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Abstract

Idarucizumab, a humanized monoclonal antibody fragment (Fab), provides rapid and sustained reversal of dabigatran-mediated
anticoagulation. Idarucizumab and dabigatran are mainly eliminated via the kidneys. This analysis aimed to characterize the renal
elimination of idarucizumab and investigate the influence of idarucizumab on the pharmacokinetics (PK) of dabigatran and vice
versa. Studies were conducted in 5/6 nephrectomized rats, in human volunteers with and without renal impairment, and in a
porcine liver trauma model. In both rats and humans, renal impairment increased idarucizumab exposure and initial half-life but did
not affect its terminal half-life. Urinary excretion of unchanged idarucizumab increased with increasing idarucizumab dose, sug-
gesting saturation of renal tubular reuptake processes at higher doses. The PK of idarucizumab was unaffected by dabigatran. In
contrast, idarucizumab administration resulted in redistribution of dabigatran to the plasma, where it was bound and inactivated
by idarucizumab. Urinary excretion of dabigatran after administration of idarucizumab was delayed, but total dabigatran excreted

in urine was unaffected. Idarucizumab and dabigatran were eliminated together via renal pathways.
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Introduction

The oral anticoagulant dabigatran etexilate, prodrug of the
direct thrombin inhibitor dabigatran, is widely used for the
prevention of stroke and systemic embolism in patients with
nonvalvular atrial fibrillation and for the treatment and second-
ary prevention of venous thromboembolism.'” Dabigatran is
predominantly eliminated unchanged by renal excretion;
hence, dabigatran exposure is increased in patients with renal
impairment, and dose adjustment may be required.®’

Patients being treated with anticoagulant therapies to pre-
vent thromboembolic events are at increased risk of life-
threatening bleeding.® Reversal of anticoagulation may be
required in such cases or when urgent surgery is needed. Idar-
ucizumab, a humanized monoclonal antibody fragment (Fab)
directed against dabigatran, was developed to provide rapid
and sustained reversal of dabigatran-mediated anticoagulation
in emergency situations.”!! The efficacy and safety of idaru-
cizumab have been demonstrated in studies in healthy volun-
teers'>'? and in patients who have life-threatening bleeds or
those in need of emergency interventions.'* Additionally, in a

preclinical, blunt-trauma model, idarucizumab significantly
reduced blood loss and mortality.'>!®

The pharmacokinetics (PK) of idarucizumab in the absence
and presence of dabigatran has been studied in human volun-
teers,'?!” in rat models,'" and in large animal models of severe
blood loss'>'!®; these studies showed that idarucizumab is
eliminated primarily via the kidney. In the clinical setting,
idarucizumab is administered to patients treated with dabiga-
tran, and thus, it is important to understand how the PK and, in

particular, elimination of both idarucizumab and dabigatran are
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affected by the presence of the other drug, especially in patients
with impaired renal function. The studies described in this
article were therefore conducted to investigate the elimination
of idarucizumab both in healthy volunteers and in animal mod-
els, focusing on idarucizumab and dabigatran elimination
either alone or together, and the influence of renal impairment
and the effect of severe hemorrhagic shock. The aim of this
analysis was to characterize the renal elimination of idarucizu-
mab and to investigate the influence of idarucizumab on the PK
of dabigatran and vice versa.

Materials and Methods

For all of the following studies, idarucizumab (Praxbind) solu-
tion for injection/infusion, matching placebo, dabigatran for
intravenous infusion, and dabigatran etexilate (Pradaxa) cap-
sules for oral administration were provided by Boehringer
Ingelheim Pharma GmbH & Co KG, Biberach an der RiB3,
Germany. Plasma and urine samples obtained during the stud-
ies were analyzed for total dabigatran concentrations using
validated liquid chromatography tandem mass spectrometry
methods (Nuvisan GmbH; Neu-Ulm, Germany). Total idaruci-
zumab concentrations were determined with validated enzyme-
linked immunosorbent assay methods (ELISA; performed at
Covance Laboratories, Inc, Chantilly, Virginia, for human sam-
ples and at Boehringer Ingelheim Pharmaceuticals Inc, Ridge-
field, Connecticut, for animal samples). The concentration of
dabigatran that was not bound by idarucizumab (ie, unbound
dabigatran), referred to as “active dabigatran,” was determined
using a diluted thrombin time clotting assay. These methods are
described elsewhere.®'”

Normal and 5/6 Nephrectomized Rat Model

Experiments were conducted in accordance with US legislation
governing animal studies or, after approval, by the local insti-
tutional animal care and use committee, and animals were
allowed food and water ad libitum. The PK and urinary excre-
tion of dabigatran and idarucizumab were examined in Wistar
Han rats following the methods described previously,'' and in a
5/6 nephrectomized model of renal impairment, also in Wistar
Han rats."’

