizumab
	3.1 Absorption, Distribution, Metabolism, and Excretion
	3.2 Eculizumab Population PK Analysis
	3.3 Factors Influencing Eculizumab Concentrations
	3.3.1 Effect of Age and Weight
	3.3.2 C5 Concentration
	3.3.3 Soluble C5b-9 Levels
	3.3.4 Intravenous Administration of Immunoglobulins
	3.3.5 Human Anti-human Antibodies
	3.3.6 Plasma Infusion and Exchange
	3.3.7 Effect of Pregnancy


	4 Pharmacodynamic (PD) Properties of Eculizumab
	4.1 Monitoring of Eculizumab Therapy
	4.2 Exposure–Effect Relationship of Eculizumab
	4.2.1 Paroxysmal Nocturnal Hemoglobinuria
	4.2.2 Atypical Hemolytic Uremic Syndrome
	4.2.3 Other Populations


	5 Covariates for Eculizumab PD
	5.1 Incremental Value of Therapeutic Drug Monitoring of Eculizumab Therapy

	6 Discussion
	7 Conclusions
	References