Six groups of male rats with normal renal function (total
N = 21) received an intravenous bolus dose of dabigatran
0.2 mg kg, idarucizumab 20 mg kg~ (ie, equimolar to
0.2 mg kg~ 'dabigatran), or dabigatran 0.2 mg kg~ followed
15 minutes later by idarucizumab 20 mg kg~ '. In 3 of the
groups, urine samples were collected up to 48 hours after dos-
ing to determine urinary excretion of dabigatran (n = 3), idar-
ucizumab (n = 3), and idarucizumab plus dabigatran (n = 3). In
the other 3 groups, plasma samples were collected up to 24
hours after dosing to determine the PK of dabigatran (n = 3)
and idarucizumab (n = 3) and any PK interaction between
idarucizumab and dabigatran (N = 6).

The 5/6 nephrectomized rat study included a total of 10
groups (total N = 40); 5 groups of sham-operated (control)

male rats (n = 4 each) and 5 groups of 5/6 nephrectomized
male rats (n = 4 each). Two groups each of control and
nephrectomized rats received an intravenous bolus of
dabigatran 0.2 mg kg~ ', 2 groups each received idarucizumab
20 mg kg~', and 1 group each received indoxyl sulfate
10 mg kg~ ' as a positive marker of renal excretion. Serial
plasma samples were collected for PK analysis for the differ-
ent dabigatran and idarucizumab regimens, and urine samples
were collected up to 48 hours after dosing from 4 groups of
rats for analysis of urinary excretion of all the administered
compounds.

Pharmacokinetic data from the rat studies were analyzed
using noncompartmental methods. The initial half-life of idar-
ucizumab was calculated by a 2-compartment model using
Phoenix WinNonlin (Certara USA Inc, Princeton, New Jersey)
software. Urinary excretion of both idarucizumab and dabiga-
tran is presented as a cumulative fraction of the unchanged drug
excreted into urine over specified time intervals.

Porcine Model With Blunt Liver Injury

The relationship between urinary output and hemorrhagic
shock following the administration of dabigatran and idaruci-
zumab was examined using data from previously described
experiments conducted in a lethal porcine blunt liver trauma
model.">!'%!® Here, we present previously unpublished data on
urinary output and elimination of dabigatran in this model from
these studies. Experiments were conducted in accordance with
German legislation governing animal studies, and animals were
allowed food and water ad libitum. As described in detail else-
where,'® dabigatran etexilate (30 mg kg~ ' twice daily, n = 24)
or placebo (n = 6) was administered orally to male pigs for
3 days. On day 4, the pigs were anesthetized and given a
90-minute intravenous infusion of dabigatran (0.38 mg kg ™!
over 30 minutes and 0.52 mg kg~' over 60 minutes), resulting
in a peak dabigatran concentration of 1161 + 372 ng mL ™"
prior to induction of a standardized blunt liver injury.'>'¢
Animals were randomized and then received infusions of
30, 60, or 120 mg kg~' idarucizumab or placebo (saline)
15 minutes postinjury. Blood loss was recorded at 12, 30,
60, 120, and 240 minutes posttrauma or until death, if sooner.
Urine was collected continuously via bilateral catheterization
of the ureters. Volume of urinary output was measured for 0 to
60, 60 to 120, and 120 to 240 minutes posttrauma or until
death, if sooner. Plasma samples for analysis of total dabiga-
tran and idarucizumab concentrations were also taken at the
time of trauma and then at intervals until death or for up to
240 minutes.

Human Volunteers

In humans, the safety, tolerability, and efficacy of idarucizu-
mab for the reversal of dabigatran anticoagulant activity have
been studied in a randomized, placebo-controlled, double-
blind, phase 1 trial in healthy male volunteers.'? In addition,
the effects of age and renal function on idarucizumab PK and
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Table I. Mean (+SD) Plasma PK Parameters of Dabigatran and ldarucizumab Following Intravenous Bolus Dosing in 5/6 Nephrectomized Rats

and in Sham-Operated Rats With Normal Renal Function.

Dabigatran Idarucizumab
Change in 5/6 Sham- Change in 5/6
Sham-Operated, 5/6 Nephrectomized, Nephrectomized Operated,  5/6 Nephrectomized, Nephrectomized
n=3 n=4 vs Sham n=3 n=3 vs Sham
AUC,_.., nMh 539 + 120 1020 + 145 1.89-fold increase® 3700 + 209 8580 + 1890 2.32-fold increase®
Clearance, mL 13.6 + 3.27 7.04 + 1.09 48% decrease® 1.89 + 0.109 0.838 + 0.168 56% decrease®
sy
min~ " kg

Terminal t|5, hours 0.851 + 0.225 1.40 + 0.256 1.65-fold increase* 6.58 + 0.514 6.29 4+ 0.351 No change
Initial t;/5, hours Not determined Not determined Not determined  0.243 + 0.017 0.605 + 0.142 2.5-fold increase®

Abbreviations: AUC,_.., area under the plasma concentration—time curve from time zero to infinity; PK, pharmacokinetics; SD, standard deviation; t, 5, half-life.

P < .05 for |-tailed t test.

idarucizumab-mediated reversal of dabigatran anticoagulant
activity have been evaluated in a randomized, double-blind,
phase 1b crossover study in middle-aged, elderly, and renally
impaired volunteers.’*?! Here, we evaluate the elimination of
dabigatran and idarucizumab in these studies, presenting pre-
viously unpublished data. The methods for each study are
described in detail elsewhere.'>**?! The protocols for these
studies were approved by independent ethics committees, and
the studies were carried out in accordance with the principles of
the Declaration of Helsinki, the International Conference on
Harmonization Good Clinical Practice guidelines, and other
applicable regulatory requirements. All volunteers provided
written informed consent.

In the healthy, male volunteer study, the cumulative urinary
excretion of idarucizumab was determined in 3 groups of
volunteers who had received 5-minute idarucizumab infusions
oflg(n=26),2g(n=06),o0r4g(n=>6),and in 3 groups of
volunteers who had received oral dabigatran etexilate 220 mg
twice daily for 3 days, with 5-minute idarucizumab infusions of
lg(n=9),2g(n=9),or4 g (n=8)administered 1 hour and
55 minutes after a final oral dose of dabigatran etexilate 220 mg
on the fourth day. Urine sampling for PK analysis was under-
taken over prespecified intervals up to 72 hours after idaruci-
zumab infusion.

The middle-aged, elderly, and renally impaired volunteer
study enrolled 46 patients: 12 middle-aged (45-64 years), 16
elderly (65-80 years), 12 with mild renal impairment (creati-
nine clearance 60-90 mL min~'), and 6 with moderate renal
impairment (creatinine clearance 30-60 mL min~"). Volunteers
received dabigatran etexilate 220 or 150 mg, according to their
renal function, twice daily for 3.5 days. Idarucizumab doses of
1,2.5,5,and 2 x 2.5 g 1 hour apart, or placebo, were adminis-
tered as a rapid (5-minute) infusion 1 hour and 55 minutes after
the last dabigatran etexilate dose. Urine sampling for PK anal-
yses in this study was performed over discrete time intervals
until 26, 74, and 122 hours after the last intake of dabigatran
etexilate. The PK parameter reported for idarucizumab
and dabigatran is the fraction of the dose recovered in urine
(o), expressed as the geometric mean.

Statistical Methods

Descriptive statistics were utilized, and data were presented as
geometric mean values unless otherwise stated.

Results

Impact of Renal Impairment on the Plasma PK of
Dabigatran

In 5/6 nephrectomized rats, dabigatran plasma exposure,
which was measured as area under the concentration—time
curve (AUCy_), increased by 1.89-fold, its clearance
decreased by 48%, and terminal half-life increased by 1.65-
fold when compared to sham-operated rats with normal renal
function (Table 1).

Impact of Renal Impairment on the Plasma PK of
Idarucizumab

Idarucizumab plasma exposure, as measured by AUCq_.,
increased by 2.32-fold and clearance decreased by 56% in
5/6 nephrectomized rats, when compared to sham-operated rats
with normal renal function (see Table 1). There was also a
2.5-fold increase in the initial half-life of idarucizumab in 5/6
nephrectomized versus sham-operated rats; however, there was
no difference in terminal half-life between nephrectomized and
control animals.

Plasma PK of Coadministered Idarucizumab and
Dabigatran

When idarucizumab and dabigatran were administered together
in rats with normal renal function and would therefore be pres-
ent in the plasma as a complex, the dabigatran—idarucizumab
complex was cleared similar to idarucizumab in the absence of
dabigatran. The idarucizumab plasma concentration—time pro-
files were similar in complex with dabigatran and without
dabigatran (see Figure la). Immediately after idarucizumab
injection, the plasma concentration of total dabigatran
increased rapidly (see Figure 1b). Total dabigatran represents
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unbound dabigatran, a finding that is consistent with the redis-
tribution of dabigatran from the periphery to plasma due to the
formation of idarucizumab—dabigatran complexes in plasma
and the corresponding reduction in unbound (ie, active) dabi-
gatran concentrations.

In healthy human volunteers, similar idarucizumab plasma
concentration—time profiles with or without dabigatran con-
firmed that binding to dabigatran does not change the PK of
idarucizumab in humans either (see Figure 2).

Urinary Excretion of Idarucizumab and Dabigatran

In rats with normal renal function, the fraction of both idaru-
cizumab and dabigatran doses excreted into urine was greatest
in the first 8 hours after the respective drug administration and
then decreased during 48 hours postdose (see Figure 3). The
cumulative urinary excretion of idarucizumab was similar
between rats given idarucizumab alone and rats given

Figure 3. Mean (+SD) percentage of idarucizumab and dabigatran
excreted into the urine after intravenous dosing of dabigatran (0.2 mg/
kg) or idarucizumab (20 mg/kg) alone or together (dabigatran dosing
followed by idarucizumab 15 minutes later) in rats with normal renal
function. SD indicates standard deviation.

idarucizumab after dabigatran treatment (0-48 hours mean +
standard deviation [SD]: 14.5% + 6.9% versus 20.8% =+
6.7%, respectively; see Figure 3). The cumulative urinary
excretion of dabigatran was also similar in the presence and
absence of idarucizumab (0-48 hours mean + SD: 59.3% +
17.1% versus 57.2% =+ 30.6%, respectively; see Figure 3).
However, there appeared to be a trend for a delay in dabigatran
excretion in the presence of idarucizumab, with about 10% less
of the dose excreted during the first 8 hours and a correspond-
ing increase of approximately 10% in the subsequent 8- to 24-
hour interval (see Figure 3).
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Table 2. The Geometric Mean (gCV [Percentage of Dose]) Cumulative Urinary Excretion of ldarucizumab by Treatment (f.) Following
Administration of Idarucizumab With or Without Dabigatran Etexilate in Healthy Volunteers '>'7 and in Middle-Aged, Elderly, and Renally

Impaired Patients.'32'?

Idarucizumab Dose Group

Healthy Male Volunteers

| g, 5 minutes, 2 g, 5 minutes, 4 g, 5 minutes,

| g, 5 minutes + DE,

2 g, 5 minutes + DE, 4 g, 5 minutes + DE,

n==6 n==6 n==6 n=29 n=29 n=2=8
feoa % 10.7 (76.3) 19.1 (73.1) 38.9 (23.6) 8.18 (90.6) 26.2 (23.4) 40.2 (30.5)
Middle-aged Elderly Mild RI Moderate RI
25g,n=6 5gn=6 lgn=28 5gn=28 lggn=6 5gn=6 2x25gn=6
feo_ss % 25.8 (32.6) 32.1 (60.0) 9.4 (69.0) 39.8 (13.7) 12.4 (46.7)  32.0 (48.9) 30.0 (89.0)

Abbreviations: DE, dabigatran etexilate 220 mg twice daily; fox_y, fraction of dose excreted in urine from X to Y hours after administration; gCV, geometric mean

coefficient of variation; R, renal impairment.

*These data have been published elsewhere (for healthy volunteers'?'?, middle-aged and elderly renally impaired patients

1321 Healthy male volunteers, middle-

aged patients, and elderly patients aged |8 to 45 years, 45 to 64 years and 65 to 80 years, respectively; creatinine clearance 60 to 90 mL/min for mild Rl and 30 to

60 mL/min for moderate RI.

In healthy volunteers treated with idarucizumab alone,
urinary excretion of idarucizumab increased with increasing
doses,'>!” from 10.7% of the 1-g dose to 38.9% of the 4-g
dose (see Table 2). The presence of dabigatran, and thus
excretion of idarucizumab as dabigatran—idarucizumab com-
plexes, did not affect its urinary excretion. Likewise, idaruci-
zumab administration did not change the total fraction of the
dabigatran dose excreted in urine during the 72 hours after
dosing (see Figure 4).

Effect of Renal Impairment on Urinary Excretion of
Idarucizumab and Dabigatran

The cumulative urinary excretion of dabigatran (% of the dose)
was lower in 5/6 nephrectomized rats at 32.1% of the dose,
compared to 45.1% in sham-operated rats (see Figure 5a).
However, the cumulative percentages of the idarucizumab dose
excreted unchanged in the urine were similar between 5/6
nephrectomized and control rats (12.6% and 15.8%, respec-
tively; see Figure 5b), suggesting that urinary excretion of
unchanged idarucizumab was not the major mechanism of idar-
ucizumab elimination at the dose administered and that this
process was not dependent on renal impairment.

In all of the idarucizumab treatment groups in the human
studies, most of the urinary excretion of idarucizumab occurred
between 0 and 6 hours postinfusion (corresponding to 2-8 hours
after the last dabigatran intake), with negligible amounts
detected at subsequent collection intervals (see Figure 4).
Urinary excretion of dabigatran in the absence of idarucizumab
occurred with a peak between 2 and 8 hours after drug intake
and with a slow decrease in the amounts of dabigatran in urine
over time over the first 50 hours. Trace amounts of dabigatran
were detectable up to 74 to 122 hours, depending on renal
function (see Figure 4). In contrast, the time course of dabiga-
tran urinary excretion when complexed with idarucizumab in
plasma resulted in 2 peaks, the first peak at 2 to 8 hours after

dabigatran intake (0-6 hours post-idarucizumab), and a second
large peak at 26 to 50 hours, with relatively lower amounts
excreted in between (see Figure 4). This pattern of dabigatran
urinary excretion was observed across all ages and levels of
renal function tested (see Figure 4), suggesting a partial delay
in dabigatran excretion, that is, a second peak. However, the
total fraction of dabigatran dose excreted into urine after dosing
was similar in the presence or absence of idarucizumab in
elderly patients (8.4% and 7.7%, respectively), those with mild
renal impairment (8.6% and 6.8%), and those with moderate
renal impairment (9.9% and 9.6%).

The urinary excretion of idarucizumab was not greatly
affected by older age or renal impairment in humans (see Table
2).2%21 Considering the reduced plasma clearance with renal
impairment, this suggests renal catabolism as a major route of
elimination. As in healthy volunteers, urinary excretion was
also dose dependent in elderly volunteers and volunteers with
mild renal impairment, for example, with a fraction of the
idarucizumab dose excreted in urine ( fyo_¢) of 9.4% and
39.8% following administration of 1 and 5 g idarucizumab to
elderly patients, respectively (see Table 2).2%%!

Effect of Hemorrhagic Shock on Urinary Excretion of
Idarucizumab

As previously reported, in a porcine blunt liver trauma model,
blood loss in animals anticoagulated with dabigatran approxi-
mately doubled during the first 12 minutes after injury com-
pared to controls.'>'® Hemostasis was restored, and total blood
loss was significantly reduced when idarucizumab was admi-
nistered to reverse the anticoagulant effect of dabigatran.'’

In control animals that did not receive dabigatran, urinary
output was low during the first 2 hours posttrauma but was
restored by 4 hours (see Figure 6). In dabigatran-treated ani-
mals, urinary volume remained low over 4 hours (see Figure 6),
presumably due to ongoing blood loss and hemorrhagic shock,
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resulting in low kidney perfusion. Administration of idarucizu-
mab resulted in termination of bleeding and restored kidney
perfusion.'>!'® Urinary output after administration of idaruci-
zumab was comparable to placebo-treated animals (see Figure
6), presumably due to recovery of hemodynamics and kidney
perfusion. The plasma concentration of total dabigatran and
idarucizumab decreased in an approximately parallel manner
during the terminal 2 to 3.5 hours of elimination, suggesting
their elimination as a complex (see Figure 7).

Discussion

Elimination of both idarucizumab and dabigatran occurs pri-
marily via renal pathways. In clinical use in emergency situa-
tions, both compounds are present simultaneously in plasma,
and frequently treated patients have compromised renal func-
tion. These studies therefore examined the consequences of the
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binding of idarucizumab to dabigatran with respect to PK in
plasma and also to renal elimination. In addition, the impact of
renal impairment was investigated.

The PKs of idarucizumab were unaffected by the presence
of dabigatran. In contrast, idarucizumab administration
resulted in redistribution of dabigatran to the plasma, where
it was bound and inactivated by idarucizumab. Idarucizumab
and dabigatran appear to be eliminated as a complex, and total
dabigatran excreted in urine was unaffected by idarucizumab.
At higher doses of idarucizumab, saturation of renal tubular
reuptake processes seems to occur, resulting in increased urin-
ary excretion of idarucizumab with increasing dose. Renal
impairment increased both dabigatran and idarucizumab expo-
sures. In the blunt liver injury animal model, the profound
decrease in renal function associated with extreme blood loss
was restored after idarucizumab treatment reestablished normal
hemostasis in animals treated with dabigatran. These findings
were consistent across animal models and human volunteer
studies and build on existing knowledge of the PK of dabiga-
tran and its reversal agent idarucizumab.”'"*

Idarucizumab is a humanized monoclonal Fab.” Although
whole immunoglobulin G (IgG) molecules may be retained in
the body for days or weeks (eg, mean residence time ~ 8 days),
Fab molecules can be cleared up to 35 times faster.> In con-
trast to whole IgGs, smaller proteins such as Fab with mole-
cular weights lower than ~60 kDa can undergo glomerular
filtration and are consequently excreted into the urine or cata-
bolized and recycled back into the blood through the kidney.**
The renal elimination of Fabs appears to be mediated by a
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Figure 7. Comparison of plasma concentration—time profiles of total
dabigatran, active dabigatran, and idarucizumab after intravenous
dosing with idarucizumab 15 minutes after dabigatran administration
in a porcine trauma model. Idarucizumab was administered at doses of
30 mg/kg (A), 60 mg/kg (B), and 120 mg/kg (C); data points are mean
values (+SD; n = 6 animals for each dose). SD indicates standard
deviation.
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number of pathways. In mouse models, radiolabeled Fab was
taken up in the renal cortical region and subsequently catabo-
lized into amino acids.*® Findings in other studies in mice and
human patients have also shown that radiolabeled Fab was
predominantly taken up and subsequently catabolized in the
kidneys.?**” This occurred via receptor-mediated endocytosis
(“reuptake”) in the proximal tubule and subsequent catabolism
in lysosomes.?® If this receptor-mediated process was saturated
due to excess Fab or other protein/amino acids, then increased
urinary excretion of unchanged Fab would result.***’ Reuptake
of filtered proteins can be mediated by megalin and cubilin
receptors on the apical membranes of renal tubular cells in
mouse models,”®?® and there is evidence that reuptake of Fabs
may also be facilitated by these receptors.*’

Idarucizumab is a 47.8-kDa protein and is therefore a can-
didate for elimination via renal catabolism, in which renal
filtration in the glomeruli is followed by reuptake in the prox-
imal renal tubular cells and subsequent catabolism. When the
renal tubular reuptake mechanism becomes saturated, for
example, following administration of the 5-g dose, excess
idarucizumab will be excreted in the urine. This model there-
fore explains the dose-dependent increase in the fraction of
idarucizumab dose excreted into urine.?’ The systemic clear-
ance of idarucizumab was found to be constant across the dose
levels investigated, which indicates that although a reduced
fraction of the dose is catabolized as a result of saturation, this
is compensated for by excretion of an increased fraction of the
dose unchanged in the urine.

In animal models and human volunteers with renal impair-
ment and slower glomerular filtration, due to a reduced number
of functional nephrons, there was reduced plasma clearance of
idarucizumab. This observation suggests that idarucizumab
elimination is largely controlled by the rate of glomerular fil-
tration. This is consistent with findings both in volunteers with
renal impairment**2' and in 5/6 nephrectomized rats, where
the time taken to clear the bulk of the idarucizumab dose (ie,
the initial half-life of the drug) is prolonged. During the sub-
sequent terminal phase of excretion in these studies, however,
when the plasma concentration of idarucizumab was extremely
low, idarucizumab was not detected in urine. The observation
that the terminal half-life of idarucizumab during this phase
was not affected by renal impairment suggests that distribu-
tional processes rather than renal elimination were rate limiting
for idarucizumab elimination.

Renal impairment also increased dabigatran exposure in the
rat model. These observations are consistent with findings of
the increased dabigatran exposure in human volunteers with
renal impairment in the absence of idarucizumab. In these sub-
jects, after treatment with dabigatran etexilate 150 mg twice
daily, peak total dabigatran plasma levels were greater with
moderate renal impairment than with mild impairment,*-!
with geometric mean concentrations of up to ~300 and
~195 ng mL ™", respectively.

Idarucizumab binds dabigatran in plasma to form a stable
complex with minimal dissociation.””!" Urinary excretion of
idarucizumab was unaffected by coadministration of

dabigatran, which suggests that idarucizumab elimination either
alone or as dabigatran—idarucizumab complexes occurs by the
same mechanism. This is consistent with the fact that the idar-
ucizumab molecule is ~ 100-fold larger than the dabigatran
molecule, and the size of the dabigatran—idarucizumab complex
is essentially the same as that of unbound idarucizumab.

In humans, in the absence of idarucizumab, ~ 80% to 85%
of dabigatran in the plasma is excreted into urine, proportion-
ally to plasma concentrations.® Importantly, the same amount
of dabigatran was recovered in urine irrespective of whether
idarucizumab was present or not. The partial delay in dabiga-
tran urinary excretion when idarucizumab is present provides
indirect evidence that dabigatran and idarucizumab are elimi-
nated together, and dabigatran is not released from the dabiga-
tran—idarucizumab complexes or excreted in the urine until
idarucizumab is catabolized. This is supported by the observa-
tion that no release of dabigatran back into plasma following
renal catabolism of idarucizumab was observed. In addition,
there was no evidence of any safety concerns or treatment-
related adverse events associated with idarucizumab adminis-
tration observed in the studies reported.

During major bleeding episodes, a number of compensatory
physiological changes take place in an attempt to maintain
blood pressure and blood flow to prevent hypoxia in vital
organs.>'? Decreased circulating volume as a result of hemor-
rhage triggers neural reflexes that result in an increase in heart
rate, vasoconstriction, and redistribution of blood flow away
from nonvital organs including the skin, gastrointestinal tract,
and kidneys.*® At the same time, stimulation of corticotrophin-
releasing hormone leads to the release of a number of hor-
mones, including vasopressin that acts on the kidneys, causing
water retention at the distal tubules; in addition, renin is
released, leading to increased aldosterone secretion and conse-
quently to sodium ion and water resorption.* As a result, urin-
ary output also decreases in order to maintain the circulating
blood volume in a fluid-centralization process®* as was
observed in the porcine trauma model. Restoration of hemos-
tasis in the dabigatran-treated porcine trauma model following
idarucizumab treatment resulted in the return of urinary volume
to levels comparable to those in control animals, although it is
important to note that this effect was due to the restoration of
fluid balance from stopping blood loss rather than from any
direct effect of idarucizumab on renal function. The elimina-
tion of idarucizumab and dabigatran showed parallel plasma
concentration—time profiles in this model, suggesting again that
the 2 agents were cleared from plasma together as dabigatran—
idarucizumab complexes.

Data Limitations

Only subjects with mild and moderate renal impairment have
been included in the present studies, and the effects in patients
with severe renal impairment are not known.! Animal models
may not accurately reflect the human PK of dabigatran or
idarucizumab. For example, the proportion of dabigatran
cleared via biliary excretion is larger in rats than in humans.
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However, as the effects of trauma or of severe loss of renal
function cannot be evaluated in humans, the cross-species mod-
els employed provide insights that cannot be otherwise
obtained in humans and enable reproducible evaluation of the
effects of such injuries.

Conclusion

Idarucizumab and dabigatran are both eliminated via the renal
system. When coadministered, they are eliminated together in
the form of dabigatran—idarucizumab complexes. Reuptake
followed by catabolism in the proximal renal tubules appears
to be a key elimination mechanism for idarucizumab; however,
saturation of renal tubular reuptake after the clinical dose of
idarucizumab also results in direct excretion into the urine. The
partial delay in dabigatran elimination in the presence of idar-
ucizumab is likely to result from reuptake of the complex into
the renal tubule cells followed by catabolism of idarucizumab
and consequent release of dabigatran from the complex into the
urine. Importantly, the total amount of dabigatran excreted in
the urine was unaffected by the presence of idarucizumab. In a
model of severe trauma-associated bleeding, renal function
could also be restored by reversing dabigatran activity and
subsequently stopping bleeding.
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